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PHYSIOGRAPHY OF THE CHATTANOOGA DISTRICT, 
IN TENNESSEE, GEORGIA, AND ALABAMA. 

By C. W. HAYES. 

INTRODUCTION. 

The process of development which has resulted in the present form 
of the land is always a complicated one and many factors enter into 
the final product. The fact~rs and the manner in which they are com
bined vary widely in different regions, and it is often· impossible to 
determine the weight which should. be given .to each. In order to· 
understand the process of geographic development in the more obscure 
regions it is desirable to study it where the conditions are compara
tively simple, and it is essential that in the region selected for study 
certain conditions should be uniform over a considerable area within 
which other conditions should vary as widely as possible. Differences 
in resulting forms can then be ascribed to their true causes and the 

. correct value can be given to the several factors. . 
The aim of the following paper is to set forth the results of a study 

of a region in which several distinct types of land surface are charac
teristically developed under such conditions that the part taken by the 
several factors can be fairly well determined; to trace the process of 
drainage development and the origin of the present land forms . upon 
rocks of diverse erodibility and diverse structure; and, finally, by a 
concurrent examination of drainage and surface, to read the recent 
geologic history of the region. 

DEFINITION OF THE CHATTANOOGA DISTRICT. 

The region selected for study is situated in southeastern Tennessee, 
northeastern Alabama, and northwestern Georgia. Its loc&tion is 
shown on the accompanying index map, Pl. I. The district chiefly 
considered, and represented on the large-scale maps forming Pis. II 
and III, is bounded by the meridians 84° 30' and 86° and the paral
lels 340 and 360, and comprises three square degrees of the earth's 
surface, or nearly 12,000 square miles. This area embraces twelve 
quadrangles, as follows: McMinnville, Pikeville, Kingston, Sewanee, 
Chattanooga, and Cleveland, chiefly in Tennessee; Stevenson and Fort 
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10 PHY~IOGRAPHY OF 1'HE CHATTANOOGA DISTRICT. 

Payne in Alabama; and Ringgold, Dalton, Rome, and Cartersville in 
Georgia. The city of Chattanooga is located almost exactly in the 
center of this rectangular area, and being the best-known geographic 
feature, either natural or artificial, within its limits, the area is called 
the Chattanooga district. 

NATURE OF THE PROBLEMS TO BE CONSIDERED. 
' 

This district displays, within comparatively narrow limits, several 
well-marked types of geologic structure and topographic configuration. 
In the ·eastern portion is a region in which the stra.ta are intensely 
folded and faulted. and in a part of which metamorphism has affected 
the rocks, in some degree obliterating original differences and render
ing the rocks more or less homogeneous. The forms assumed by 
maturely adjusted streams upon such complicated structures are well 
illustrated i11 ·this part of the district, and also, other conditions being. 
the same, the widely difterent topographic forms produced by rocks of 
diverse and uniform erodibility. 

In the western portion of the district the strata are practically hori
zontal, but the beds generally vary widely in hardness.· The resulting 
topographic and drainage forms are strongly contra~ted with those 
which characterize the eastern division. · 

In the central portion of the district are several isolated arches with 
associated thrust faults, simple-types of the structures so extensively 
developed in the eastern division. The adjustment of the streams in 
this central division is in various stages of incompleteness, and the 
complicated process by which co-nsequent is transformed into subsequent 
drainage, with the formation of .anticlinal valleys and synclinal ridges, 
is admirably illus~rated. 

Finally, the preservation of surfaces reduced to base-level peneplains 
. ·at several distinct epochs suffices for determining the present altitude 
of former base-levels, and hence the deformations which the region has 
suffered in recent geologic time. Elimiuatiug those drainage modifica
tions which can be attributed directly to the influence of structure and 
rock character, very considerable adjustments remain which. must be 
regarded as the direct results of these deformations. 

The physiography or systematic geography of this district will be 
considered under two main heads: First, geomorphology, tlie descrip
tion, classification, and correlation of the land forms; second, geomor
phogeny, the active processes by which these forms have been devel
oped. The-two can not be completely separated, for the deRcription of 
land forms will neeessarily contain some implication of the processes 
by which they were produced, and, on the other band, the discussion 
of the processes involves constant reference to the product .. 
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HAYES.] GEOMORPHOLOGY. 11 

It should be clearly understood at the ontset that the student who is 
thoroughly conversant with principles and methods of the modern geo
graphic sc~ool will fin~ in the present paper much that is elementary 
and entirely familiar. It is written, however, more particularly for 
those who do not possess this familiarity with the most recent methods, 
so that a restatement of many elementary principles is essential to a 
clear understanding of the problems discussed. On the other hand, 
while th~ principles of modern geography have. been stated elsewhere, 
the science is of so recent and rapid growth that the final statement of 
even the most fundamental principles has perhaps not yet been reached, 
and each restat~ment fro'm a slightly different point of view may there
fore have some value. Furthermore, the mass of observations on which 
the generalizations of the science rest is as yet comparatively small, 
and it is chiefly as a contribution to this groundwork of facts that the 
present paper seeks justification for its, existence. 

GEOMORPHOLOGY. 

GENERAL RELATIONS. 

SUBDIVISIONS OF . THE SOUTHERN .A.PP .A.L.A.CHI.A.N PROVINCE. 

The district defined in the foregoing paragraphs forms but a small 
part. of the Appalachian province, and to enable the reader to grasp 
fully the significance of its topographic details it is necessary to out
line briefly the main features of the larger division. As defined by · 
the writer, 1 the· Southern Appalachian province embraces the region 
bounded on the east, south, and west by the Cretaceous and later sedi
ments of the Coastal and Gulf plains and the Mississippi embayment. 
On the north the boundary is less definite, but may conveniently be 
regarded as eoinciding with the Ohio, Kanawha, and James rivers. 
The region thus outlined admits of a natural division into five sub
provinces or physiographic districts. These correspond with Powell's2 

physiographic regions, except that two of the latter are again sub
divided. These five divisions of the Southern Appalachian province 
are narrow belts of country having approximately parallel sides and 
extending in a northeast-southwest direction parallel with the Atlantic 
coast-line. They are shown in outline on the accompanying index map 
(Pl. I). Named in order from southeast to northwest, they are (1) the 
Piedmont Plain, (2) the Appalachian Mountains, (3) the Appalachian 
Valley, (4) the Cumberland Plateau, (5) the interior lowlands. These 

. divisions may be very briefly characterized as follows: 
The Piedmont Plain.-The Piedmont Plain is the belt of elevated 

country along the eastern base of the Appalachian Mountains. The 

IThe Southern Appalachians, C. w·. Hayes: Nat. Geog. Mon. No.lO, 1895. 
2 Physiographic regions of the United States, J .. W. Powell: Nat. Geog. Mon. No.3, May, 1895. 



12 PHY~lOGRAPHY OF THE CHATTANOOGA DISTRICT. 

altitude of its western edge is about 1,000 ·feet, and it slopes grad
ually eastward to about 600 feet at the eastern edge, where it merges 
with the Coastal Plain. Its surface is intersected by many rather 
deep and narrow valleys, whose streams have' cut through the deep 
mantle of soil and decayed rock into the harder rock beneath. The 
Piedmont Plain swings westward around the southern end of. the , 
Appalachian Mountains, and there comes in contact with the Appala
chian Valley. 

The Appalachian Mountains.-In Virginia the Appalachian Moun
tains form a single range, but southward this becomes complex and 
expands into a broad mountain belt, having a width of 70 miles in 
western North Carolina. In its expanded portion the mountain belt 
has a continuous chain along its eastern side, the Blue Ridge, and 
another along its western side, the Unaka chain, while the region 
between the two is occupied by irregular mo~ntain groups and high 
valleys. Of the two bounding chains the Unaka is the higher, but 
its crest does not form a continuous watershed. The rivers head 
upon the lower Blue Ridge to the· east and flow westward across the 
mountainous belt and through gaps in the higher and more rugged 
Unakas. 

The Appalachia.n Valley, or valley belt.-The Appalachian Valley is a 
lowland belt lying between the Appalachian Mountains and the Cum
berland Plateau. It is occupied by various river systems, in the n~rth
ern part :flowing ~astward to the Atlantic through breaks in the Blue 
Ridge, in the central part westward by the New and Tennessee rivers 
to the Ohio, and in the southern part southward directly to the Gulf. 
The great valley is thus seen to be independent of any single river 
and to be a natural physiographic unit, depending for its character
istics chiefly upon the character and structure of the underlying ·rocks. 
In southern Tennessee the surface of the. valley is throughout lower 
than that of the adjacent plateau, being interrupt~d by only one crest 
of considerable height-White Oak Mountain. Toward the northeast 
and, to a somewhat less extent, toward the southwest, in Georgia and 
Alabama, the valley belt contains inany long, narrow ridges, whose 
even crests reach nearly or quite to the level of the adjacent highlands. 

The Cumberland Pla.teau, or pla,teau belt.-The Cumberland Plateau 
generally presents a bold and regular escarpment toward the valley 
upon the east. Its western escarpment in Alabama and Tennessee is"' 
equally bold, but extremely irregular, forming a sinuous line between 
this division and the interior low lands. In Kentucky . the western 
margin is less distinct, the plateau merging with the lowlands through 
a belt of foothills. The surface of the plateau rises gradually toward 
the northeast from about 600 feet above sea level in central Alabama to 
2,000 feet in the latitude of Chattanooga. In Tennessee, Georgia, 
and Alabama the plateau is separated into a number of more or less 
isolated plat~aus varying greatly in extent. The valleys effecting this 
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isolation are of two kinds: First, those whose })Osition depends directly 
upon structure, as the valley on the· Sequatchie anticline; and, sec
ond, those formed by streams cutting transversely across the plateaus, 
as in the case of the Tennessee River. In northern Alabama the pla
teau is still further dissected, its remnants forming a series of small 
isolated table-mountains, or mesas. . 

The interior lowlands and Highla.nd Rim.-The last division west
ward consists of the interior lowlands, forming a less elevated plateau 
which bears the same relation to the Cumberland Plateau that the 
Atlantic Piedmont does to the Appalachian Mountains. It is made up 
of the central basin of Tennessee and the surrounding Highland Rim, · 
the latter extending into northern Alabama and across central and 
western Kentucky. 

FORMS OF RELIEF. 

Having thus briefly characterized the five physiographic subdivisions 
of the Southern Appalachian province, the features of the region under 
consideration may now be described in somewhat greater detail. As 
shown on the index map, the Chattanooga district includes portions .of 
all these subdivisions, embracing the southern extremity of the Appa
lachian Mountains, a small portion of the Piedmont Plain, and sections 
entirely across the Appalachian Valley, the Cum berland Plateau, and 
the Highland Rim, the latt~r being a subdivision of the interior low
lands. 

THE WESTERN TYPE. 

The Cumberland escarpment.-Perhaps the most striking topographic 
.feature of the region is the eastern escarpment of the Cumberland 
Plateau. This passes diagonally across the district from northeast to 
southwest, separating it into two nearly equal portions. In the northern 
half of the district-that is, as tar south as Chattanooga-the escarp
ment, forming here the edge of Walden Plateau, has a slight but reg
ular curvature, concave to the east. Southward from Chattanooga it . 
forms the edge of Lookout Mountain, which lies to the east of Walden. 
It makes a deep reentrant angle in passing around the head of McLa
more Cove, and its general outline is slightly concave westward. In 
the northern division the escarpment varies between 800 and 1,000 feet 
in height, while southward from Chattanooga it decreases from 1,250 
feet at Lookout Point to about 400 fe(jt at the southern edge of the 
district. 

The plateaus.-In the half of the district to the northwest of this 
dividing line the relief is distinctly of the plateau type. The greater 
part of the highland surface reachea a common altitude and is com
paratively level, while the slopes to the lowlands are generally steep 
and often precipitous. The streams which head upon the highlands 
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plunge into narrow canyons, whose sides are even steeper than the 
outer escarpments of ·the plateau. In the northern portion of the 
district there are large areas in whwh the streams have not yet trenched 
the plateau surface to any extent, while in other portions, particularly 
west of 'fennessee River in Alabama,. the plateau is so deeply dis
sected that only remnant~ of the highland remain as fiat-topped mesas, 
more or less completely isolated, but each retaining the characteristics 
of the original plateau from which it bas been carved. 

The Highland Rim.-West of the plateau,. and separated from it by 
the sinuous escarpment which, as stated above, forms the western 
border of the plateau belt, is a broad plain, its gently undulating sur
face having an altitude of about 1,000 feet. This is the Highland Rim, 
a part of the interior lowlands, which stretch westward to the Ohio 
River and beyond. It is separated from the central basin of Tennessee 
by an escarpment somewhat similar to that which separates it from the 
Cumberland Plateau, but lower and less regular. In the extrem,e 
north western corner of the district this plain is seen to be deeply dis
sected, and the stream valleys in reality form a part of the lower plain 
to the west. This deeply dissected belt generally characterizes the 
outer margin of the Highland Rim, forming a sort of fringe along its 
contact with the interior basin. 

In this northwest corner are tound, in close proximity, the main fea
tures which dominate and give charac_ter to the topography of the entire 
northwestern half of the district. Short Mountain is an isolated mesa 
with level summit and steep sides. In form and altitude it represents 
the Cumberland Plateau. To the south and east of this mesa extends 
the level Highland Rim, while to the northwest the narrow strips of low
·land along the larger streams represent the lower plain of the central 
basin.· 

It thus appears that the Highland Rim is a terrace, separated by steep 
escarpments from the more extensive plains on either side, the one 800 
feet higher and the other 400 feet lower. 

THE CENTRAL 'l'YPE. 

The relief in· the southeastern half of the district is of a type 
totally different from that northwest of the Cumberland ·escarp
ment. As shown on the index map (Pl. I), this division includes 
portions of the three eastern divisions of the Southern Appalachian 
province. .Each of these is characterized by its own type of surface, 
and all are distinctly different from the plateau type which prevails 
to the west .. 

The great valley belt enters the district near its northeast corner, with 
a breadth of 33 miles, which increases to something over 45 miles toward 
the southern edge. It is about equally divided between the Tennessee 
and Coosa drainage basins, the Tennessee, which occupies the northern 
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portion, turning westward and leaving the valley belt at Chattan9oga .. 
While in general a lowland belt, when examined in detail its surface 
presents considerable diversity. 

The valley lowlands.-N o extensive areas of leve} country are found 
in this district except in its southern portion along the Coosa River. 
From the vicinity of Rome, extending southwestward, the Coosa low
lands, or" flatwoods," as they are localJy called, form a belt 10 or 12 
miles in width but little above the narrow flood plain of the river. 
This lo,wland is developed entirely upon soft or soluble rocks, and where 
the Coosa flows upon more resistant formations it is confined to a com
paratively narrow valley. The s~me is true of the Tennessee and all 
other streams, both large and small; the extent <?f the bordering low
land is dependent directly upon the nature of the underlying rocks. 

Starting, then, with the level of the larger streams, as the Tennessee 
and Coosa, between 600 and 700 feet above tide, there is generally, 
though not always, a strip of flood plain, and a short distance above 
this a strip of level low land which is never reached by the present 
floods. The extent of the flood plain depends upon the size of the 
stream and the character of the underlying rocks, while the "Q.igher 
plain depend~ chietly upon the latter factor. · 

The V(tlley ridges.-Above these level lowlands are many hills and 
ridges occupying the greater portion of the valley belt. The ridges 
are parallel among themselves and with the borders of the belt, while 
the hills generally have a linear arrangement and often pass into dis
tinct ridges. This parallelism depends directly upon the structure of 
the valley belt, a dependence which will be more fuUy explained later. 

These valley ridges fall into two classes: First, those which attain 
altitudes of 900 to 1,100 feet, and second, those from 1,500 to 1,700 
feet. The first class is by far the larger, particularly north of the 
Georgia-Tennessee line. To the second class belong White Oak Moun
tain and its southward continuation, Taylors Ridge, with a group of 
parallel ridges to the east of the latter, called collectively the Chat
tooga Mountains. Upon either side of this group is a broad belt 
occupied by the lower ridges and lowland valleys. The high ridges 
terminate west of Rome, and thence southward nearly to the limits of 
the district the valley belt is occupied by the Coosa Flatwoods and the 
low hills extending eastward to the edge of the Piedmont Piain. On 
the extreme southern edge of the district are two short ridges which 
exceed the Ohattooga 1.\'Iountains in height, but do not have the regu
lar even crests which characterize the latter . 

. THE EAS'l'ERN TYPE. 

The Appalachian .Llfountains.-Only a small part of the Appalachian 
Mountains comes within the Chattanooga district. The Blue Ridge is 
far to the eastward, as are also most of the interior moun~ain groups 
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and intermontane valleys. The southern extremity of the Unaka 
Range, the western member of the system, forms an abrupt border to a 
portion of the valley belt, extending south ward to the Coosawattee 
River. Between this southern point of the range and the east~rn edge 
ofthe district is Mountaintown Valley, a broad basin whose once level 
surface is now deeply trenched by narrow stream channels. This 
basin, as well as the country adjoining it on the south for a distance 
of 15 miles beyond the Coosawattee, has all the characteristics of 
the intermontane valleys farther north, except that its altitude is 
not so great. The southern ~xtremity of an. interior mountain group 
is seen in Pine Log Mountain, which terminates just north of the 
Etowah River. 

The Piedmont Plain.-From the base of Pine Log Mountain a nearly 
level plain stretches toward the east and south, interrupted only by an· 
occasional isolated knob, as Kenesaw and Lost mountains, rising above 
its even surface and by numerous narrow stream channels sunk below 
it. ·This is the western portion of the Piedmont Plain. Its margin, 
where it comes in contact with the valley belt, forms a somewhat 
abrupt escarpment from 300 to 400 feet in height, in places deeply dis
sected by the backward cutting of northwestward-flowing streams. 
The small portion of this plain included within the Chattanooga district 
is wholly in the Etowah Basin, and being near a large stream, at low 
level, its su,rface is much more deeply dissected than a short distance 
to the east in the Tallapoosa Basin. 

STRATIGRAPHY. 

In the region under discussion there is so intimate a relation between 
the composition and structure of the strata on the one hand and the 
forms of surface relief on the other, that these factors must be at least 
briefly considered before a complete understanding of the geographic 
development of the region can be reached. Considered with reference 
to their effect upon the topography, the rocks of the district may be 
separated into two primary groups: 1,. unaltered sedimentary forma
tions belonging to the Paleozoic system and occupying the three west· 
ern physiographic divisions of the district; 2, the metamorphic and 
igneous rocks of undetermined age which underlie the two eastern 
physiographic divisions. 

GROUP 1. UNALTERED SEDIMENTARY FORMATIONS. 

Characteristics of the subgroups.-The Paleozoic strata are subdivided 
on the geologic maps of the region into 23 formations, and for con
venience of description these may be placed in 5 subgroups, as follows: 
(1) The 6 lowest formations of the Cambrian form the Chilhowee series 
in East Tennessee;corresponding to the vVeisner series in Alabama. . . 
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This subgroup is composed of alternating beds of conglomerate, quartz
ite, and siliceous shale, all materials nearly insoluble, and therefore 

. well adapted for resisting e~osion; hence the outcrops of thes~ rocks 
are marked by high ridges, as seen in Beans Mountain, an outlier of 
the Unakas, and in Indian and Weisner mountains south of the Coosa 
River. (2) The 10 formations next above, including the remainder of 
the Cambrian and the greater part of the Silurian, consist of limestones 
alternating with more or less calcareous shales. They occupy a very 
large proportion of the Appalachian Valley, and in general t.hey are 
easily eroded, to a large extent by solution. Some beds of sandy shale 
and sandstone, constituting the Rome formation, offer more than 
ordinary resistance and produce the higher ridges in the areas occupied 
by this subgroup. One of the limestone formations also, the Knox 
dolomite, contains a large proportion of insoluble material, chiefly 
chert. This forms a heavy residual mantle on the surface of its out
crops, and thereby to some extent protects them from erosion, giving 
rise to moderately high hills and irregula!! ridges. (3) At tbe top of 
the Silurian and in the lower part of the Carboniferous, which are 
here separated by only a· few feet of Devonian shale, are· sandstone 
and chert beds of unusual resistance. These together form V\Thite 
Oak and Chattooga mountains, while the chert beds have been 
chiefly instrument.al in preserving the Highland Rim. (4) The next 
subgroup contains but a single formation, the Bangor or lower Car
boniferous limestone. Although its thickness is something less than 
a thousand feet, this has been one of the chief factors in determining 
the characteristic topographic forms in the Cumberland Plateau divi
sion, chiefly by reason of its sharp eontrast in solubility with the 
strata above and below. (5) Finally, the two upper formations, con
stituting the last subgroup, are Coal l\Ieasure congloQJerates, sand
stones, and sandy shales. The conglomerate near the base is 
particularly well adapted for resisting erosion. These rocks cap 'the 
Cumberland Plateau, and by reason of the complete absence of easily 
soluble constituents, have preserved for a very long time large areas 
of the plateau surfaee. 

Characteristics of the group as a whole.-It should be further noted 
that, considering group 1 as a whole, most of the Paleozoic formations, 
so far as they can be observed, show a tendency to grow thicker and 
less calcareous toward the southeast, although the change varies widely 
in degree. Thus some which are pure limestones in middle Tennessee 
are made up largely of sandstone and shale at the eastern side of the. 
Appalachian Valley. This fact, of course, has an important influence 
in modifying their topographic value, so that in a few eases, strata of 
the same age produce entirely different topographic forms on opposite 
sides of the district. The change in character from east to west also 
indicates clearly the source from which the materials composing the 
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strata were derived ·and the disttibution of land and sea during their 
deposition, thus throwing considerable light upon the early geographic 
development of the region. 

GROUP 2. METAMORPHIC AND IGNEOUS ROCKS. 

Subgroup A, feldspathic rocks.-The second group, embracing the 
metamorphic and igneous rocks, may be separated into two subgroups 
on the basis of relative erodibility. The :first includes those forma
tions which contain a considerable proportion of feldspar, and hence 
nearly all the igneous rocks together with the feldspathic sandstones 
and conglomerates. In these the feldspar is an element of weakness. 
When subjected to long-continued action of atmospheric agencies, it 
is converted into kaolin, and the rock of which it is a constituent 
readily breaks down. This decay of the feldspathic rocks often 
proceeds to a considerable depth, and it is not uncommon to :find 
in this region granite or diorite weathered to an .incoherent sand 
for a distance of 50, 70, or even 100 feet fro'm the surface. The Pied
mont Plain is composed chiefly of such easily weathered crystalline 
rocks, largely igneous, while Mountaintown and Talking Rock valleys 
owe their existence to the presence of a large area of highly feld
spathic sediments. 

Subgroup B, nonfeldspathic rocks.-Th.e second subgroup includes 
nonfeldspathic rocks, chiefly slates, graywackes, and conglomerates. 
Differences originally existing in these sedimentary formations have 
been to a large extent obliterated by the process of metamorphism 
which they have undergone. Clay shales have ·been converted into 
slates or argillites, which offer nearly as much resistance to erosion as 
do the most siliceous rocks. Hence, these metamorphic rocks, although 
varying widely in composition, are to a considerable extent homoge
neous. In the valley belt, by :first attacking the weaker formations, the 
agents of erosion generally leave long, narrow ridges in relief, but here 
they cut channels across the various beds almost as readily as parallel 
with them. From this results the irregular topography seen in the 
southern end of the U nakas. The characteristic forms, entirely absent 
elsewhere in the district, are high and rather sharp peaks from which 
radiate many :fingering spurs separated by narrow, V -shaped stream 
channels. 

REL.A'l'ION OF ERODIBILITY TO FORMS OF RELIEF. 

These relations between the composition or erodibility of the rocks 
underlying the district and the forms of relief to which they give rise 
are expressed graphically by the curve on the accompanying diagram 
(:fig. I). The relative thickness of the several subgroups is indicated 
by the vertical distances, while relative erodibility is indicated by the 
length of the horizontal lines. The relations expressed by the curve 
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wm· be considered at greater length in a subsequent part of this 
paper. 
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FIG. I.-Curve illustrating the relation of topographic relief to lithologic composition. 

STRUCTURE. 

Another factor in the geographic development of this region, second 
in importance ouly'to the lithologic character of the beds, is its geologic 
structure. Since the rocks of the three western physiographic divi-
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sions are wholly of sedimentary origin, they must originally have been 
laid down in nearly horizontal layers; but, in a part of this region, they 
are now inclined at all possible angles. Omitting those portions of the 
Appalachian Mountains and the Piedmont Plain included within the 
Chattanooga district, the remainder of the area under consideration is 
divided by the Sequatchie anticline into two somewhat unequal parts, 
in which widely different types of structure prevail. 

Isolated folds.-The Sequatchie anticline has a direction about 30° 
east of north. It flattens out toward the northern edge of the district, 
but extends beyond its limits toward the southwest for more than 100 
miles. It has the typical unsymmetrical form characteristic of .Appala
chian folds...,.-that is, the beds dip much more steeply on one side of the 
axis than on the other and, as is nearly always the case, the gentler 
dips are upon the eastern side of the axis. Also from a point near the 
upper end of Sequatchie Valley southwestward the strata are broken 
along the steep side of the arch and a thrust fault is developed, its 
plane dipping southeastward at an angle of 30° or 40o from the hori
zontal. Northward from the Tennessee line a broad, shallow syncliue
the Walden Plateau-intervenes between the Sequatchie anticline and 
the Cumberland escarpment. This ·syncline continues southward into 
Alabama, but its eastern edge does not there coincide with the limits of 
the valley belt, being separated from it by the Wills and Lookout anti~ 
clines and the long, narrow syncline of Lookout Mountain. These two 
anticlines are very similar to the Sequatchie, but are not nearly so long. 

Valley·belt structure.-Eastward from the Cumberland escarpment, 
entirely across the valley belt, the structure is extremely complicated. 
The lateral compressiou to which the region has been subjected probably 
first produced a series of parallel folds similar to the Sequatchie ac.ti
cline. .As the compr~ssion continued beyond the strength of the beds, 
they were in many cases fractured along the steep sides of the folds, 
and whereveJ;" this took place the anticline was thrust over upon the 
adjacent syncline. Thus the strata, particularly throughout the valley 
belt ·in Tennessee, are in the form of narrow, closely compressed folds, 
intersected by a large number of fault planes. They are thus cut into 
many long, narrow blocks which overlap each other, all dipping steeply 
to the southeast. These blocks of strata are made up of beds which 
differ in their capacity for resisting degradation, as shown by the 
curve on the preceding page (fig. 1 ). Hence, the resistant beds form 
long, narrow ridges or lines of bills, and the soft beds form narrow, 
parallel valleys between them. In the sou~hern third of the valley 
belt which lies within the district a modification of this type of structure 
is found. Instead of many parallel fault planes dipping rather steeply 
to the east, there are a few having a very low inclination, on which the 
strata have been thrust long distances, in some cases several mil~s, and 
which have themselves been subsequently folded. The result is th~t, 
while the strata have perhaps suffered as much compression as farther 
north, they have in general lower dips arid there is not the regular 
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and manifold repetition of hard and soft beds. Hence the linear 
arrangement of hills and ridges is less prevalent or wholly wanting . 

.Areas of horizontal rocks.-The region west of the Sequatchie anti
cline has the simplest possible structure. The strata retain almost 
exactly their original horizontal position. If this region has been sub
jected to the same compression as that to the east, the force bas been 
transmitted to other areas and has not produced marked folds here. 
On "the extreme edge of this area, in the escarpment facing upon Sequat
chie Valley, the strata dip steeply westward; hut within a short dis
tance, only a few rods, the dips become so light that the beds appear 
to be perfectly horizontal. This condition continues westward to the 
edge of the district and far beyond. It is found, however, that while 
the beds appear horizontal, there is a quite uniform dip toward the south
east of from 25 to 30 feet per mile. This gentle southeastward dip is 
interrupted in the northern portion of the district by a low anticline 
whose axis is about parallel with that of the Sequatchie anticline. 
The fold flattens out rapidly toward both the northeast and the sout~
west. It is thus seen that all tl;te highlands having a distinct plateau 
or mesa habit are confined to areas underlain by beds which are 
practically horizo~tal. 

Relation of erodibility to structure and reli~f.-It is only where there are 
marked contrasts in the erodibility of adjacent beds that their geologic 
structure has an important influence on the consequent topographic 
forms. Where the rocks are to a large extent homogeneous, as in the 
t'wo eastern physiographic divisions .of the district, it matters little 
whether the beds are horizontal or steeply inclined, the resulting topog
raphy will be essentially the same and the particular forms developed 
will depend upon othe~ factors. 

DEFINITION OF PHYSIOGRAPHIC TERMS. 

· Considerable diversity prevails in the use by various writers of cer
tain physiographic terms, and it may be well to state in advance the 
exact manner in which they will be used in this paper. 

The term base-level, synonymous with base-level of erosion, is restricted 
to Powell's original use, namely the plane below which erosion can not 
proceed, the general base-level being sea level. There may be an indefi
nite number of local base-levels in any region, each determined by the 
outlet of the str~am whose drainage basin is considered; but only one 
general base-level, and it is the latter that is always referred to unless 
the contrary is distinctly stated. It should be clearly understood, then, 
that a base-level is not a topographic form, but a mathematical plane, 
which may or may not, and generally does not, coincide with a land 
surface. 

A base-leveled surface is any land surface, however small, which has 
been brought approximately to a base-level, either general or local, by 
the processes of gradation. When such a surface has conside:vable extent 
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it becomes a base-level plain. Since no region of great extent is known 
to have been reduced to a perfect plain, a modification of the term is 
required for application to the product of the gradation process over a 
broad area. Hence the term base-le11el peneplain or simply peneplain is 
applied to a surface of which a greater or less proportion bas been 
reduced to the condition of a base-level plain, but which contains also 
some unred~ced residual areas. The terms base-level plain and pene
plain have reference only to degree of perfection attained by the grada
tion processes, and not to the degree of preservation from subsequent 
dissection. In other words, they apply to the surfaces restored to their 
original condition. H.ence a base-level plain may be an actual topo
graphic feature, a land surface, or it may be only in part a present land 
surface and in part a surface restored by inference from existing 
remnants. 

Unreduced areas rising distinctly above the general level of a pene
plain are included under the general term residuals. These are of two 
classes, unalcas 1 and monadnocks, the classification depending on their 
form and extent. A 1nonadnoclc is a more or less completely isolated 
residual, rising above a portion of a peneplain which is well advanced 
toward complete reduction to a base-level plain. A unaka is a large 
residual mass in relief above a less advanced peneplain. It may or 
may not display on its surface the remnants of an older .Peneplain than 
the one above which it rises. Since these two classes of residuals differ 
chiefly in extent, it will be readily understood that no sharp' line can be 
drawn between them. From one point of view a given residual may be 
regarded as a unaka and from another as a group of monadnocks. 
Further, the classification implies no invariable relation to any partic
ular plain or a~e, but only to degree of development. It follows from 
the nature of the processes involved that most often·monadnocks alone 
will be associated with the oldest peneplain in any region, and that the 
remnants of this plain will be preserved upon unakas and monadnocks 
rising above the next peneplain below. · 

The processes which tend to produce a base-level plain are ~mbraced 
·under the term gradation. This ineludes aggradation and degra(lation, 
and the latter includes corrasion, through the agency of flowing water 
(also ice), and erosion, through the agency. of the complicated forces 
which tend to the lowering of the general land surface. 

The term gradation period is employed for the entire time during 
which the base-level remains in one position; that is, the interval between 
two elevations of the earth's surface of sufficient magnitude to produce 
a marked change in the position of sea level. Each gradation period 
is divided into a degrading epoch and a base-leveling epoch. In the 
former the mechanical agents of corrasion are active, while in the 
latter, during which an actual plain is being formed, the chemical 
agents of erosion are chiefly e:ffeetive. 

I The term unaka, used here for the first time in a generic sense, is derived from the Unaka Moun-· 
tains of East Tennessee and North Carolina, which may be regarded as the type of the land forms to 
which the name Is applied. 



BAYES.] THE CUMBERLAND PENEPLAIN. 23 

The above is not intended as a comprehensive analysis of topographic 
forms or agencies, but simply to define the meaning which will be 
attached to a few terms in the present paper. 

CLASSIFICATION OF RELIEF WITH REFERENCE TO PENEPLAINS. 

Having examined the topography of the disirict in some detail and 
discussed the two factors which have largely determined its forms of 
relief, we may now consider the origin of these forms in a somewhat 
broader way. From even a cursory examination of the region or of a 
contour map by which its relief is represented (Pis. II and III), it is 
evident that the dominating features in its topography are three base
level plains or peneplains, separated by vertical intervals which vary 
considerably in different parts of the district. The three peneplains may 
for convenience be designated from the regions in which each is most 
perfectly displayed; viz: (1) the Cumberland, (2) the Highland Rim, and 
(3) the Coosa. · 

THE CUMBERLAND PENEPLAIN. 

Relation to slightly undula,ting strata.-To the casual observer the level 
surface of the Cumberland and adjoining plateaus appears to be due 
wholly to the presence of horizontal beds of resistant sandstone. A 
more careful examination, however, discloses the fact that the plateau 
surface does not always, or even generally, coincide with a particularly 
resistant bed. It is· true the small isolated mesas are usually capped 
by a hard stratum, but when the broader plateau areas are considered 
the surface is found to be composed of soft shale as well as of harder 
sandstone. Again, the strata are not so nearly horizontal as the gen
eral plateau surface, which to a considerable extent trun.cates hard and 
soft beds alike. Hence it·is evident that this surface is the resnlt of 
degradation-that it is an imperfectly preserved base-level plain. 

Development in the central pm·tion of the district.-Since the grada
tion. which produced the plain was sufficiently long continued to reduce 
the platea~ sandstones nearly to base-level, its effects should be found 
elsewhere in the district. The less resistant rocks of the valley belt 
were doubtless even more perfectly reduced than those of the plateau, 
but they have not been able to withstand the subsequent erosion to 
which the whole region bas been subjected, and no remnants of the 
Cumberland Plain are found within this belt. 

Development in the eastern portion of the dist1·ict.-In the mountain 
and piedmont belts to the east, the plain was apparently developed 
only upon the highly feldspathic rocks and the least altered slates, while 
the nonfeldspathic conglomerates and indurated slates, then, as now, 
formed considerable elevations above base-level.· The best-preserved 
remnants of the plain in this eastern portion of the district are found 
to the east a"Q.d south of Beans Mountain, forming a platform from 
which rises the southern eud of the Unaka Range; they also occur south 
of this range in Mountain town and Talking Rock basins. Still farther 
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south in the piedmont the plain was more perfectly developed, but 
conditions which favored complete reduction also favored subsequent 
dissection, so. that only small remnants are left. A short distance 
beyond the limits of the' district, however, the conditions for the preser
vation of the plain, although of a different kind, have been almost as 
favorable as in the Cumberland Plateau, and large areas of its surface 
remain practically intact. · 

Variations in altitude.-If the plain which can thus be reconstructed 
from the remnants found in various parts of the region was at one time 
near the base-level' of erosion, it must then have been approximately 
horizontal. At present, however, it shows considerable variation in 
altitude, and it is inferred that the oscillations, of which thP- n.et result 
has been elevation to its present position,· were accompanied by con
siderable warping. 

In the plateau division the altitude of the reconstructed plain at the 
southern edge of the district is about 1,200 feet above sea level. From 
this it increases gradually to a maximum of 2,000 feet along a line 
crossing the plateau· from Sewanee N. 60° E. This increase in altitude 
gives the plain a grade of about 10 feet to the mile. 

To the north of this axis of maximum elevation, and west of the 
Sequatchie anticline, its altitude decreases slightly, to 1,800 feet at the 
edge of the district, while east of the anticline. the descent is more 
rapid, reaching 1,600 feet near the Emory River. On the eastern side 
of the valley there is a similar increase in altitude from 1,200 feet, at 
the southern edge of the district, to about 1, 700 feet 11ear the Hiwassee 
River~ The plain also sqows a descent of about 200 feet from a meridian 
through the center of the district to its eastern edge. It is thus seen 
that if the. plain has been properly reconstructed the warping bas pro
duced an irregular dome-shaped elevation, whose apex is a little north 
and west of the center of the district. 

Hypothesis of' diverse base-levels.-An alternative hypothesis should, 
however, be considered, viz: That instead of a single warped base-level 
plain, the remnants above described belong to two or more distinct 
peneplains formed during successive periods of gradation at succes
sively lower levels. When two base-leveled areas are formed in the 
same regwn at different elevations, this is the natural conclusion, and 
their correlation, with the inference. of warping, is an hypothesis on 
which rests the burden of proof. 

CORRELATION OF PENEPLAINS. 

The evidence on which the conclusion rests in this and most other 
cases may be very briefly considered. Correlations are easy in propor
tion to the extent and continuity of the peneplains under considera
tion. Hence the. difficulties are greatest with very old or very young 
plains-in the case of the former, because subsequent degradation has 
generally left only isolated remnants, and in the case of the latter, 
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because gradation bas reduced only limited areas to base-level; in both 
the ele-ment of continuity is lacking. 

By continuous tracing.-A base-leYel plain is sometimes so perfectly 
preserved that it can be traced continuously for long distances, within 
which it shows notable change in altitude. This is the most satis
factory method of correlating different areas, but its application is 
somewhat exceptional. A case in which it can be applied is on the 
Sand Mountain Plateau, the continuation of 'iValden Plateau, south
westward from the Tennessee gorge. For a distance of 75 miles within 
the district this plateau has a smooth surface, unbroken either by 
depressions or by eminences. Its uniformity is not due to the control
ling position of any resistant stratum, for a variety of beds, both bard. 
and soft, come to the surface. It was unquestionably the product of a 
single period of base-leveling, and .was originally nearly horizontal, 
though, as stated above, it now varies in al,titude from 1,200 to 1,800 
feet. 

By degree of dissection.-Two peneplains formed in the same region 
on similal.' rocks, but during successive gradation periods, will neces
sarily show distinctly different degrees of preservation, since the older 
peneplain will have been subjected to degradation during the entire 
period in which the younger one was formed, in addition to the degr.ada
iion of subsequent periods which both have suffered in common; or, 
stated in general terms, where other conditions are approximately the 
same, the dissection of elevated peneplains is roughly proportional to 
the time during which they have been subjected to stream corrasion. 
Applying this formula of correlation or differentiation to the case in 
hand, it will be noted in the first place that there is no particular degree 
of dissection associated with any particular altitude. In general the 
portions of the plain having the greatest altitude are most deeply dis
sected, but ·this is due chiefly to the fact that the efficiency of corrasion 
mcreases rapidly with increased declivity, and hence is greatest where 
the interval between present and former base-levels is greatest. It is 
manifest that the largest areas of the plain at 2,000 feet could not have 

. been preserved in their present condition during a gradation period 
long enough for the production of the very perfect plain on similar rocks 
800 feet lower. 

Comparing the different areas east of the va-lley belt which have 
been correlated as 11arts of the same base-level plain, it is found that, 
when allowance is made for differences in local conditions, all show 
approximately the same degree of dissection, although the altitudes 
vary from 1,100 to 1,700 feet. 

The two principles above stated, continuity and relative dissection, 
but chiefly the first, are sufficient for the correlation of the various 
base-leveled are~s in the plateau region as a single deformed peneplain. 
They are also both applicable, but chiefly the second, to the correlation 
of the base-leveled areas east of the valley as a single peneplain. For 
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the correlation of these two plains, however, other evidence must be 
sought, since they are nowhere continuous, being separated by a broad 
belt of lowland, and since both the character and the structure of the 
strata are so different that no strict comparison can be made as to 
relative dissection. 

By coincidence of projected plain8.-Wherever the deformation of a 
base-level plain h:;ts been determined with certainty, it is found to be 
in broad, gentle undulations, the elevations generally taking the form 
of elongated domes. Very abrupt changes in slope are rare, and hence 
a gradient determined upon a remnant of a base-ievel plain may be con
tinued for a considerahle distance beyond its margiit with a fair degree 
of certainty. In this way base-leveled areas rather widely separated 
both horizontally and vertically may be correlated as a single deformed 
plain. Apply this principle to th~ present case. The base-level plain 
in the eastern part of the district rises gradually toward the northwest, 
while the eastern portion of the plain in the plateau region descends 
with about the same gradient toward the southeaHt. If the two gra(li
ents be continued across the intervening valley, they will exactly coin
cide, and hence it is inferred that the base-leveled areas on opposite 
sides of the valley are portions of a single deformed plain originally 
continuous. ~ 

By determination of rece·nt drainage changes.-A fourth means of 
determining deformations of a peneplain, and hence of correlating base
leveled surfaces which are found at varying altitudes, should be men
tioned here, although it is not applicable to the present case. It is a 

·consideration of the drainage. At the conclusion of a gradation 
period the streams of a region are delicately adjusted, and if the eleva
tion which inaugurates a new gradation period is accompanied by 
warping, this will result in stream readjustments the evidence of which 
persists for some time. Hence recent stream adjustments may generally 
be taken as indicating deformation, and a study of the adjustments 
may indicate the character of the deformation and thus lead to a cor
relation of base-leveled surfaces having distinctly different altitudes. 
The application of this pinciple is confined chiefly to recent peneplains, 
since the evidence of stream adjustments does not persist for a very 
long time. 

RELATION OF RIDGE CRESTS TO PENEPLA.JNS. 

Assuming that the above conclusions are correct-that the various 
base-leveled areas described are parts of a single deformed plaiu-it is 
a simple matter to determine approximately the altitude which the 
plain, if restored, would have in any part of the valley belt. The high 
valley ridges-White Oak and Chattooga mountains-do not at any 
point reach the altitude of this restored plain. The highest of the 
ridges are about 100 feet and the general crests 200 or 300 feet below 
it. Do these high points, or even crests, mark another base-level plain 
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lower than the one thus far considered~ . An affirmative conclusion has 
been reached 1 from a .consid~ration of similar facts elsewhere in the 
Appalachian province, and the questiQp_ is pertinent here. Also a very 
large measure of confidence has. been based by various writers
particularly by Davis-upon the determination of base-level plains from 
the altitude of even-crested ridges. 

The ridges in question owe their relief to the presence of an excep
tionally resistant stratum of sandstone between less resistant limestones 
and shales .. They owe their narrow, linear form to the steep inclination 
of the resistant stratum which carries it below base-level within narrow 
horizontal limits. The ridges are in the main monoclinal, though some. 
portions are synclinal and anticlinal. The crest of each ridge is 
remarkably uniform in height, except that the synclinal points are 
usually somewhat higher than the monoclinal portions. There is, 
however, some difference in height between adjacent parallel ridges, 
and this difference appears to be closely correlated with slight differ
ences in the character of the resistant stratum or its dip. 

Considering the :final stages in the process of gradation by which 
this base-level plain was produced, it seems probable that the outcrops 
of this resistant stratum were marked by slight elevations above the 
adjoining perfect plain. The final reduction, except wbere·erosion was 
supplemented by corrasion, could be accomplished only by solution, 
and the character of the rocks must have caused the reduction of these 
areas to lag slightly behind that of .the soluble limestones or of the 
softer Coal Measure sandstones and shales farther west. When active 
degradation was again inaugurated by uplift of the whole region, the. 
limestones were first removed, leaving the horizontal sandstones in 
relief as br~ad plateaus and thP. steeply inclined sandstones as narrow 
ridges. Erosion attacked the plateaus actively on their margins, but 
was practically powerless to reduce their summits. Hence, while the 
area of the plateaus became constantly smaller, those portions which 
were left preserved the old base-leveled surfaee practically intact. The 
case was very different, however, with the inclined sandstones of the 
ridges. Although in themselves more resistant than those forming 
the plateaus and less perfectly reduced in· the former gradation period, 
they could not for any considerable time retain their former crests 
under the new conditions. As their relief became more pronounced by 
the lowering of soft beds on either side, erosion became active, and 

. they must have undergone a gradual reduction toward the new base
level. Moreover, the process of degradation is very uniform on such a 
ridge crest, where corrasion is practically absent and only the forces of 
erosion are in play. Hence if the ridge crest was originally level it 
might remain so indefinitely or until it had been reduced f:;tr below 
the former surface of the base-level plain. The rate of lowering of the 
crest would be modified by differences in structure or character of the 

I Some stages of .Appalachian erosion, .Arthur Keith: Bull. Geol. Soc . .Am., Vol. VII, 1896, p. 519. 
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resistant stratum, producing precisely such differences in altitude as 
are observed in the ridges under consideration. Hence the conclusion 
is reached that, while the even crest of a ridge indicates the probability 
of former reduction nearly to base-level, it does not serve to determine 
the altitude of a base-leveled surface. It may coincide. with such a 
restored surface, but the coincidence will be purely accidental. 

Even-crested ridges may sometimes be employed indirectly in restor
ing. a base-level plain. Thus the crest of White Oak Mountain is 
ascertained, by the means described above, to be about 300 feet below 
the restored surface. Similar ridges in the region south of the district 
are composed of beds having about the same resistance and the same 
structut·e. Hence it is probable that the rate of reduction may be 
not far different in the two cases, and that the former base-level, if 
restored,· woul<l be about the same distance above them. It will be 
1·eadily seen that the problem contains so many unknown factors that 
the conclusion reached is to be regarded with considerable suspicion. 

I. 

RESIDUALS ON 1'H~J CUMBERLAND PLAIN. 

In the foregoing account of the Cumberland' peneplain it has been 
treated as a perfectly reduced surface. "Vhile it is probable that at the 
conclusionofitsgradation period the land surface was genera1ly reduced 
nearly to base-level, some residual areas still remained in relief, and 
these form the present monadnocks, represented by the darkest tint on 
the accompanying maps (Pis. II and III). 

Jlfonadnocks in tl~e eastern port·ion of the district.-The monadnocks 
are .most conspicuous in the eastern por,tion of the district and beyond 
its limits in the Appalachian Mountain belt. The Unaka Mountains 
are composed of a group of monadnocks, in some cases approaching 
unakas in character, while the higher portions of the outliers on the 
north, and the interior momitain groups on the south, form typical iso
lated monadnocks. The latter rise with surprising abruptness from 
the even surface of the peneplain. 

Jlfonadnocks in the plateatt divis·ion.-In the plateau division the 
monadnocks are less conspicuous, particularly in the southern portion 
of the district, where the surface must have been reduced to a very 
perfect plain. They are of two kinds. The first includes those which 

- occur along the ~vestern edge of Walden Plateau, together with the 
Crab Orchard Mountains and a few high points toward the northern 
end of Lookout Mountain. These are composed of more or less steeply 
inclined strata, generally an unusually resistant bed of massive con
glomerate. The second class includes the isolated knobs or mesas, 
which rise from 100 to 300 feet above the general level of the plateau. 
They are composed of horizontal strata, and although sometimes capped 
by a bed 'of conglomerate, are more often made up entirely of compara
tively ~oft sandstones and shales. The significance ·of this last class of 
monadnocks will be pointed out on a suosequent page. 
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1'HE HIGHLAND RIM PENEPLAIN. 

DeveloprYJMI,t and preserva.tion on th~ Highland Rim.-In the foregoing 
description of the topography of the district a broad area of level 
country was noted lying west of the Cumberland Plateau~ Its surface 
is scarcely trenched by stream channels, except near its western margin, 
which borders on the lowlands of middle Tennessee. This Highland 
Rim is the best-preserved portion of the next peneplain below tbe one 
already described, and ~s regarded. as the type locality from which the 

• whole is named. As in the former case, the preservation of a base
leveled surface is due largely to the presence of the resistant beds 
along its outer margin; but while these beds have been efficient in its 
preservation, they did not control gradation during its formation, si~ce 
they have a gentle dip eastward and tlle plain is found truncating 
beds of widely different degrees of resistance in its different portions. 

Developrnen.t and preservation in the valley belt.-ln the va.Uey belt 
the peneplain was generally developed, although its surface was prob
ably not so near a perfect plain as on the Highland Rim, since the 
rocks encountered are much more variable in composition and the 
different varieties occur in long, narrow strips. The degradation of 
the several varieties goes on at different rates, so.tllat wllile some areas 
were perfectly reduced others lagged slightly behind and formed low 
monadnocks to the end of the base-leveling epoch. The conditions 
which were unfavorable for uniform reduction were also unfavorable 
for tbe preservatiOn of the plain, so that no considerable areas are IH'e
served in the valley belt. Nevertheless, to an observer looking across 
the belt from any altitude above 1,000 feet on either side the existence 
of a peneplain is at once manifest. The great majority of bills and 
ridges reach nearly to a common altitude, above which a few, as White 
Oak and Ohattooga mountains, stand up conspicuously. The pene
plain, so far as it is preserved at all, throughout the valley belt" is 
upon rocks of intermediate resistance, chiefly siliceous limestones and 
sandy shales. Considerable areas of such rocks occur southeast of the 
Coosa Valley, and in these the peneplain ~s fairly well shown. In the 
narrow anticlinal valleys some areas are preserved ·upon limestones, 
but this is due to favorable location and the presence near by of 
massive residuals. · 

Altitude and deformation.-Elsewhere in the Appalachian province a 
peneplain, probably corresponding in age to the one under considera
tion, shows decided deformation, but within the limits of this district 
the Highland Rim plain re.tains a very uniform altitude. Upon the 
Highland Him it is approximately 1,000 feet above sea level, while in 
the valley belt its altitude is about ·1,150 feet at the northeastern corner 
of the district and 950 feet at the southern edge. This difference in 
altitude of 200 feet is doubtless two or three times as great as the differ
ence which prevailed in the same region during the base-leveling epoch, 
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and hence the district has suffered a slight southward tilting since the 
formation of the peneplain and probably also a slight differential ele
vation along ~ meridian passing a little west <;!f Chattanooga. 

RESIDU .A.LS ON THE HIGHLAND RIM PENEPLAIN. 

The residuals which rise above the Highland Rim peneplain are 
represented on tl}e maps (Pls. II and III) by the gray-tinted areas. 
They are very much more extensive than the Cumberland Plain resid· 
uals, since they embrace all of the latter and in addition all areas on 
which the older peneplain is preserved. They include monadnocks and 
unakas, both typically developed. . 

Monadnocks on the Highland Rirn.-On the Highland Rim itself Short 
~ountain is one of the best examples of the first class of residuals. 
It is perfectly isolated and rises with steep slopes abruptly from the 
level plain. Its summit probably reaches approximately ·to the alti
tude which the higher plain would have if restored over this region. 
It is difficult to give a reason for the preservation of this monadnock 
during tile gradation period which was sufficient for the production of 
so perfect a plain as the one surrounding it. · Its location at a distance 
from main drainage lines may have been the most important factor. 
The capping of horizontal conglomerate doubtless enabled it to retain 
its original altitude while its area 9,ecreased by lateral waste. 

The level surface of the plain is interrupted by many monadnocks 
along the eastern margin of the Highland Rim. These are portions of 
the adjacent plateau which have been detached by the active corrasion 
of streams originally flowing upon the plateau surf~ce. Many have 
lost their sandstone cap and have the form of rounded hills, which are 
being rapidly reduced to the level of the plain, chiefly by· chemical 
erosion. 

Plateau unakas.-The broad plateau areas on which the surface of 
the Cumberland peneplain is so well preserved form unakas when con
sidered with reference to the Highland Rim peneplain. They are sep
arated ~nto several more or less distinct unakas by the base-leveled 
anticlinal valleys. · 

JJfonadnoclcs in the valley belt.-In the valley belt the two classes 
of elevations already described constitute two types of ·monadnocks. 
The first class includes the low hills or ridges upon rocks of medium 
resistance, which rise one or two hundred feet above the general level 
of the peneplain. These represent the lag of certain areas, due to 
location or rock. character, slightly behind the general surface in the 
process of reduction.. The second class includes the ridges which rise 
prominently above this peneplain nearly to the level of the one above. 
They represent areas of distinctly more resistant beds, which have 
been unable to retain the older peneplain only by reason of their 
unfavorable structure. While ~hese valley ridges have the essential 
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characteristics of monadnocks, they show distinct differences from the 
original type, depending directly upon their structure. 

Unakas east of the 'valley belt.-East of the valley belt the residuals 
above the Highland Rim peneplain are even more extensive than in 
the plateau belt. The preserved areas of the Cumberland Plain form a 
high platform, above which rise the isolated and grouped monadnocks 
already described. Taken together and considered with reference to 
the lower base-level, they form the typical unaka. · 

(; 

THE COOSA PENEPLAIN. 

Lowland valleys.-In describing the topography of the district a 
series of lowland valleys was noted only a short distance above the 
present channels and flood plains of the streams. These valleys con
stitute the third and lowest peneplain which'can be distinguished in 
this region. Their extent is indicated by 'the yellow tint on the maps 
(Pis. II and III) bordering most of the larger streams. The Coosa 
peneplain is confined to areas of easily erodible rocks, though not all 
areas of such rocks have been reduced to this level, but only such as 
were rather favorably located with reference to drainage lines. The 
Coosa "flatwoods" constitute the largest area of the pene.r>lain. This 
region is underlain by calcareous shales and limestones, which are 
planed off to a level surface, on which are frequently formed deposits of 
gravel and silt. These unconsolidated deposits appear to have been 
connected with the :final stages of the base-leveling epoeh, or possibly 
with the oscillations and changes in grade which closed the epoch. 
Their presence indicates its recency. 

Relation to the Tennessee- Coosa divide.-The Coosa peneplain is not 
developed across the Tennessee-Coosa divide at any point, a fact which 
proves that the present arrangement of the main drainage lines in the 
two basins was established prior to this last gradation period. 

Altitude and deformation.-The altitude of the Coosa p(:meplain is 
something over 700 feet at the southern edge of the district and about 
100 feet higher at the northern edge. This slope is but little more than 
the normal grade of a base-leveling stream, so that the region bas prob
ably suffered only a slight deformation since the close of the last grada
tion period. When examined in minute detail considerable variation 
is discovered in the altitude of various portions of this peneplain. .Also 
base-leveled surfaces are found at aU altitudes up to and .even above the 
next higher peneplain. These are not to be taken as indicating distinct 
base-leveling epochs, but simply as representing the influence of local 
conditions. They depend upon the existence of local base-levels and are 
to a large extent independent of the general base-level. They ilJustrate 
the extreme complexity of the gradation process when followed into its 
details and the manner in which every possible phase of the process 
may generally be found in a single region of moderate extent. 
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GEOl\IORPI-IOGENY. 

ORIGIN OF THE PENEPLAINS. 

Theory of s~tbaerial denudation.-In the foregoing account of the three 
peneplains which are distinguished in this region, as well as in all pre
vious discussion of these or other peneplains in the .Appalachhm prov
ince, it has been tacitly assumed or explicitly stated tllat they are the 
product of subaerial gradation. That the forces involved in this proc
ess are competent to produce such peneplains is a proposition from 
which there is little if any dissent, at least among American geologists. 
There is, .however, another process considered by some even more com
petent to produce the effects observed, namely, the process of marine 
denudation. The opposing views have been stated by Davis,I with a 
discussion of t.he criteria.for the discrimination of plains formed by the 
two processes. Some of the tests suggested and others applicable in 
this region may be briefly considered'. 

Theory of nwrine denudation.-If the plains are the product of wave 
action there should be unmistakable signs of the instrument by which 

• they ~ere produced. In the first place, there should be, resting upon 
the cut surface, stratified deposits composed of the material worn from 
the retreating land by the advancing waves, but in proportion as tlle 
age of the peneplain is great the probability of these unconsolidated 
materials remaining is small, so that this test is less applicable to the 
higher and older plains than to the lower ones. Nothing resembling a 
marine deposit occurs on either of the plains, even where the conditions 
are such as to favor its preservation. It is true that some deposits of 
silt and gravel are found at certain points on the Highland Rim and 
Coosa plains, but these are clearly alluvial and not marine. They are 
genera1ly associated with the 1::1rger streams, and ·the coarse material is 
always of foreign and not local origin, as it would be if it were the 
product of·beach action. 

In some cases where no deposits are now to be found on an erosion 
surface their former existence is demonstrated by the present stream 
courses, which show a discordance with the structure. Having their 
channels determined ·while flowing upon the uniform surface of hori
zontal beds, they are superposed, by subsequent erosion, upon the 
underlying hard and soft beds in a manner distinctly different from 
that which they would have. assumed by the process of adjustment. 
Such cases of superposition, which are abundant in some regionR, are 
rare in this, ::md most of the cases which do occur may be explained in 
other ways. A striking case, which might be taken for inheritance 
from an overlying terrane, is the course of the rrennessee after it leaves 
the valley at Chattanooga and turns westward across the Walden 
Plateau. The at1omalous course of this river has been fully discussed 

I Plains of marine and subaerial denudation, W. M. Davis: Bull. Geol. Soc . .Am., Vol. VII, 1896, pp. 
377-398. 
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by Hayes and Campbell,1 whose conclusion there seems no reason to 
. question. A comparison of the Tennessee gorge through Walden 
Plateau with other parts of its valley shows that the river must have 
found its outlet to the west after the Appalachian Valley bad been 
excavated nearly to its. present depth; that is, at or near the close of the 

·'Highland Him gradatio~ p~riod, and hence it can not at this point be 
superposed from beds which might have.rested upon the Cumberland 
Plain. There seems to be no· evidence, then, that any stratified depos
its have ever been spread over the erosion surface in this region; and, 
if this is the case, there is strong probability that the plain was not 
formed by marine denudation. 

Further evidence may be obtained from an examination of the mar
gins of the plains. A wave-cut escarpment has certain' well-marked 
characteristics which should permit easy discrimination. One feature 
is its linear character. Waves are most effective agents of erosion upon 
projecting headlands, where their force is least che.cked by an expanse 
of shallow water and where the products of erosion are most rapidly 
removed. Hence the tendency is for the waves to cut regular escarp
ments, having long sweeps and gentle curves. Only where the rocks 
present the greatest diversity in hardness will the sea cliff present 
curves of small radius. Further, the qualities which make rocks c!1pa
ble of resisting erosion by waves are quite different from those which 
enable them to withstand subaerial degradation. In other words, erodi
bility of a rock depends on one set of qualities when waves are the 
active agent and on another set when subaerial agents act. In the 
latter case the most important feature is the presence or absence of a 
soluble constituent. In case of marine erosion, on the other hand, 
solubility is of minor importance, and a pure limestone, if free from 
joints and fractures, may resist wave action longer than a sandstone. 

When the two peneplains, but more particularly the two lower ones, 
where they are in contact with an unreduced residual, are examined 
with these two points in view, they are found to exhibit none of the 
characteristics which should belong to plains of marine denudation . 

. As already noted, the escarpment of the Uumberland Plateau facing 
upon the Highland Rim is extremely irregular. Salient spurs project 
far out from the plateau, where they would have been exposed to the 
full violence of the waves had the plain been carved by such agents, 
and these spurs are not composed of exceptionally hard rock, but. as 
will be shown later, owe their preservation to their position with refer
ence to the streams. Even if It be conceded as possible that the High
land Rim plain may have been formed by waves in middle Tennessee,. 
the same origin can not possibly be ascribed to the corresponding plain 
in the Sequatchie and Appalachian valleys. The relation between rock 
solubility and lowland is here so marked that. there can be no possible 
doubt of the lowland having been produced by subaerial degradation. 

!Geomorphology of the Southern .Appalachians, C. W. Hayes and M. R. Campbell: Nat. Geog. Mag., 
Vol. VI, 1894, pp. 63-126. . 
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Ooncl'ltsion.-In the presence of so much evidence it seems safe to 
conclude that wave action had no part in the formation of these pene
Illains, but that they are the product of subaerial erosion, the process 
of degradation by which all land surfaces are being brought slowly but 
surely toward sea level-the base-level of erosion. 

DRAINAGE OF THE DISTRICT. 

The description of drainage might properly be included in the :first 
part of this paper under the Geomorphology of the district, but since 
the streat;ns have been in large measure the active agents in producing 
the present and past land forms their consideration was deferred and 
included in this second part, the Geomorphogeny, which deals with the 
origin of the land forms. . 

RIVER SYSTEMS. 

The streams of this region belong to three distinct river :;;ystems, the 
Cumberland, Tennessee, and Coosa. The :first two are parts of the 
larger Mississippi system, while the Coosa helps form the Alabama 
River, and thence flows to the Gulf. The areas within the drainage of 
these several rivers are indicated on the accompanying maps (Pls. IV 
and V), on which broad brown lines follow the main divides and 
the narrow broken lines follow secondary divides, outlining some of 
tbe more important subordinate basins. The northwestern portion 
of the district is in the basin of Cumberland River, for the mo~t part 
drained by Caney Fork and its tributaries, but including aJ.so the 
bead of Stony River. Southwest of Caney ]'ork is Elk River, a trib
utary of the Tennessee, which joins the latter west of the plateau. 
A broad belt extending diagonally across the district embraces the 
area lying within the Tennessee drainage. This bas been subdivided 
into its more important basins. Of these the Sequatchie Basin is 
wholly within the limits of the district, which embraces also portions 
of the Emory, Hiwassee, and Chickamauga basins, together with a 
larger number of small~r ones whose trunk streams do not attain any 
considerable volume before joining the Tennessee River. 

Finally, the southeastern third of the district embraces a considerable 
portion of the Upper Coosa Basin. The Conasauga-Oostanaula-Coosa 
forms the trunk stream which receives two large tributaries, the Coosa
wattee and Etowah, from the east, and two somewhat smaller, the 
Armuchee and Chattooga, from the west, besides a large number of 
less important tributaries. 

TYPES OF STREAM BASINS. 

Even a cursory insp~ction of the map reveals wide differences 
between the streams in different portions of the district. The most 
striking differences are in the forms of the valleys and the manner in 
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which tributaries join the trunk ·streams. Compare, for example, the 
valleys of the Collins, Sequatchie, Little~ and Hiwassee rivers, which 
may be taken as representing four distinct types of drainage 
development: 

Type I, Collins River.-This stream drains a broad, -9val .area. At 
each bifur.cation of the stream the branches are approximately equal 
in size-that is, there is :J?O main trunk which dominates the basin. 
The axis of the basin, followed approximately by theN ashviHe, c_hatta
nooga and St. Louis Railroad, is occupied by a comparatively small 
stream. The plan of the drainage is practically the same in the 
western part of the basin, where the streams are in shallow depres
sions, on the Highland Rim, and in the eastern part, where they occupy 
irregular canyon-like valleys cut deeply within the Cumberland Plateau, 
or shallow depressions upon its surface. Everywhere the drainage area 
is covered by a series of branching streams, with no regularity in their 
arrangement and no prevalent direction of flow. 

1ype II, Sequatchie River.-The striking features of .the Sequatchie 
Basin are its great length compared with its breadth and the dominant 
character of its axial stream. It is 70 miles in length, while its greatest 
breadth is only 18 miles and its average breadth less than 10 miles. 
No portion of the Sequatchie River departs so much as 2 miles from 
a straight line joining its source and mouth. It has two 'important 
tributaries, the Little Sequatchie and Brushy creeks, both joining it 
from the west .ln the lower half of its course. There are no tributaries 
of any size from the east, the limits of the basin being upon. the extreme 
western edge of the Walden Plateau. Finally, the basin has a definite 
relation to the structure of the region, its axis coinciding with the axis 
of an anticline. 

Type III, Little River.-The basin of Little River is also long and 
narrow, though the ratio of length to breadth is not so great as in the 
last case. There is a well-marked. trunk stream parallel to the axis of 
the basin, but some distance to the east of it.· The tributaries, which 
are all frori1 the west, join the trunk nearly at right angles. FinaiJy, 
the axis of the basin also coincides with a structural axis;: which in this 
case is the axis of a syncline. 

Type IV, Hiwassee River.-The Hiwassee Basin, or so much of it as is 
included in the district, combi~es in some measure the characteristics 
of Types I and II. It bas considerable breadth in proportion to its 
length and a dominant axial stream, which receives many tributaries 
of about equal size from both sides. These tributaries join the main 
trunk in a definite mann'er, approximately at right angles. Each trib
utary itself occupies a long, narrow basin structurally similar to the 
Sequatchie Basin. The trunk stream, as in Types II and III, has a 
definite relation to the structural axes, but instead of being parallel 
with them is at right angles to their trend. 
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CLASSIFICATION OF S'l'REAidS. 

The remaining secondary basins of the region more or less closely 
conform to these four principal types,. although a number of them are 
themselves composite, containing two or more distinct types in their 
subordinate basins. In· a general way they may be grouped in four 
classes on this basis. In the first class belong most of the basins west 
of the Sequatchie anticline, including tributaries of the Sequatchie 
and Tennessee rivers. The second class includes the basins occupying 
anticUnes, such as Wills and I..~ookout valleys,-McLamore and Grassy, 
coves, and the basins of many subordinate streams in the valley belt. 
The third class includes the basins of stream~ upon Walden and Look
out plateaus, the basin immediately west of Orab Orchard Mountains~ 
and the subordinate basins occupied by tributaries of the Armuchee . 

. The fourth class includes basins of the large eastern tributaries of 
the Coosa system and a number of smaller basins tributary to the Te_n-. 
nessee north of Chattanooga. 

RELATIONS OF DRAIN AGE TO GEOMORPHOGENY • 
.i\~' • . ' 

Considering the drainage in its broader relations, the most striking_ 
feature is the anomalous course of the TennesseP- River. From the 
Tennessee line southward the broad lowland of the valley belt offers 
an easy and direct route to the Gulf; but the :t;iver, instead of following 
this direct route, turns westward at Chattanooga, entering a narrow 
gorge through the Walden Plate~u. After reaching the Sequatchie 
Valley it turns southward for a few miles, and then again westward 
through the Cumberland Plateau, after which it turns northward to 
join the Ohio, flowing, to reach sea level, more .than twice the distance 
that would be required if it remained in the valley belt. This peculiar 
course of the Tennessee, and many of the minor peculiarities of drain
age noted in the above classification, are intimately connected with 
the recent .geological history of the region, which, if perfectly known, 
would fully explain the origin of its topographic features and the pro
cess of adjustment by which the drainage has reached its present form. 
Many phases of this history hav~ been fully discussed l?Y ~r. Camp
bell and the wr~ter in a paper t to which reference has already been 
made, and only so much of the,pp;atter contained in that paper will be 
repeated here as is necessary for ~ clear understanding of the subject. 
One important conclusion, namely, as to the age of the several pene
plains above described, will be accepted as sufficiently proved for · 
present purposes and will not be further discussed here. This conclu
sion makes the Cumberland base-leveling epoch late Cretaceous, the 
Highland Rim epoch probably Eocene, and the Coosa epoch N eocene. 

I Geomorphology of the Southern Appal~chians, C. W. Hayes and M. R. Campbell: Nat. Geog. Mag., 
Vol. VI, 1894, pp. 63-126. 
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SUBDIVISIONS OF GEOMORPHOGENY .. 

Any subdivision of the physiographic development-the geomor. 
phogeny-of this region must be in some measure arbitrary, since the 
processes. have been continuous in their operation. Nevertheless, the 
forces which have brought about the final result, although continuous, 
have not acted with equal intensity at all times. There have been 
periods o~ stability and comparative inactivity, alternating with· pro· 
found revolutions. Tb.ese· revolutions or partial breaks in th~ contin· 
uous process- have. been of varying de~rees of magnitude. Thus, the 
Appalachian revolution, which occurred at the close of the Carboniferous, 

'entirely changed the conditions through but the whole oftheAppalachian 
·province. It separates the histoi·y:or the western portion of the prov· 
ince, at least, into two volumes;' in.>the earlier volume the. history is 
recorded chiefly in the sediments laid down upon the sea bottom, and 
in the later (1) in the forms inscribed by erosion upon a land surface 

. and (2) in the adjustments of drainage. The earlier volume is sub
divided intochapters by the changing conditions on the sea bottom and 
adjacent lands which gave rise to the difterences in the Ruccessive rock 
formations composing the stratigraphic column. The later vo~ume is · 
also subdivided into ehaptera by oscillations of the land which changed 
the rate and _character of gradation and the form of stream ~djustment. 

From the manner in which these. changes in conditions are recorded 
only the latest can be determined in detail, since the record of each 

. event in some measure obliterated those previously inscribed. 

CYCLES OF GRADATION AND STREAM ADJUSTMENT. 

At least three cycles of gradation and stream adjustment.can be dis· 
tinguisbed in the histor:y of this region. The ·first is very long and 
complex, covering the whole of tb.e \period from the Appalachian revo
lution· to the end of Cretaceous thne:.~ If the record had not been oblit· 
erated, this period would doubtless be subdivided into several cycles, 
each as distinct and important as those which followed. All previous 
records, however, were removed in the production of the Cumberland 
peneplain, which is itself the unmistakable record of a very long ·grada
tion period. The second cycle is likewise recorded in the formation of 
a peneplain, the Highland Rim plain; but that this period was much 
shorter than the preceding is evident from the fact that this plain was 
developed only on areas of soft and moderately hard rocks. It was 
marked, however, by some important drainage adjustments, which will 
be fully described later. Finally, the region has recently emerged from 
a third cycle, the time which has elapsed having sufficed as yet only 
for the sinking of the streams part way down to the newly established· 
base-level. The last cycle was much the shortest of the three, its 
gradation having been able to develop base-leveled valleys only. The 
events of this cycle are so recent that they can be grouped in a number 
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of episodes, when the history of the entire province is considered. 
This, however, is impossible in a restricted area, such as the Chatta
nooga district, and hence is beyond the scope of the present paper. 

FIRST CYCLE. 

LENGTH AND COMPLEXI'l' Y. 

It has been stated above that the cycle which coincides with the for
mation·of the Cumberland peneplain was very long and complex. As 
to the length of time which it covered·t}lere can belittle question, 8ince 
its limits are tolerably well fixed, the beginning being the emergence 
of the region at the close of the Carboniferous, and the end being the 
uplift near the close of the Cretaceous. From what is knowri of other 
periods of equal or less durat~on, it would appear highly probable that 
this long inter-val was not a simple cycle, but was composed of several 
quite distinct cyeles, in each of which the river passed through the 
normal changes which mark the development of drainage from youth 
to old age. Although the records of these intermediate cycles, in so 
far as they consist of land forms, have been almost entirely obliterated 
by the final, perfect base-leveling of the region, some evidence of their 
former existence may be obtained. 

If sufficient time were to elapse between two periods of orogenic 
uplift, the forces of subaerial degradation would .reduce a region com
pletely to base-level. This is theoretically possible, but has probably 
never happened for any considerable area, inasmuch as the process of 
base-leveling is one which goes on with a constantly decreasing rate as 
it approaches completion. If it were to occur, however, the final prod
uct, so far as the form of the plain is concerned, would be the same 
whether the uplift which inaugurated the cycle were a singlerapid move
ment of the crust, a single slow movement long continued, or a series 
of movements separated by intervals of rest. Since, however, the final 
stage, the perfect plain, is never reached by gradation, the character 
of the movements by which the elevation was e.ffected may be deter
mined in "Some measure (1) by the ccaracter of the monadnocks-the 
unreduced, residual masses left projecting above the surface of the 
base-level plain-and (2) by the character of the stream adjustments 
'which are found to have taken place at the end of the cycle. 

Evidence from 'tesiduals.-If a region is lifted. either rapidly or slowly, 
the streams first lower their channels nearly to base-level and then 
reduce the interstream areas. Naturally the two processes overlap to 
some extent in the same area, since the general lowering of the entire 
surface begins as soon as the streams are capable of removing the land 
waste. Also when the whole river basin is considered they overlap 
still more, since the process of gradation along the lower portion of the 
river may be well advanced while its upper portion is actively corrad
ing its channel. Nevertheless, there is a natural ~equence in the two 
p~ocesses, and the first must necessarily precede the second. 
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If the uplift within a certain periqd is accomplished in a single oro
genic movement and there is great diversity in the rocks of the region, 
the residual masses which remain at the end of the given period will 
consist of the hardest rocks,.and their altitude will vary with the erodi
bility of the rocks -and the distance from master streams. Areas of 
the ·softest rocks will be continuously attacked until they reach base
level, while those which offer greater resistance will retain proportionate 
relief. The altitude of any point will thus depend chiefly on the product 
of the two factors erodibility and location, and the former will be the 
more important factor in proportion to the completeness. of the base
leveling. Consider now that the same uplift is accomplished within 
the same period, but, instead· of there being only a single movement, 
by two or more elevations separated by periods of comparative repose. 
Ea9h uplift stimulates erosion anew; but, however long· continue~, it 
cau reduce the softest rocks no lower than base-level, for below this 
level they are perfectly protected. Since the gradation periods. are 
shorter, the effect of rock b::..rdness is less pronounced and that of loca
tion is greater. Hesidual masses are composed not only of the hardest 
rocks, but also of intermediate rocks favorably located for preservation. 
If, therefore, the element of location is found to be pronounced in the 
residuals of any' region, it is safe to assume that the peneplain above 
which they rise is not the product of a single uninterrupted gradation 
period, but that the uplift was interrupted and the soft rocks, now 
forming the residuals, were below base-level, and so protected from deg
radation. This is the condition prevailing to some extent on th~ Cum
berland Plateau. The monadnocks bordering Sequatchie Valley and 
forming Crab Orchard Mountain are composed of·hard rocks, but those 
away from the valley are composed of comparatively soft rocks, mostly 
shales and thin-bedded sandstones, which are poorly adapted to resist 
long-continued erosion. They are, however, far from any large stream, 
being near the line which was for a long time the main divide of the 
region, and their preservation from degradation must be ascribed to 
loeation rather than to the hardness of their rocks. While they are 
not sufficiently extensive to establish the position of another peneplain 
above the Cumberland Plain, their presence makes it probable that 
such a peneplain was formed from 500 to 800 feet above the .present 
surfftee of the plateau. 

E1Jidence jrorn strearn adjustrnents.-The second method of determin
ing whether the uplift of this regiqn during this first cycle was accom
plished in one or more periods of orogenic activity is a consideration 
of the drainage adjustment which had taken place at its conclu~ion~ 
The thickness of strata eroded from the Appalachian Valley belt is at 
least 10,000 feet, and in many places much more. This enormous deg
radation was accomplished, in large part at least, in the cycle under 
consideration. The elevation of the anticlines may have been'so rapid 
that drainage was ponded and turned into synclinal streams, or it may 
have been so slow that the crests of the folds were worn down as fast 
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as they rose. In either case, so long as the uplift continued, no matter 
how slowly, the divides would tend to remain upon the axes of eleva
tion, even though these were upon soft rocks~ This tendency of divides 
to migrate toward and remain upon axes of elevation bas been demon· 
·strated by Campbell.1 

If the elevation of the anticlines was rapid, the entire drainage must 
have been changed from. antecedent to consequent; while if it was slow, 
although the larger streams might have retained their antecedent 
courses, the secondary drainage at least must have been changed to 
consequent courses. If the whole of the elevation had been .. accom
plished in a single period, the streams would probably never have been 
able to escape from these consequent courses, and there would now be 
a great preponderance of synclinal streams. Since the streams of this 
region are almost wholly subsequent, there must have been abundant 
opportunity for their escape from the consequent courses, and the niost 
favorable conditions for this are afforded by· repeated base-levelings . 
.At each uplift and consequent revival of drainage upon a base-level 
J>laiu some streams are more favorably situated than others by reason 
of their location on soft rocks, and a certain amount of adjustment 
takes place. With each revival the drainage becomes more perfectly 
adjusted and to a larger extent subHequeiit. TJlc very perfect adjust
ment in this region, therefore, supports the conclusion, reached .from a 
consideration of its monadnocks, that it has passed through several 
cycles of uplift and reduction to base-_level. 

EARLY STREAM ADJUSTMENTS. 

Paleozoic physiography of the region.-Tbere can be no doubt as to 
the relation of sea and land in this region during the Paleozoic period .. 
The materials making up t~he formations then deposited were derived 
chiefly from the degradation of a land mass to the southeast.· It should 
be stated, however, that at various times during the Paleozoic period 
considerable areas of land probably existed in the western part of the 
Appalachian province. Thus probably in Cambrian time, and almost 
certainly in late Silurian and early Devonian time, the central basin of 
Tennessee was occupied by a land mass, which may have been contin
uous northward through Kentucky with the Ohio area. Again, after 
a submergence in the early Carboniferous, the same region was prob
ably land during late Carboniferous time, forming a barrier between 
the eastern and western coall?asins of Kentucky. This land, however, 
was low, furnishing but little detritus, and it was probably again sub
merged at the close of the Paleozoic, so that its influence on subsequent 
drainage development is only indirect. The streams upon the Appa- •· 

. lachian Paleozoic continent must have flowed toward the northwest, 
and as the "interior sea margin was pushed gradually westward by the 

. emergence of successive strips along the coast, the streams doubtless 

1 Drainage modifications and their interpretation, M. R. Campbell: Jour. Geol., Vol. IV, 1896, p. 567. 
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·followed the retreating sea margin toward the northwest by extending 
their lower courses across the newly emerged land. Different opinions 
are held as to the length of time these rivers continued in their north-
ward courses. , 

J!heory of early diversion of original streams.-One theory is that the 
streams were turned from northwestward to southwestward courses 
comparatively soon after final post-Paleozoic emergence of the interior 
regions. This was effected in part by the barriers which the rising 
folds presented midway of their courses, and in })art by the favorable 
opportunities afforded to. southwestward streams located upon soft 
rocks in the axes of the folds for capturing transverse streams. Which
ever factor may have been the more important, it is concluded that 
toward the end of Cretaceous time, when the whole region was reduced 
to a very perfect base-level plain, the drainage of the Appalachian 
Valley was southwestward to the Gulf, while the plateau streams con
·tinued westward to the Mississippi embayment. 

Theory of persistence of original streams.-Another theory, supported 
by Griswold 1 and others, holds, on the other hand, that the Appala
chian continent was continuous toward the southwest with the Arkan- ·. 
sas land area, both during the period of Paleozoic deposition in the 
interior sea and of the subsequent base-leveling when it had become 
dry land. This 'theory requires the depression in which the Mississippi • 
now flows to have been formed by the warping of the Cretaceous pene- · 
plain. It necessitates the conclusion that during the entire Cum
berland gradation period the drainag.e of the southern Appalachian 

. province was westward across the present Mississippi depression to an 
outlet in northwestern Texas. 

The presenc~ of Cretaceous sediments in central Alabama, ho.wever, 
and the northward extension of these sediments across Mississippi, Ten
nessee, and Kentucky, indicate clearly that, whatever may have been the 
southward extension of the Appalachian land in Paleozoic and early 

• Mesozoic time, the Mississippi embayment is older than the Cretaceous 
peneplain. Hence the first theory, as stated above, niust be accepted 

· as the one most in accordance with the facts. 
Ea·rly consequent stream.-Whatever may have been the effect of the 

rising folds elsewhere in the Appalachian province, it seems very prob
able that immediately after the emergence of this region a consequent 
stream occupied the Walden syncline. This shallow trough has a gen
tle inclination from the northern portion of the district south ward to 
central Alabama, where it disappears beneath the Cretaceous sedi
ments. Its south westward inclination has been increased by post-Creta
ceous tilting, but is chiefly due to the pitch acquired at- an earlier date. 
No transverse fold or other barrier exists which could have prevented 
the forQJ.ation of such a consequent stream, while the Sequatchie anti
cline must have formed a very effectual barrier to prevent the drainage 
escaping to the westward from this trough. . 

1 Origin of the Lower Mississippi, _L. S. Griswold: Proc. Bost. Soc. Nat. Hist., Vol. XXVI, 1895, PP. 
474-479. 
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Diversion of consequent strea1?t from Walden Plateau.-The process of 
stream adjustment in the particular region under discussion during this 
first long and complex cycle may now be examined in somewhat greater 
detail. It .may be assumed from evidence stated above that the uplift 
'of the region to the altitude held during the Cumberland base-leve~ing 
epoch was accomplished by several periods of oscillation separated by 
periods of repose. The folds and faults of the valley belt brought 
many strips of limestone above the successively established base-levels 
and also placed the beds of sandstone in such attitudes that they were 
more readily removed than if they bad remained horizontal. The earlier 
axial streams, or. those occupying the southern portion of the valley 
belt, thus possessed at the start a decided advantage over the trans
verse streams, whose lower courses were upon the comparatively hard 
horizontal Coal Measure sandstones. The consequent stream in V\'"al
den Plateau, flowing-throughout its entire course upon sandstones, was 
at a serious disadvantage .compared with a parallel stream subsequently 
established upon a limestone belt. Hence the eastern axial valleys were 
lowered more rapidly, and their streams not only continued to inte.rcept 
and divert the upper portions of additional transverse streams, thus 
continuously decreasing the volume of the stream to the west, but 

• probably in some gradation period prior to the Cumberland beheaded 
that stream and diverted its upper portion from the syncline. The two 
portions of the Walden syncline on opposite sides of the Tennessee 
line are quite differently -situated with reference to ability to protect a 
consequent stream from diversion. The northern section has imme
diately adjacent upon the east a broad belt within which the protecting 
sandston~s were not only lifted high above base-level, so that their 
removal was quickly effected, but were intersected by many faults 
which must have greatly facilitated erosion. The southern section, on 
the other hand, has upon the east from one to three comparatively low, 
unfaulted anticlines, which brought the resistant sandstones during early 
stages of gradation to the right elevation for protection against streams 
encroaching westwardly from the valley belt. Hence the diversion of 
the consequent stream was effected in the unprotected northern section, 

'While the beheaded portion remained in i.ts original position in the 
southern section till a very much later date. 

Influence of Sequatchie anticline.-lt is probable that the Sequatchie 
anticline, which hau previously formed a barrier across the path of west
ward-flowing streams, and, as stated above, had diverted them to a 
southward consequent course in the Walden syncline, now formed a bar
rier to further westward encroachment of the subsequent streams. 
The hard Coal Measure conglomerate, brought above base-level on the 
Sequatchie anticline, probably held the divide for a long time at the 
axis of the fold. 

Westward encroachment of a.xia,l drainage.-Eastward-flowing streams 
continued working at the divide, and fina.Ily, toward the close of the 
cycle, the barrier was breached and the successful stream began tlte 
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conquest of territory farther west. Since at each uplift which inau
gurated a new gradation period the deepening of the main axial valley 
progressed toward the northeast, southern tributaries would have an 
ad vantage in time over those farther north; that is, the lowering of 
their outlet to any given level would be accomplished earlier for the 
former than the latter. Hence North Chickamauga and Soddy creeks 
were favorably located, and succeeded in capturing territory west of 
the anticline. R.oaring and R.ichland creeks, on the other baud, were 
less favorably located, and did not succeed in passing the barrier. 
Still far.ther north the anticline flattens out, and the conglomerate, 
being below the earlier base-levels, ceased to be effective as a barrier 
against the encroaching streams. Hence Sandy and Berks creeks 
acquired considerable territory beyond the anticline. 

PHYSIOGRAPHY OF CUMBERLAND BASE-LEVELING EPOCH. 

At the close of the Cretaceous period of base-leve1ing the drainage 
was probably arranged somewhat as represented in green on the maps, 
Pis. IV and V. The present divides are represented on the maps 
by brown lines, and the position of the divides then existing by tbe 
broken . green lines. Wherever no green lines appear on the map the 
drainage of the epoch is regarded as coinciding with present draiv.age 
or there is no evidence fer determining its position. · 
· Position of the main divide.-The chief difference in the drainage of 

the region is seen to be the course of the main trunk stream of the 
Appalachian Valley southward. across the present Tennessee-Coosa 
divide. The main divide between southward- and westward-flowing 
streams. was near the Sequatchie axis, passing to the west around the 
heads of the few streams which had been able to capture territory 
beyond that barrier. It probably crossed the course of the present 
Tennessee near the Tennessee-Alabama line. Below this poiut the 
Sequatchie anticline was probably occupied by a subsequent stream, 
which may have been either tributary to the consequent stream in the 
Walden syncline or have flowed westward to the Mississippi embay
ment. · 

The Appalachian river.-The main trunk stream of the valley belt, 
which may be called the Appalachian river, received several large 
tributaries from the east, only one of which, the Hiwassee, has persisted 
in its entirety to the present. These were the streams originally flow
ing westward from the Appalachian continent to the Paleozoic interior 
sea, first turned southward by the Sequatchie anticline to a consequent 
course in the Walden syncline, and then intercepted and diverted by a 
subsequent stream to the course shown on the map. 

Growth of the upper Coosa system.-Some of these streams have been 
again intercepted and diverted southward by the headward encroach
ment of a favorably located axial stream and uow form eastern tribu
taries of the Coosa system. It is impossible to determine the exact date 
at which this last diversion took pJace, and it may possibly have occurred 
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before the epoch represented on the map .. The evidence to the·contrary 
is derived from the presence of water gaps through the high valley 
ridges. It would seem probable that these must have been occupied by 
larger streams than at present, at least as late as the close of the Cum
·berland base-leveling epoch; otherwise in the adjustment which fol
lowed that epoch the streams would have been unabla:to cut down the 
·hard rocks of the rid-ges with sufficient rapidity for their own protection 
and would have been diverted, leaving wind gaps at.:the points where 
they had formerly crossed. :; ,,. 

- · , .... •n~'I%fluence of the Sequatchie anticline.---:.A.Jthough the eastward-flowing 
'1,)i·::I&:streaansnorth of the Tennessee ·line had, diverted the drainage from its 
e.x:~:Hcohsequentposition-in the Walden syncline and had pushed their head 

waters some distance to the westward· of the original anticlinal divide, 
they had not completely reduced the territory thus acquired to base
level. The hardest stratqm they encountered in the corrasion at the 
divide was the conglomerate at the base of the Coal Measures. Above 
this resistant stratum are shales and sandstones, and below are lime
stones. The upper shales and sandstones were almost perfectly base
leveled east of the anticline and the limestones generally quite reduced 
wherever the covering of conglomerate was removed. Between the 
base-leveled limestone belt on the axis of the anticline and the base
levelea shale belt in the syncline there remained a ridge .of conglom-

. erate through which the encroaching streams flowed in narrow gaps. 
These gaps serve to determine the present position of the peneplain., 
since, as will be explained later, they were deserted by their streams at 
the end of the base-leveling epoch, and hence have not been cut below 
its surface. The portions of the ridge left between these gaps formed 
a series of monadnocks rising above the general level of the plain. 'By 
reason of the decrease in height of the anticline toward the northeast. 
the activity of erosion on its crest and sides had there been less active, 
so that portions of the conglomerate remained, protecting the under
.lying limestone. Thus the monadnocks which occur along the eastern 
side of the valley increase i~ height toward the northeast and pass 
here directly into the Crab Orchard Mountains. The extent of these 
mon3tdnocks is shown on the map (Pl. II), on which; as explained on 
a former page, the most heavily: shaded areas represent portions of the 
surface remaining above the level of the Cumberland peneplain at the 
present time. They must ,be considerably smaller now than they we.re 
at the conclusion of that base-leveling epoch, for erosion has been active 
upon them during the. succeeding gradation periods. 

On the western margin of Sequatchie Valley the monadnocks are 
inconspicuous, consisting of. a few s:r;nall knobs along the edge of the 
escarpment. By reason of the fault along the· Sequatchie anticline, the 
beds on the western side are relatively depressed, so that the conglom
erate was, for the most part, below base-level while the Cumberland 
Plain was being formed, and hence not in a position to resist erosion. 
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.Along the eastern side of the valley a monadnock extends continu
ously from Beatty Gap northward some distance beyond its head: Its 
upper portion bi*'urcates ~nd holds Grassy Cove between its divergent 
branches. It is nearly, though not quite, cut down to the level of the 
peneplain at Low Gap and also at the head of Swaggerty Cove. The . 
region now occupied by the upper part of the Sequatchie Valley, at 
least the upper 10 miles, although in part underlain by limestone, was 
probably not reduced to the level of the Cumberland Plain, and sma11 
streams heading upon this unreduced portion of the anticline flowed 
eastward through Low Gap and through Swaggerty Cove, but were 
not able to corrade their channels quite to base-level. 

From Tollett Mill to Bearden Mountain the anticline has a sharp 
n0rtheastward pitch, while beyond the fold flattens out and the axis 
is nearly horizontal for some distance. In this latter portion of the 
fold, therefore, the conglomerate has a much lower altitude than farther 
south, and hence was not so early in the cycle an effective barrier to 
streams encroaching from the east. It appears probable that some
what early in the Cumberland gradation period, or in one which pre
ceded it, several eastward-flowing streams cut backward across the 
anticlinal axis, while they were yet upon the comparatively soft shales 
and sandstones overlying the conglomerate. Having acquired some 
drainage area beyond the anticline, they were able to hold their courses 
across the axis when the conglomerate was reached in the process of 
downward cutting, and to cut through the conglomerate to the lime
stone beneath. The process of opening a lateral valley upon the axis 
of the anticline then began, and resulted in the formation of Grassy 
and Crab Orchard coves. 

SECOI-tD CYCLE. 

ADJUSTMENTS ALONG THE MAIN DIVIDE. 

E.ffect of uplift.-The long period of base-leveling which resulted in 
the formation of the Cumberland peneplain was terminated by a series 
of oscillations, the final effect being alJ. elevation, and this uplift, as 
shown by the present altitude of different portions of the peneplain, 
was accompanied by considerable warping of the base-level. The 
streams bad for a- long time meandered over a smooth, featureless 
plain, the interstream areas almost entirely reduced and the active 
cutting confined entirely to the few monadnocks at their head waters. 
The uplift terminated one cycle and inaugurated another. Streams 
which had long been inactive began vigorously to attack their chan
nels, working backward from the sea margin, or from points in their 
courses where differential uplift was felt by the upper tributaries. Also 
the axial stream or streams, although in. the main located upon soft 
rocks, found their channels crossing many hard beds which they were 
compelled to cut through. The streams flowing westward fro~ the 
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plateau to th~ Mississippi embayment, on the other hand, had~ some
what •shorter route to the sea and were more advantageously situated 
for rapid cutting. During the greater part of the preceding cycle they 
had been working upon horizontal sandstones and consequently under 
great disadvantage compared with. the axial streams. As a result the 
axial streams had encroached upon their territory and diverted their 
head waters to ~outhward courses. The conditions were now to some 
extent reversed. The sandstones had been removed from at least half 
the area which they originally covered west of the Sequatchie anti
cline, and, where not entirely renioved, their thickness had been greatly 
diminished, so that they offered comparatively little resistance to fur
ther degradation. 

Effect of dejor1nation.-Another condition in their favor was the 
character of the deformation which accompanied the uplift. As shown 
in the paper above cited, 1 the greatest elevation was on a longitudinal 
axis nearly coincident with the Appalachian Valley. Hence the axial 
streams flowed lengthwise of the uplift and were compelled to cut back 
the entire distance from their mouths. The westward-flowing streams, 
on the other hand, were transverse to the uplift, and were accelerated 
chiefly in the.upper portion of their courses. Hence they had a shorter 
distance to deepen their channels before their upper tributaries were 
stimulated. By reason of this combination of favorable circumstances 
the westward streams were able to push back the divide and regain 
some of the territory lost in the preceding cycle . 

. Contest for the Sequatchie anticUnf;'.-The Sequatchie anticline, so far 
as base-leveled, was occupied by a narrow belt of easily erodible lime
stone, entirely surrounded by a rim of resistant sandstone. The 
limestone could not be reduced more rapidly than an. outlet w3:s lowered 
across the sandstone rim. The sandstone barrier was thinnest in 
northern Alabama, and here it was first breached, either by a westward
flowing stream, cutting backward at its head under the accelerating 
influence of its increased grade, or, if this part of the anticline had 
remained in the western drainage, by the cutting downward of a stream 
already located across the barrier through the thin protecting cap of 
sandstone. Having gained unobstructed access to tl1e limestone area, 
a branch of the aggressive stream was rapidly pushed headward along 
the axis of the anticline, and by reason of the great advantage which 
it possessed diverted the streams which it successively encountered in 
its progress toward the northeast. Before this stream had pushed its 
conquest of the anticline as far as the present Tennessee line, the 
Appalachian river had probably cut its channel bnck sufficiently to 
stimulate its tributaries in this region. Those farthest south would be 
the ones first affected, and since these: having been favorably located 
in the previous cycle, had acquired the largest territory beyond the 

1 Geomorphology of the Southern Appalachians, C. W. Hayes and M. R. Campbell: Nat. Geog. Mag., 
Vol. VI, 1894, pp. 63-126. 
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Sequatchie anticline, they were vigorous streams and were able to keep 
their channels down near base-level. They probably succeeded in cut
ting nearly or quite through the barrier of sandstone capping the 
Walden Plateau before they were intercepted and their head waters 
diverted to the southwest. The one whose head waters occupied the 
Ooppenger Creek Basin may have succeeded in diverting severR,l of its 
neighbors before they had cut deeply into the rim of conglomerate along 
the western edge of Walden Plateau. The beheaded streams continued 
to occupy channels across at least the eastern portion of Walden Plateau, 
and, since the resistant sandstones had beeu removed, were able to lower 
their channels in the limestone quite down to the Highland Rim base
level. Having captured these vigorous stre~ms, the .channel of the 
diverter upon the Sequatchie anticline was still further deepened and its 
progress was more rapid toward the northeast. The streams flowing 
eastward from the anticline were successively beheaded before tlwy 
were able to cut their channels across the hard, upturned conglomerate 
much below the level of the peneplain. Being thus beheaded, the gaps 
through the conglomerate ridge became cols where erosion was reduced 
to a minimum. Consequently these gaps remain practically at the 
level of the old peneplain. The progress of the diverting streain as it 
approached the northeastern end of the anticline became slower by 
reason of its increasing length and the less perfect reductioa of the 
region to the old base-level. 

The conglomerate c~p upon Bearden and Hinch mountains finally 
checked further progress, and Swaggerty Cove Creek, which would 
have been t.he next capture, was only partly diverted. Meanwhile, the 
streams which had breached· the anticlinal barrier farther north and 
acquired territory to the west in the former cycle eontinued to flow 
across the axis toward the east for a long time after the uplift. The · 
coves were considerably enlarged and their channels were deepened at 
least 300 feet below the level of the old peneplain before these streams 
were dispossessed of the territory which they bad acquired west of the 
anticline. 

The capture of their bead waters was finally effected, not by the 
encroacbn~ent of an anticlinal stream, as is most often the case, but by 
a favorably located synclinal stream. As already :stated, the rocks 
above the lower Coal Measure conglomerate in this region are chiefly 
shales, which offer slight resistance to erosion compared with the con
g-lomerate. The Emory River, flowing past tlie northern end of the 
Sequatchie anticline, was able to acquire a large drainage area on the 
plateau during the preceding cycle, and when it was· accelerated by 
the uplift it rapidly lowered its channel in the shales above the con
glomerate. A tributary, Daddy Creek, entering the Emory west of the 
anticline, was favorably located for cutting backward into the territory 
of the transverse streams, obstructed as the latter were by the con
glomerate they were obliged to cross at two points, one .on either side 
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of the anticline. Possessed of this advantage, Daddy Creek acquired 
all uf the territory west of the anticline previously ·drained by the 
streams which occupied Crab Orchard Gap and Grassy Cove. It also 
acquired the greater part of Crab Orchard Cove, but not Grassy Cove, 
for another factor intervened to prevent this. 

Effect of subterranean erosiC?n.-As s,tated aboye, the progress of the 
aggressive stream toward the northeast along the anticlinal axis was 
checked by the conglomerate cap of Bearden and Hinch mountains. 
Although the valley was not extended farther along the axis, its surface 
was lowered nearly to the newly established base-level, leaving a steep 
escarpment, limestone below and conglomerate above, along the sides 
and about the head of the valley. The valley surface was thus 600 feet 
lower than the surface of Grassy Cove, on the opposite side of Bearden 
Mountain, while the lowest gap in the intervening ridge was 1,500 feet 
above the valley. Notwithstanding the great height of this ridge, how
ever, it is not so formidable a barrier as would appear at first sight, 
inasmuch as its lower portion, all except the upper 500 feet, is composed 
of limestone. 

Wherever surface waters containing carbonic acid and other organic 
acids taken up from decaying vegetation comes in contact with lime
stone some· of the latter is- dissolved. Thus water percolating through 
minute cracksin the rock enlarges them t~ underground channels and 
finally to great caverns. The roofs of these caverns often fall in and 
give rise to the sinks so common in all limestone regions.· Where the 
strata have been bent and fractured the formation of underground 
channels is more rapid 'than elsewhere, since many open fissures are 
found by the percolating solvent water. The thrust fault which pre
vails along the western side of the Sequatchie anticline passes at the 

·upper end of the valley into the steep limb of the unsymmetrieal fold. 
Where the rocks have been thus sharply bent they have also been con
siderably fractured, and hence the .conditions have been favorable for 
the formation of underground channels. These worked backward from 
the head of the valleyalong the line of fractured rocks, and finally 
established a connection between the valley and the northern portion of 
Grassy Cove. This underground channel quickly diverted the, waters of 
the cove from their course across the sandstone rim to the easier course 
thus established. They now enter the mouth of a cavern at the north
ern end of the cove, and after their Jong underground passage of 8 
miles emerge in a large spring near the head of Sequatchie Valley. 
The land surface within the cove has been lowered about 100 feet since, 
the drainage was diverted to its present course.· If the underground 
passage should by any means become choked up, the cove would be 
flooded. It seems that in comparatively recent time this has happened, 
for the floor of the cove is deeply covered by fine silt, which appears to 
have been deposited in standing water. The course of the underground 
channel-is marked at various points by surface depressions where the 
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cavern roof has fallen in. Something of this kind may easily have 
choked up the passage for a short time. 

The smaller coves are in part tributary to Grassy Cove ·and in part 
northward to a branch of Daddy Creek, which has succeedeQ. in hold
ing its course from the limestone area across the edge of the conglom

. erate to the westward. Crab Orchard Cove is composed of a number 
of small basins, in each of which the surface· water collects into a 
stream and disappears in a sink to reappear elsewhere as a large spring. 

These coves with mJdergroun.d outlets are extremely interesting as 
illustrating the manner in which the Sequatchie Valley was excavated, 
while the whole region throws much light on the mode of formation .of 
anticlinal valleys in general. The various stages ·in the ·process are 
shown by typical examples: First, the complete arch~ with unbroken 
covering of the protecting formation; is seen in Luper Mountain·; next, 
the transverse gap cutting through to the easily erodible. limestone, 
but still occupied in part at least by the stream which cut it, as Crab 
Orchard Gap with the beheaded Berks Creek; then the cove with an 
underground outlet, and finally the completed, base-leveled valley. 

The rapidity with wh4ch the axial stream progresses head ward, is 
vastly increased by the formation of underground channels. While 
a col at which two streams are contending is worn down with extreme 
slowness by reason of the small amount of water: which is available for 
performing the work, the formation of cavities in limestone is no slower 
there than elsewhere, depending simply on the· supply of acidulated 
waters and the presence of cracks in the rocks. Hence a divide may 
be penetrated by an underground channel while the intervening col 
remains practically unchanged, as is the case at the head of Sequatchie 
Valley. When such a channel is once formed and the diversion of 
drainage efiected, it is only a matter of comparatively little time till an 
open channel is formed. The frequent caving-in of the roof makes a 
depression on the surface which directs and concentrates the drainage 
and renders surface erosion much mo~e rapid than it· would otherwise be. 

DEVELOPMENT OF STREAM BASINS OF TYPE I. 

While this contest for supremacy was taking place along the main 
divide the older peneplain was being dissected on either side and a 
new plain developed at the lower level. As stated above, erosion in 
the first cycle had removed th~ greater part of the sandstone frol¥ 
a .considerable portion of the region it originally occupied in the west
ern part of the district. Condit~ons were therefore favorable fo:r the 
rapid reduction of this region. Tbe streams, accelerated by the uplift, 
sank their channels in the soft limestone, and the interstream areas we:re 
rapidly lowered, chiefly by solution. The rate at w~ich the stream 
channels were deepened decreased toward the southeast by reason of 
their smaller volume and the in~reasing thickness of sandstone throng~ 
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which they were obliged to cut before reaching the soft limestone be
neath. The sandstone cap was thinnest in northern Alabama, and here 
the new plain reached its greatest development, the plateau bein'g cut 
through at several points, so that the plain developed west of the pla
teau was continuous through these gaps .with the one developed on the 
Sequatchie anticline. The:widthoftheplateau increase's northward with 
the increasing thickness of the sandstone left uneroded below the sur
face of the old peneplain. The western escarpments of the plateau, 
as well as the sides of the river channels, were kept steep by reason of 
the a.nangement of hard and soft beds. The limestones forming the 
lower slopes are removed by solution, and the overlying sandstones and 
conglomerates are thus undermined and break off in large blocks, which 
form a talus along the lower slopes. The rate of recession of these 
escarpments depends largely upon the ability of the streams to remove 
this talus and expose fresh surfaces of limestone to the action of the 
solvent waters. But even where the surface of the limestone is deeply 
covered with a mantle of residual and foreign material the percolating 
waters gain access to the rock beneath and form underground channels 
and caverns which greatly facilitate degradation. 
· During this second cycle the westward-flowing streams, that is, those 

·which are now included in the Cumberland River Basin, retained about 
the same courses they.had acquired in the preceding cycle. They lost 
a little territory through the continued encroachment of streams at first 
tributary to the Appalachian river and afterwards to the Sequatchie. 
Having all been stimulated in nearly the same degree by the elevation 
and warping of the b·ase·level, few opportunities were offered for the 
capture of drainage area froin one stream by another. Doubtless minor. 
adjustments occurred as one stream or the other had slight advantage 
by reason of the differences in the rocks on which they were flowing, 
but no considerable reversals or diversions. 

DEVELOPMENT OF S1'REAM BASINS OF TYPE II. 

On plateau-belt anticlines.-Considerable space has been· devoted to 
the manner in which the Sequatchie Basin was developed, since this is 
taken as the type of anticlinal valleys, and also since the process is 
there incomplete and can therefore be studied to advantage. The devel
opment of other anticlinal valleys in the district doubtless followed 
essentially the course outlined above. Consequent streams upon the 
sides of the arch cut through to less resistant beds and opened out 
longitudimil valleys upon the axis. These were developed at the 
expense of the adjacent synclinal streams, from which successive 
branches were diverted, leaving wind gaps in the resistant rim of the 

. synclinal basin. An essential factor in the proces8 is the character of 
the elevation to present altitude. Without hal~s of sufficient length 
for removal of most of the resistant bed from the top of the arch, while 
it was protected below base-level in the bottom of the adjacent syncline, 
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and for the base-leveling of considerable areas upon the anticline, prob-
ably few, if any, subsequent anticlinal streams would have been devel
oped.· As it is, conditions have been so favorable for this development 
that every anticline of any magnitude coincides with a valley of this 
type. The overlapping ends of the Lookout and Wills anticlines are 
perfectly reduced, and'the stream developed in the shorter of the two, 
in addition to performfng its own task, has cut through the intervening 
narrow syncline and assisted in the reduction of the other. 

On valley-ridge anticlines.-,.-Among the valley ridges, already de
scribed somewhat fully, are a few anticlines upon which subsequent 
valleys have not yet ueen developed. Wherever these folds brought 
the resistant Silurian sandstone above the Cuinberland base-level, there 
it was reduced during this long gradation period, but portions of the 
anticlines which were below that base-level have in general persisted to 
the present. Thus the western portions of Simms and LavP-nder anti
clines brought the sandstone above the Cumberland base-level, and it 
was removed, permitting the development of subsequent axial valleys 
during later gradation ·periods. The eastern portions of these two 
anticlines, on the other hand, were below base-level, and so protected 
during the Cumberland epoch. At only one point bas later erosion 
been able to breach the resistant stratum. The head of Beach Creek 
has succeeded in cutting through the sandstone to softer rocks beneath, 
in which a small axial valley has been developed, the outlet stream 
flowing through a narrow gap cut in the outer hard beds. ·This breach 
in the JJavender anticline is probably not due simply to the unaided 
corrasion of a small stream upon its side. . It is more probable that the 
former drainage of Texas Valley and perhaps a much larger area, 
as shown on Pl. V, was southward by the present course of Beach 
Creek. When the degradation of the Highland Rim period revealed 
the resistant sandstones of the Laveude~ anticline, the stream which 
found itself thus unfavorably located was robbed of its bead waters 
by streams passing around the end of the obstruction upon soft rocks. 
The diversion, however, did not take place until considerable work 
bad been done upon the sandstones at the summit of the arch, prob
ably sufficient to cut entirely through it, so that the beheaded stream 
had only to reduce the soft rocks below and cut down its outlet across 
the southern limb of the fold. 

DEVELOPMEN1' OF S1'REA~i BASINS op' TYPE III. 

In plateau synclines.-Coincident with the growth of the subsequent 
anticlinal valleys has been the diminution of the consequent synclinal 
basins. These, as indicated by the maps showing late Cretaceous drain
age (Pis. IV and V), were then much larger than at present. The north
ern portion of the Walden syncline had been robbed of its consequent 
stream in a previous epoch, and in the l)eriod which followed succes
sive arP-as were abstracted from its southern portion by the aggressive 
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st~eam developed on the Sequatchie anticline. In like manner the 
Lookout synclinal basin was greatly diminished. By the lowering of 
adjacent limestone areas to the Highland Him base-level it was left in 
high re1ief. Its streams, flowing at an elevation several hundred feet· 
above base-level, were subject to capture on every side. They were to 
some extent in a state of unstable equilibrium. The eastern rim of 
the basin was breached and its upper portion captured by a tributary 
of Chattanooga Creek, while a tributary of the Coosa intercepted the 
main trunk stream near the middle of its course and diverted it from 
the basin, leaving Black Creek as its shrunken representative. 

In 'Valley synclines.-The several branches of Armuchee Creek are 
examples of synclinal streams which have probably not persisted in 
their consequent courses, but are, to a certain extent at least, subse
quent, having reached their present position by a process of adjust
ment. In the case of Texas Valley, the original consequent stream 
was diverted from the syncline _of hard rocks, now represented by a 
small mesa in the center of the basin, to soft rocks upon adjacent anti
clines. When, by further degradation, resistant beds were reached 
upon these anticlines, the streams followed the soft beds down the slopes/ 
toward the center of the syncline. There are at present, therefore, two 
monoclinal streams with a synclinal mesa between them, and when the 
latter is entirely removed the two streams·will combine near the center 
of the syncline. This final stage has already been reached in the North 
Armuchee Basin. · 

These subsequent synclinal streams are, under present conditions, 
· stable and safe from diversion, since the resistant bed forming the rims 
of the basins passes below ·base-level. If, however, the region should 
be elevated so. as to bring the Silurian sandstone above base-level, they 
would become unstable and again subject to diversion, exactly. as are 
those upon Lookout Mountai~. 

DEVELOPMENT OF STREAl\'I BASINS OF TYPE IV. 

The final class of stream basins to be considered is that of which the 
Hiwassee forms the type. This class is confined to the valley belt, 
and its best deyelopment is in regions where the Appalachian type of 
structure prevails. The two most important factors in producing this 
drainage type have been the presence of Appalachian structure and 
the recurrence of several well-marked gradation periods. 

During each base-leveling epoch the streams. were sluggish, the 
inter stream areas had slight relief, and the· effects of structure and 
rock character were reduced to a minimum. The streams were nicely 
balanced at their divides, which had remained practically stationary 
for a long time, no stream having ~sufficient advantage over its neigh
bor to effect conquest of territory. With the uplift which inaugurated 
the next gradation period the streams were accclerated and th.e deli
cate balance between the opposing streams was disturbed. In the 
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consequent struggle for asc~ndency between rival streams advantage 
was taken of structure and rock character, factors whose importance in • 
drainage adjustments is proportional to the acceleration. Streams 
which found themselves located upon soft rocks had great advantage 
over those on harder rocks, and their capture of ter~itory from the 
latter rapidly followed. Streams which succeeded in holding their 
courses across hard beds were compelled to cross them in the most 
economic manner; that is, at right angles to the strike. There resulted 
from these conditions the peculiar rectangular arrangement of drainage 
so well developed in this portion of the Appalachian Valley.· The 
master streams of the region, determined by the broad structural 
features of the province, are axial. Into these flow a few large trans
verse streams; such as the Hiwassee, whicb,.by reason of their size, 
have been able to hold their courses across the hard· beds. Into the 
transverse streams flow many axial streams, each located upon a strip 
of soft rock. Finally, these have tributaries joining them at right 
angles from the harder rocks on either side, and in some cases a third 
set of axial streams is developed tributary to the second set of trans
verse streams .... Thus in its typical development the drainage shows 
five classes . of streams in descending order, as follows: First, the 
primary axial streams, e. g., the Tennessee; second, the primary trans
verse streams, e. g., the Hiwassee; third, the secondary axial streams, · 
e. g., Candy and· Rogers creeks; fourth, the secondary transverse 
streams, e. g., Big~by, Potter, Short, Brush Shoal, and Rock creeks; 
and fi'nally, the.tertiary axial streams, e. g., the numerous small tribu
taries of those last mentioned. 

The extent to which this adjustment bas been carried is best shown 
in the Hiwassee Basin. The formations which make up the valley west · 
of the Chilhowee Range, when classified with reference to erodibility, 
show considerable diversity within certain limits. The Hiwassee River 
pursues a very ·direct course from its junction with the Ocoee north
westward, across hard and soft formations alike, to the Tennessee. Its 
tributaries, the secondary axial streams, are almost without exception 
located upon the most easily erodible formations, the upper part of the 
Knox dolomite and the overlying Chickamauga limestone, while the 
greater number of their branches come from the side on which the next 
softer formations lie. Thus Rogers Creek is located upon the Conasauga 
shale and receives many tributaries from the increasingly harder Rome 
shale and_sandstone on the west, but almost none from the Knox dolo
mite· on the east. The same is true of Price, Spring, and North Mouse 
creeks. The Chestuee is located on a broader belt of soft rocks, and . 
hence flows in broader curves, while its tributaries come in about equal 
numbers from the east and the west. 

Eastanaula Creek is peculiar in that it appears to retain for a short . 
distance south of Athens its consequent course in the syncline. North 
of Athens and south of Riceville the consequent str_eal?- has migrated. 
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frorQ- the axis of the _syncline to the slightly more advantageous loca-
. tion upon the limestone. The stream encounters no obstacles in its 
present course, except the Tellico sandstone, where it en.ters and leaves 
the. syncline. This had not retarded it enough to enable the subse
quent stream to _quite complete the capture, although, if the drainage 
were greatly accelerated, this would probably soon be accomplished. 
The subsequent tributary east of Riceville would easily cut back along 
the limestone ,belt and capture the bead of the tributary which flows 
into the syncline, since the latter is retarded by the Tellico sandstone. 
It would then be separated only by a low limestone divide from the 
Eastanaula at ~-\.thens, and if the acceleration were sufficient, this might 
be cut through and the latter'diverted to a subsequent course. Its pres
ent channel would then be occupied by several small tributaries flowing 
westward from the syncline, such as the present Meadow Fork, which 
doubtless occupies a part of the deserted consequent c~mrse of the 
Eastanaula, from which it has been recently diverted. 

By no means all of this very perfect adjustment was accomplished in 
the second cycle. The process had been going on since the first emer
gence of the region, and was doubless well advanced at the close of the 
preceding cycle. ·Also some of the adjustment bas been effected since 
the close of the second cycle, and a few streams, as the Eastanaula, 
above described, persist in their consequent courses, from which they 
may yet be diverted. · 

STREAJ.\<I BASINS OF WALDEN PLATEAU. 

A less complicated effect of structure on drainage is seen in the 
streams flowing eastward from Walden Plateau. The arrangement of 
this drainage is intermediate in character between that west of the 
Sequatchie and that in the valley belt. The upper tributaries of these 
eastward-flowing streams show the same irregular branching as the 
tributaries of Collins and Caney rivers. Along the eastern side of 
Walden Plateau, however, the effect of structure was pronounced. It 
will be recalled that this plateau is a broad, shallow syncline, sharply 
upturned along its eastern side. Thus the resistant sandstone beds 
are nearly horizontal throughout tbe greater part of its extent, but are 
steeply inclined and· in some places vertical along the eastern edge. 
These upturned beds offer exceptional resistance to stream corrasion. 
Hence only the largest streams have been able to bold their courses· 
across the barrier of bard rocks, while the smaller ones have been 
turned aside by the barrier and converted into tributaries of those 
which were able to pass it. Thus the lower tributaries of the latter 
flow toward the escarpment and then turn parallel with it until they 
reach the master streams. Although the steeply dipping conglomerate 
ledge at the plateau escarpment appears to have turned these streams 
aside to new courses, the process which resulted in the present arrange
ment was indirect. When the drainage of this region was stimulated 
by uplift, some streams, by reason of their greater volume, cut their 
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channels through the conglomerate more rapidly than others. Small 
tributaries of the larger streams, which join them on the·comparatively 
soft rocks back of the upturned conglomerate, by reason of the rapid 
lowering of their outlets and their favorable location, cut backward 
at their heads parallel with the esc·arpment and tapped the sma Her 
streams which were held at higher levels at the pbstruction formed by 
the upturned 'conglomerate. 

THIRD. CYCLE. 

The second cycle, although extending over a vast period of time, was 
·much shorter than the first. It sufficed only for the development of a 
peneplain upon areas of comparatively soft rocks, leaving those which 
~ere protected by sandstone, as the plateaus, forming extensive unakas. 
It was brought to a close and a new cycle inaugurated by a series of 
oscillations, the final result of which was elevation with some warpi11g 
of the surface. The effeet of the elevation was to accelerate the 
streams and start them to corrading their channels. The effect of. the 
warping· was .to bring about important stream adjustments. These 
w~re confined chiefly to the largest streams of the region, as the minor 
drainage had become in general well adjusted ~n the preeeding cycle. 

Diversion of the Appalachian river.-The large axial stream in the 
Appalachian Valley contin_ued to flow southward across the present 
divide for a short time after the uplift, but it was able to cut its channel 
less than 100 feet in the peneplain before it was diverted to a westward 
course. The process by whic·h this westward diversion was most prob· 
ably effected :has been fully explained by Campbell and the present 
writer in the paper already cited. The conclusions there stated are 
accepted in all essential points, and the details of the process need not 
be repeated here. It was practically a repetition of the process by which 
the westward-flowing streams, in the preceding cycle, had pushed their 
hea"d branches eastward and recaptured a portion of the territory lost. 
in an earlier cycle. In both ca.ses an important advantage possessed.by 
the captor was derived from the deformation which accompanied the ele
vation of the peneplain. The axial ~treams were in the line of maximum 
uplift, and were thus obliged to lower their cllannels throughout the 
whole of their courses, while the acceleration was distributed over a long 
distance, and hence was not highly effeetive at any one point. The 
transverse streams, on the other band, flowed away from the axis of 
uplift and hence the acceleration was concentrated in a small part of 
their courses and was correspondingly effective in causing rapid corra
sion of their channels. In both cases, also, erosion in the preceding 
cycle had prepared the way for conquest in the one which followed. 
The sandstone barrier was either entirely removed or greatly weakened, 

. and the accelerated aggressive stream on the Sequatchie anticline 
found itself separated from its field of conquest only by a comparatively 
feeble barrier, while its opponent in. both cases had many difficulties to 
contend with. 
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Jlfinor consequent adjustments.-The diversion of the Appalachian 
river to a new course through the plateau brought about some readjust
ments in the minor drainage. · The valley, originally :fitted to the main 
trunk, was later occupied in part by a reversed tributary, South Chick
amauga Creek, and in part by ·a beheaded stream, Chattooga River. 
In general, however, the minor drainage retained the very perfectly 
adjusted form it had acquired in the preceding cycle. In all portions of 
the ·region in which the streams had not brought their channels 
down ·near base-level in the preceding cycle the drainage was scarcely 
at all affected by the new uplift. They were slightly accelerated in 
their lower portions, but for the most part continued as before. 

Sequatchie meanders.-The Sequatchie River had reduced its imme
diate valley to a very perfect plane, across which it meandered from 
side to side. The uplift caused it to sink its channel rapidly in this 
plane, and it thus preserved the meanders it acquired in the preceding 
cycle. From the arrangement of the rocks forming the Sequatchie 
anticline comparatively hard beds eo me to the surface in 'a belt through 
the center of the valley, giving rise to a low ridge on which remnants 
of the peneplain formed in the ·preceding cycle are pre'served, while 
.softe.r rocks form narrow valleys on either side. The meanders of tlie. 
base-leveled stream led it across both hard and soft belts and its 
present channel thus has the peculiarity of crossing back and forth 
from one side valley to the other through gaps in the ridge between. 

Dissection of Highland Rim plain.-West of the Chattanooga dis
trict, in middle Tennessee, the strata rise in a low dome which bad 
brought the hard beds at the base of the Carboniferous, the Fort Payne 
chert, above the Highland Rim base-level, so that they were removed 
froin a large oval area during the second cycle, while they 'were below 
the base-level, and hence preserved, in a broad belt entirely surrounding 
it. Degradation following the uplift was rapid in the central area, 
where the hard beds had been removed, and resulted in the. formation 
of the central basin of Tennessee. It was retarded in the surround
ing region, where the hard beds preserved the previously formed pene
plain now forming the Highland Rim. The large streams 'draining 
the central basin, Cumberland and Duck rivers, :flow westward through 
the Highland Rim in narrow valleys. Their tributaries from the east 
haYe cut deep, narrow channels to varying distances back into the 
hard beds of the rim, whose western escarpment they are now pushing 
eastward exactly as streams from the plateau are wearing back the 
corresponding plateau escarpment. 

Probably some stream adjustments have taken place upon this por
~ion of the Highland Rim in the present cycle. Since the strata, as 
stated on a previous page, dip eastward at a low angle, the hard beds 
forming the surface of the rim toward its outer edge pass below the 
surface as they approach the plateau escarpment and are replaced by 
the overlying limestones. The stream which first succeeded in lower-
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ing its channel across t4e outer portion of the rim would have ·a decided 
advantage in contending with its neighbors on the softer rocks to the 
east.- The successful stream was Caney Fork, which, by reason of its 
greater size, lowered its channel most rapidly, and sending out. side 
branches upon the soft rocks near the foot of the plateau intercepted 
the smaller westward-flowing streams and diverted them to the east 
and northeast. Thus Barren, Charles, Mountain, Sink, Pine, and Falls 
creeks are probably, in part at least, reversed streams, formerly flowing 
westward, but diverted by Caney Fork to their present courses. 

Condition of divides urifavorablefor adjustments.-The drainage adjust
ments of this cycle, indicated above, were rendered possible in large 
measure by the great extent of base-leveled surface produced in the 
previous gradation period. Subsequent adjustments have been insig
nificant by reason of the small areas base-leveled during this period. 
Only soft rocks were reduced, and these only where favorably located, 
so that practically all divides remained at or above the former base
level and the streams when stimulated by the last uplift were not in a 
condition favorable for readjustments. Hence, in most casbs, they have 
simply lowered their channels, preserving the meanders acquired in the 
previous cycle. 

Aggrading streams.-Although by far the larger number of streams in 
the district are at present corrading their channels, a few are aggrading 
them. This results from the peculiar relations existing between supply 
of)oad and carrying power. The uplifts which have taken place since 
the completion of the Cumberland peneplain have produced abrupt 
slopes by reason of the great difference in erodibility between rocks 
forming adjacent areas, such as the Coal Measure sandstones and the 
limestones of the valley. The limestones were lowered perhaps nearly 
to base-level before corrasion of stream channels had deeply notched 
the sandstone escarpments, and hence the greater portion of the stream 
ip_ this early stage of development would be flowing in a shallow 
depression upon the standstone of the highland and would be inefficient 
as a corrading agent. Thus while the stream was in this condition the 
supply of load remained small and the lower portion was able to trans
port all furnished it, and so continued to corrade its channel to a very 
low gradient. With the _gradual lengthening of the marginal notch 
into a canyon the area of suppiy increases. A long line of cliffs 
bordering the stream channel yield at this stage, by the process of sap
ping, an abundant supply of coarse material to the stream, which is 
unable to transport the whole·of it, and hence forms an alluvial deposit 
where it embouches upon the lowland. When the canyons are some
what broadened and extended nearly to the head of the streams, 
although the cliff line may be much longer, the sapping is less active 
and less debris is fu_rnished to the stream. It is then able to remove 
the material which it had previously deposited along its lower· course. 
The alluvial fans- are thus seen to be merely temporary deposits 
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associated with a particular stage in the dev~lopment of the stream 
basin. 

The plateaus have been in strong relief for so long a time that most 
of the streams heading upon their surfaces and flowing to the lower 
plain have passed through the first stage and are well advanced in the 
second or third. The best examples of aggrading streams are those of 
intermedi_ate size which flow eastward from the Walden Plateau. They 
are <unable to carry the heavy load of sandstone which they acquire 
in the plateau canyons across the lowland plain, and have built up 
sometimes extensive deposits where they emerge upon the valley. In 
some cases the streams, except during freshet~, disappear from the sur
face in crossing their own deltas. Most of the large streams, such as 
Emory River and Crow and Battle creeks, are sufficiently mature to 
be able tocarryall the load furmshed them, and are no longer aggrad
ing, but have removed .the greater part of the alluvial deposits pre
viously formed, leaving only an occasional terrace which indicates their 
former extent. 

CONCLUSION. 

The geographic development of this region is thus brought down to 
the present and its topographic forms are shown to be the complex 
product of several factors, each in some measure modifying the others. 
Some conditions have been practically uniform over the entire region, 
while others vary widely in different portions, and the effects of each 
factor can be, to some extent, detected in the final product. 

The drainage of the region in the process of reaching its present 
maturely adjusted form has had a curious pendulum-like motion; ·:first, 
westward to the interior sea by antecedent streams, then diverted 
southward to consequent courses, and, :finally, westward as sub§equent 
streams. Further, it is quite conceivable that the drainage of the 
.Appalachian Valley may again be diverted southward to the Gulf, for 
it is manifest that the Coosa has a decided advantage over the Tennes
see in its more direct course to the sea; it is only necessary that the 
Tennessee should encounter slightly harder rocks than the Coosa and 
that future elevations of the region should lift the Mississippi Valley 
as much as the Appalachian Valley, or tilt ~he surface slightly eastward. 
The latter is perhaps the most important condition, and the carefnl 
student of geography in this region is constan.tly impressed with the 
important part which slight differences in uplift play in drainage 
adjustment. Effects due to differences in rock character and in struc
ture are generally more striking and are :first detected, but the broad 
modifications of drainage are most apt to be· produced by the slight 
warping of the land surface which appears to accompany all uplifts. 
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PRINCIPLES AND CONDITIONS OF THE MOVEM·ENTS 
OF GROUND WATER. 

By F. H. KING. 

INTRODUCTION. 

During our earlier investigations regarding the flow of water through 
soils, it appeared that if the laws of capillary flow apply to the move
ments of water and of air through soil, it ought to be possible to arrive 
at the 'sizes of soil grains from a knowledge of the flow of water through 
the samples under known conditions. Such great difficulties, however, 
were encountered in duplicating results with water that air was sub
stituted as the medium whose flow was to be measured. The handling 
of the air proved so much simpler and expeditious and results could be 
duplicated so closely that in 1894 the plan was laid before Professor 
Slichter for his judgment as to the pdHsibility of placing the method on 
a quantitative basis. This seemed to him:I)ossible; and· he kindly con
sented to undertake a preliminary investigation, which resulted in the 
formula for computing the effective sizes of soil grains, presented in ·the 
first portion of his paper in this volume. When it was found that 
computed results agreed with observations more closely than bad been 
hoped at first, a return was made to water a~ a means of checking the. 
accuracy of the method and the formula. It was found that the flow 
of water used in the formula gave results quite comparable with those 
computed from air. · · 

At this stage :\ir. Newell proposed, in 1896, to assist financially 
jn an investigation of the movement of ground water, and the writer 
consented to undertake the work; with permission to secure Professor 
Slichter's services in the development of certain theoretical phases of 
the subject. The work was prosecuted during the year, but as the 
results which could be submitted at the close were quite incomplete, an 
extension of time and assistance was granted. In order to bring Pro
fessor Slichter's theoretical investigation::;; into as close touch as possible 
with the concrete phases of our study, the writer formulated for his 
investigatiop, and discussed with him, a series of 17 definite problems, 

. the most important of which are here given and are in part discussed 
in the last portion of his paper. 

Series A, Problem I.-Given a uniform bed of unfissured sandstone 
- 100 feet thick, lying between impervious layers and dipping 5 feet per 

mile. Given further-( a) a uniform temperature of 100 C.; (b) a pore 
space of 30 per cent; (c) an effective size of grain of 0.15 mm.; (d) an 
eftecth~e head of 10 feet, and (e) supposing no cementing or clogging 
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material between grains, required the possible discharge in cubic feet 
per minute per foot of vertical section into a vertical fissure extending 
at right angles to the dip and constantly filled with water, when the 
:fissure is 20, 40, 60, 80, 100, 120, 140, 160, 180, and 200 miles from the 
border of the collecting_ area. The rainfall on the catchment area is 
sufficient to maintain a constant overflow across its border. 

Series A, Problem II.~ With conditions of Problem I, what is the 
rate of discharge in cubic feet per minute from a 6-inch well extending 
entirely through the sandstone when the well is situated 20, 40, 60, 
80, 100, 120, 140, 160, 180, and 200 miles from border of collecting area~ 

Series A, Problmn III.~ With conditions of Problem I and an extent 
of sandstone equal to 200 miles at right angles to the dip, what is the 
minimum distance apart of wells on a line at right angles to the dip so 
that there shall be an interference to the extent of 1 per cent of the 
flow of Problem II and when the line of wells is situated at 20, 40, 60, 
etc., miles from the border of the catchment area~ 

Series A, Problmn TV.~ The same as III, except that the Jine of wells 
is along the line of strike. 

Series A, Problem V.-Required the maximum number and distribution 
of 6-inch wells under conditions of I and II on an area- 200 miles square 
so that there shall be a mutual interference of 1 per cent; of 20 per cent. 

Series A, Problem/ VIII.-With the conditions of I, but with the 
upper impervious layer removed and a vertical cliff at the 200-mile 
line, required the rate of rainfall over the whole area which wilLjust 
make surface streams impossible. 

Series B, Problem, I.-Given 200 feet of sandstone with grains having 
an effective size of 0.25 mm. ·and a pore space of 32 per cent fille~ with 
water and uniform temperature of 10° 0., required the capacity of a 
6-inch well 100 feet in rock when the water in the well is lowered 4, 8, 
12, 16, and 20 feet. _ . 

Series B, P1·oblmn II.-With the conditions of I and the water low
ered by pumping 20 feet, required (a) the flow when the diameter of the 
well is 2, 4, 6, 8, 10, 1? inches, (b) when diameter is 20 feet and 22 feet 
deep. -(c) Required the flow when (.b) has one, two, and three 6-inch 
wells extending through the water-bearing rock. 

· Series B, Problem III.-With the conditions of Problem .I and a head 
of 10 feet, required the capacity in cubic feet per minute when the well 
enters the water-bearing bed 4, 8, 12, 16, 20, 40, 80, 100, and 200 feet. 
· Series B, Problem IV.-With the conditions of I except depth of 
sandstone, and well 20 feet in sandstone, required the capacity of the 
well when the water-bearing rock extends 0, 1, 2, 4, 10, 20, 40, 100, 200, 
and 400 fe~t below the bottom of the welt 

Series B, Problem V.-:-With the cond_itions of I and water lowered 
20 feet, required the capacity when the effective size of the grains are 
0.02, 0.04, 0.06, 0.08, 0.1, 0.2, 0.4, 0.6, 0.8, 1.2, and 3 mm. in diameter. 

Professor Slichter's soJutions of those of these problems' which he 
has made directly or in modified form have been very helpful in this 
investigation, and, it is hoped, wi1l enable further study along these 
lin_es to be more intelligently prosecuted. 



CHAPTER I. 

GENERAL CONSIDERATIONS. 

There is no sil1gle substance entering into the structure of the earth 
which bas played and is playing so important a part as water. Its 
aggregate quantity is large. It has the widest distribution.. It is 
everywhere in relatively rapid motion. In the gaseous form it escapes 
from the bosom of the ocean, from the surface of the soil, from the 
foliage of vegetation, and from the bodies of animals, to rise to varying 

. altitudes above the earth's surface and to be precipitated as rain, hail, 
or snow. So rapid is this movement of moisture in tlie atmosphere 
that it has been estimated that 6 per cent of the land area receives_ 
more than 75 inches of rain annually, 16, per cent receives from 50 to 75 
inches, 25 per cent from 25 to 50 inches, over 30 per cent from 10 to 25 
inches, while only 20 per cent receives less than 10 inches a year. On 
one occasion in Japan a fall of rain measuring 29.5 inches in a single 
day was recorded, while in India no less than 39.5 inches fell during 
twenty-four hours. 

Of the water which falls upon the land, one portion finds its way by 
surface flow into the drainage channels at once, a second portion is 
evaporated from .the place where it fell, while a third portion enters 
the. ground. 

The water which evaporates from the .earth's surface and is again 
periodically precipitated upon it maintains that moisture of the soil · 

_which is essential to plant life, and that constant seepage which feeds 
perennial springs and streams, and without wbich animal life in its 
higher forms could not exist upon. the land areas. Further than this, 
it is the constant evaporation of water from the sea and its return to 
the land in sufficient amounts to maintain a heavy leaching of the soil 
that keeps both the soil and the water at that standard of purity which 
is essential to the life of land areas; the salts formed by the water as 

. it moves through the soil and the rock go with it to the sea and are 
-there left, when, after evaporation, the water returns. fresh and pure 
through the atmosphere above. 

' AMOUNT OF WATER STORED IN THE GROUND. 

In sandstone.-The water which penetrates· the soils, the sands, and 
the rocks of the land areas does so in such large quantities that sands 
and sandston~s lying below drainage outlets may contain as high as 38 

- 69. 
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per cent of their volume of water. Broad sheets of sandstone, like the 
Potsdam, St. Peters, and Dakota, underlying as they .do many .square 
miles of territory, have become storage reservoirs of vast capacity. 
The Dakota sandstone, for example, stretching from the foothills of the 
Rocky Mountains eastward beneath the plains of the two Dakotas, 
Nebraska, and Kansas, apparently in one nearly or quite continu01IS 

sheet, may be likened to a submerged inland sea or lake, for wherever 
this formation lies beneath the zone of saturation it carries within itself 
from 15 to 38 feet of water on the level for every 100 feet in thickness 
of the sandstone itself, and from .it water may be drawn wherever it 
lies close enough to the surface to be reached by wells. The Potsdam 
sandstone is a formation of much wider distribution than the Dakota, 
and in southern Minnesota and Wisconsin and in Illinois and Iowa it has 
a measured thickness of 500 to 1,000 feet, all lying beneath the surface 
of saturation, so that in this great bed there has been stored away a 
quantity of water equal' to a sheet not less than 10 to 38 ~eet in depth 
for each 100 feet in thickness, and 500 feet of this water-bearing rock 
may store the· equivalent of an inland· submerged sea having a mean 
depth of 50 to 190 feet of water. 

In soil.-Even the mantle of ~oil, sand, gravel, and clay which nearly 
everywhere covers the surface of land areas carries a surprisingly large 
amount of water wherever it occurs outside of arid regions. A saturated 
sand carries from 20 to 22 per cent of its dry weight of water, while 
the soils and clays . range all the way from these values up to 40 and 
even 50 per cent of their dry weights.· Since a cubic foot of dry sand 
weighs from 102 ~o 110 pounds, while the soils, clays, and gravels range 
between this and 79 pounds, we have a ready means of expressing quan
titatively the water which is continually stored in this mantle of loose 
materials where it lies below the plane of saturation. 

An actual determination of the water-holding capacity of natural 
soils ~nder natural conditions gives. the results which are shown in the 
following table: 

Table showing the water ~apaoi.ty of u.ndisturbed soils when lying below the plane of 
saturation. 

I 

, 
Kind of soil. Depth of Per cent of Inches of 

layer. water. water. 

Inches. 

Marly loam _____ . c _____ - • ___ •••••• 0 to 12 41.3 5.88 
Reddish clay _______ . _____ - - - - - - - - 12 to 24 28.1 5.03 

Reddish clay __ .. - - . _ - - . - . - - - - - - - - 24 to 36 28.4 5.07 

Clay with sand .... · .. _ ...... ------ 36 to 48 24.8 4.67 

cnesand-------------------- 48 to 60 17.4 m Total . ______ . __ . _ ~ _ . _ - ... ·. - - - _ - - - - . - - - . -............... -.. 1 

·, 
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It will be seen from this table that the storage capacity of soil is in 
round numbers at the rate of 2 feet of wate~ for 5 feet of soil or 40 feet 
of water on the level for every 100 feet of soil. Where soil does not 
lie below the plane· of saturation it usually contains·75 p~r cent of the 
amount required for· full saturation, except during dry times in a · 
surface layer 1 to 5 feet thick, so that even where the plane of satura
tion lies below a large thickness of soil there is still a large storage 
capacity provided for water if the mantle of loose materials is thick. 
The water thus stored above the plane of saturation .will vary all the 
way from about 4 per cent of the dry weight for coarse mixed sands, 
such as are used for plastering,-up to as high as 32 per cent in clays 
of fine texture. 

In other rocks.-But the water stored in the upper strata of the earth's 
surface is not confined tothe beds of sand, san!fstone, and soils which 
·have been referred to above. .All other rock beds contain more or less of 
water, either in the interstices of the rock itself or in the fissures which 
have been formed in them. Even the compact and close marbles and_ 
granites absorb measurable quantities of water; for example, a marble 
measured by Newell was foun<~ to absorb 0.23 pe~ cent of its weight of 
water, which, with a specific gravity of 2.701, gives a weight of water 
per cubic .foot of rock amounting to 0.3878 pound, and for a column of 
rock 5,000 feet long, 30 cubic feet of water. That is to say, so small an 
amount of water as 0.0023 of the weight of 5,000 feet of the earth's crust 
is large enough to form. a continuous sheet about the globe 30 feet deep. 

DEPTH TO WHICH GROUND WATER PENETR.ATES. 

There are many reasons for believing that water penetrates the fis
sures and interstices of the earth's crust to depths even exceeding 
10,000 fe~t, and if the water so inclosed formed no larger part than 1 
per cent of the weight of the material, then with a specific gravity of 
2.65 the amount of inclosed water would be quite sufficient to form an 
envelope 265 feet thick. Considerations like these make it evident that 
water has a distribution in the rocky interior of the earth quite as remark
able as is that upon its surface and in the atmosphere above, while the 
parts which it there plays are ·both very numerous and extremely 
important. 

GENERAL MOVEMENTS OF GROUND WATER. 

Daily observation teaches us that the water of the ocean and of the 
atmosphere is never at rest, and so 'it is with that which occupies the 
interior of the earth's crust; it, like the others, is constantly in motion·, 
and these motions are at once numerous, extended, and very complex, 
but may be brought together under three categories-(1) gravitational, . 
(2) thermal, and (3) capillary 'movements. 
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GRAVITATIONAL ~IOVEMENTS. 

SEEPAGE. 

1 Among gravitational movements by far the most important is 
seepage, and the term as here used is intended to express the move 

'ment of water through the fine 
~:Tia 'pores of soil or rock under the 

stress of gravitation. Seepage 
begins where the water enters 

----.J'-- -- the soil and ends where the 
water again escapes into pas
sageways which are larger 
than capillary or -which lie 
above the surface of the solid 
crust. The chief motive power 
. in seepage is the hydrostatic 
pressure of the water itself, 
but the effects of hydrostatic 
pressure. are intensified or re-

FIG. 2.-An ordinary spring c"Urbed, with autographic d · I h duce in varwus ways. t as instrument recording changes in rate of discharge. 
long been a matter of common 

remark among observing farmers that springs flow more rapidly on the 
approach of a storm or when the wind is from the east, and the writer 

Wednesday . NlllJursday Frid.qy 
10 12 2 4 fi 810/jl?,. '!f~ 87o IZ Z 4 6 8 I~ M 2 4 6J fvo~t Z'4 6 8 10M &4 

- .... ...u 

FIG. B.-Autographic record of changes in rate of fiow from spring and aiso from artesian well one
half mile distant, prodU:ced at the same time Upper curve for spring; lower curve for well. 

has shown in Bulletin No. l5 of the United States Weather Bureau that 
the passage of a low barometric depression across a section of country 
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is always !tssociated with a more rapid P-iseharge of water frm:n springs, 
flowing wells, tile drains, and seepage outlets of all kinds. 

Influence of barometric changes on the discharge of water from drain
age outlets.-A more definite idea of the magnitude and character of 
the disturbances imposed upon the discharge of water fro_m the seep
age channels will be 
gained from a study of 
figs. 2, 3, 4, 5, and G. 

Fig. 2 shows an ordi
nary spring which has 
been curbed so as to 
force the water to rise 
and discharge into a 
trough, and upon which 
an automatic recording 
instrument has been 
placed for the ·purpose 
of measuring the 
changes in the head of 
the spring. F~g. 3 is a 
copy of a curve pro
duced by the rise and 
fall of the water level 
of the spring in ques-

..... 
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FIG. 4.-.A.utographic record of changes in flow of sp.ring and of 
changes in atmospheric prest>ure occurring at the same time, 
the barogra.ph being 45 miles west of the spring. Upper curve, 
air pressnrQ; lower curve, flow of s.pring. 

Oon during three days. The lower curve in the ·same figure is a 
record of the changes of level in a.n artesian well situated about one
half mile distant and produced at the sam~ time. Fig. 4 shows the 
larger changes which occurred in the flow of water from the spring 
during the period of May 4 to May 16, together with the curve of 

ltf.#NPAY TUESPifY II'EPNCPAY ·THURSDAY FRIDAY SATVROIIY SUNDAY 
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FIG. 5.-.A.utographic record of changes in atmospheric pressure and 
in rate of discharge from tile drains during one -week. Upper curve, 
atmospheric pressure; lower curve, discharge from tile drains. 

b8Jrometric pressure. 
which was associated 
with these changes. 
Fig. 5 shows the vari- · 
ations in the rate of 
discharge from a sys
tem of tile drains dur.
ing one week and. the 
barometric changes 
to which these varia

tions are chiefly due. And fig. 6 shows a remarkable· change in the 
level of the water of the reservoir of the city waterworks at ·white
water, Wisconsin, which occurred during one of ~hose sudden and pro
nounced barometric depressions so frequently associated with thunder 
showers. 

The reservoir in which ·this sudden increase of head occurred has a 
diameter of lOG feet, and from it water was discharging ov~r the top of 

.. 



74 MOVEME_NTS OF GROUND "\VATER. 

a standpipe leading out through the bottom and having an opening at 
the top 9.75 inches in diameter, this being an expansion on the· end of 
a 6-inch pipe: The artesian well which supplies this reservoir has a 
depth of 979 feet and was discharging at the time of this change at 
the mean ra~e of about 14 cubic feet per minute. It will be seen that 
the head in the reservoir increased rapidly during about fifteen min
.utes and then fell away more gradually during about seventy-five 
minutes, when the original head was again attained. 

There was a heavy shower at the time this curve was obtained•, but 
it does n"ot seem possible that it could have produced any considerable 
part of the change recorded, particularly since it lasted but for a few 

· moments. Then, too, ·as the overflow pipe was situated within 3 
feet of the float of the recording instrument, it does not appear that 
any action of the wind could have been steady enough and strong 
enough to bank the water about the instrument to ::;:uch an extent as to 

· produce the effect which was 

li~~~~;~~i~i;il recorded, particularly since the 
curve is so regular as it is. 

The observed variations in the 
head o~· the spring ·showed that 
the influence of barometric 

·changes are great enough to 
modi{y the rate of flow by as 

FIG. 6.-.A.utographic record of sudden change in the 
rate of discharge- from well at city waterworks, much as 8 per cent of the full 
Whitewater, Wisconsin. normal rate of discharg·e. The 

observed changes in the case of the tile drains amounted to as much 
as 15 per cent, while the curve obtain~d from the reservoir of the 
city waterworks at Whitewater indicates changes much greater than 
these. Indeed, during ten consecutive days measurements were made. 
of the rate at which the reservoir filled up after it was 'pumped down 
for the purposes of the city, and it was found that· during that time the · 
mean rate of flow per minute changed through as wide limits as from 
15.441 cubic feet to 13.947 cubic feet per minute, a variation of fully 10 
per cent, where the volume of flow is itself large. 

It is clear, therefore, that barometric changes do exert a far
reaching influence upon un9-erground drainage coming from any and 
all depths, and the magnitmle of this influence, it is believed, is so 
great and so far-reaching as to be capable of registration on streams 
and lakes with suitable instruments properly placed. Indeed, records 
have already been obtained from the Wisconsin and Fox rivers in 
Wisconsin, and from Lake Mendota, which appear to support this 

· belief, but the data procured are not extended enough to establish the 
point. 

Rate of seepage modified by diurnal changes in soil temperature.-Dur· 
ing the same series of investigations which led to the results just cited 
it was also established that the diurnal changes in soil temperature 
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which o~cur in mid- and late summer have a sufficiently marked influ
ence upon the rate of seepage to be recorded by the. device used 
upon the spring ·and referred to under fig. 2. The effects are brought 
out cleady in fig. 7, where. the upper curves show diurnal changes in 
the level of water in shallow wells, while the lower curve, marked 
"drain," shows variations in the rate of flow of water from a system 
of tile drains, the two wells in question being in the -same piece of 
land. 

These variations in the height of water in the wellt5 and in the rate 
of discharge of the tUe drains are due not so much. to changes in the 
viscosity of the ground wa"t~r .as they are to variations .of pressure 
due to the exp·ansion and contraction uf. the gas confinea in the soil 
with and above the water. 

Reaction of barometric pressure on ground water.-The evidence··now 
at hand is insufficient to show in a conclusive manner just how changes 
in atmospheric pressure do produce those variations in the rates of 
seepage to which reference has been made; but there are two radically 
different modes of action, by either of which 
we may suppose the changes in the rate of 
flow are brought about. . 

In the first place it ·may be ·supposed that 
the general level of the ground, water surface 
is depressed or elevated bodily, as the case 
may be, by barometric. changes, the loading 
of the air upon a region depressing the 
ground-water surface of that region, and the 

·unloading of it permitting the level to be 
partly or wholly restored again. In the second 

Place it may be Empposed that, through an un-

Jti.. 
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Fm. 7.-Autographic record of di-
equal permeability to air. of the soil above urnal charges in rate of seepa~e 
standing water in the ground, the changes into tile drain. 

in atmospheric pressure are more quickly felt by the water surface at· 
some points than they are at others, and as a consequence' a rising 
baro.Il:!eter will cause the water to be depressed in wells and in the 
more open soils, the ~ater being forced into both the capillary and 
noncapillary spaces of the adjacent less permeable areas, while a 
reduced air pressure would permit the confined air in the soil of the 
more permeable regions to react and force the water out into drainage 
·channels, thus producing the phenomena of increased flow of springs 
and artesian wells during times of low bar01peter as they are observed 
to occur. 

If differences of 'barometric pressure amounting to 1 inch develop 
on opposi'te sides of the .Atlantic Oceari, then the ocean surface, as a 
result of this unequal loading, will be depressed over the region where 
the pressure is high, while it will rise over regions where the pressure 
is low, and a deformation of the o.cean's surface to the extent of 1.13 
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feet would be the result. So, if we suppose a continental ground-water 
surface in a state of drainage equilibrium to be similarly circum
stanced, its surface would be deformed in like manner, and as a result 
of this deformation the water would stand higher in wells and dis
charge more rapidly from springs and other drainage outlets where the 
atmospheric pressure is low, while the converse would be true under 
the high area.· ' 

If Mr. G. H. Darwin 1 is correct in his estimate that if the barom.eter , 
rises 1 inch over Australia the increased pressure is sufficient to depress 
the continent 2 or 3 inches, and that the tides which twice a day load 
the shores of the Atlantic may cause the land to rise and fall as much 
as 5 inches, there seems to be no physical reason why the ground-water 

, surfac.e, being more mobile than the rigid ear:th and at the same time 
capable of moving' through its interstices, should nob sufi'el~ a defor~a
tion greater than the land itself when subjected to a simil£r. load. 

If a horizontal canal be conceived to extend a distance of 2,000 miles 
. and to lie wholly above the general drainage plane, so that water might 
discharge through gates of equal capacity at the two ends, it is evident 
that were a low barometric pressure to pass over one end while a high 
pressure came upon the other, the water would begin discharging more 
rapidly under the low pres~mre and less rapidly under the l!igh. In 
like manner it appears possible for changes in barometric pressure to 
depress the ground-water surface in one section and to permit it to rise 
in another so as to change the relative rates of seepage in the two 
regions, the discharge becoming more rapid in the region of low pres
sure and less rapid in1the region of high. 
· Studies made regarding th~ rate of change of level of water in wells 

during 1888, 1889, and 1890 show that in 1888 the level of the ground 
water fell at the mean rate of 0.235 inch daily when the barometer was 
rising, while it rose at the mean daily rate of 0.141 inch during the days 
when the barometer was falling.· In 1889 the mean daily rates were 0.143 
inch of fall under rising barometer a~d 0.046 inch of fall under falling 
barometer, while in 1890 the changes were a fall of 0.295 inch for the 
former and 0.098 inch fall for the latter, making the mean fall of the 
ground water per day during the three years 0.224 inch for periods of 
rising barometer and 0.001 inch during periods of falling barometer; 
relations such as these should be expected if the changes in baro
metric pressure are capable of affecting the general level of the ground 
water. It should be stated that the observations here referred to 
were made during that portion of the year when the ground water 
is as a general rule falling 1·ather than rising. 

Turning now to the second hypothesis stated, the following conditions 
furnish a foundation for it: The capacity of water to retain air con
densed within itself increases with the pressure to which it is subjected; 
and, again, air does not readily escape from the interstices of a fine-

I Nature, Vol. XXVIII, p. 36i. 
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grained soil, especially if i.t is saturated or nearly saturated with 
moisture. 

Under these conditions ~t may be assumed that when an area of low -
barometer passes over a district the equilibrium between the confined
gases in the soil water and surf'ace tension is destroyed, and a part of 
the absorbed air escapes to unite with the air already in the interstices 
of the soil with the water, and by the expansion of these two volumes 
of air it reacts upon the underground water, tending to augment the 
hydrostatic pressure and thus to increase the rate of discharge into 
drainage channels. -

On the other hand, when the conditions of barometric pressure beeome 
rever~ed, the~ the permanent rarefication which the soil air has sus
tabled by a withdrawal of a portion of the water- and also, of the air 
from the interstices of the· more impermeable soils will permit the 
increased· barometric pressure to force back into the soil interstices a 
part of the water which had reached the more open regions and drainage 
channels, thus lowering the water in wells, and, by offering a greater 
resistance to the discharge of water into drainage channels, actually 
decrease the rate of seepage by establishing what amounts to the same 
thing-a less steep gradient or difference o~ pressure. 

This hypothesis, however, appears much more applic.able to the 
short-period-fluctuations which the record~ often show than to those 
which are more gradual and which involve th.e movement of so much · 
water, as in the case of the spring at Whitewater, which, as the record 
shows, continued to flow under an ~ncrease~ head for day~ in succession · 
with a falling barometer, producing a curve very nearly parallel with 
that of a barometer situated 45 miles distant. 

In the case of those fluctuations in the diurnal rate of drainage which 
have been referred to and which are expressed by the curve in fig. 7, it 
is quite clear that the increased flow as the temperature rises must 
be due to the pressure developed by the expansion of the air confined 
in the soil above the zone of saturation, resulting in a pressure which 
augments the hydrostatic pressure due to difference of level. 

MOVEMENTS OF GROUND WATER DUE TO CRUST DEFORMATION AND ROCK CONSOLI.." 

DATION. 

Another phase of the gravitational movements of ·ground water must 
always have been associated with those slow subsidences of the earth's 
crust whieh have occurred in regions where deposition has been going 
on, the m~ior movement of the ground water taking place toward the 
region of elevation, where denudation has been in progress. 

Amount of 'Wa,ter laid down with sed·iments.-We know that when sedi
ments are lafd down on the borders of the ocean or over the bottom of 
inland seas, gulfs, or bays there becomes locked up with them large 
volumes of water, quantities varying from 25 to 50 per cent of the· 
volume of the sediment, according as the pore space in the sediment is 
large or small. 
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Jt will be seen in another part of this paper that the pore space of 
loose sands, when packed as closely as tamping and jarring will secure, 

· amounts to from 30 to 38 per cent, whi.le the pore space .of clays and 
finer soils runs up as high as 45 and even above 50 per cent, and there 
is no reason to suppose that the sediments, whethe-r they be sands, 
clays, or limestone debris, will be laid down with 'greater compactness 

. than we have been able to secure in our experimental work. 
Seelheim 1 has shown that when an emulsion of fine clay and water 

is allowed to stand quietly for some time under conditions where n·o 
jarring can take place the clay subsides, assuming a stratified condi
tion, but containing a large amount of water. He found where no 
jarring took place that the upper lay~rs contained more water than the 
lower ones, the proportion being 1 volume of clay to 3.84 volumes of 
water in the upper strata and 1 volume of"clay to 1. 78 volumes o{ water 
in the lower strata. That is to say, in the loosest. settling '79.34: per 
cent of the volume of the sediment was water and in the closer packing_ 
there was still 64.03 per cent of· pore space. 

Where the settling was allowed to take J?lace under frequent jarrings 
Seelheim secured a uniform texture throughout and· greater compact
ness, but the·-~ was still a pore space of 54:.54: per cent. He further 
showed tha~ there was no sensible reduction of pore space when the 
sedimentation was caused .to take place under a pressure of 102 feet 
of water instead of a few feet. Further than this, there is no rea
son to suppose that the ·pore space of sediments laid down under 
water will not be filled very largely with the water in which they are 
deposited. 

Movmnents of inclosed water due to settling.-When fine. sediments are 
being laid down over beds of a coarser character there is a tendency 
for a part of the entangled water to escape downward. The finer sed-" 
iments, as first laid down under water, have a relatively very large pore 
space, but in the course of time this becomes reduced, partly by slow 
segregation and partly by compression with the accumulation of sed
iment above, but before such consolidation can take place a portion of 
the water must be expelled, and this necessitates a flow of water either 
upward, downward, or laterally. 

In the experimental studies made in connection with this investiga
tion it has been necessary to adopt methods of freeing the samples of 
sand or of soil from air before introducing them into the apparatus in 
which the capillary or other movements of water were to be studied, 
and in doing this for one series of experiments one of the classes of 
movements of water here under consideration was incidentally demon
~trated. 

The apparatus is represented in fig. 8, and consisted of a cylinder 1 
foot in diameter and 4 feet high, which contained a layer of sand and 

1 Methoden zur Bestimmung der Durchliissigkeit des Bodens: ·Zeitschrift fiir analytische Chemie, 
Vol. XIX, p. 387. 
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gravel in the bottom and was provided with an opening, to which a 
piece of rubber tubing was attached, intended to provide a nieans of 
admitting water at the bottom, so as to permit study of the rate of 
capillary movement upward through a medium to be placed in the cyl
inder above the sand and gravel. 

In order to insure the absence of air from the sand or. soil in which 
the capillary movements were to be studied, the cylinder was ·first · 
partly filled with water and then the material to be studied was worked 
up i.n small lots under water to free it · 
·from air and then poured in until the 
cylinder was filled. While working in 
this way, whether with fine sand or 
with sdil, it was found that during sev
eral days a considerable settling would 
take place, and new quantities of the 
material needed to be added . 

.At the time this settling was going 
on water :f:l.owed in considerable quan
tities out of the upper end of the rubber 
tube and back into the reservoir above 
the water, rising to a height of 4 inches 
above the top of the tank and 6 inches 
above the level of the soil ana water 
in it. The rising of the water 6 inches 
higher than its head while flowing out 
of'the bottom of the tank and back into 
it above seemed paradoxical at first, 
but became plain eno-ugh after a little 
reflection~ So lorig as the material in the 
cylinde1~ continued to settle, the water 
which was in the sand or soil must nec
essarily move, which of course it did, 
taking the path of least resistance. .A 
portion of the water no doubt worked 
its way upward through the subsiding 
sediment and reached the surface in 
that way, but another portion found the 
line of least resistance to be downward 
through the sand and gravel and. thence 
up through the rubber tube, the resi.st
ance to flow npward the oth.er way 
being great enough to overcome an in
creased head of 6 inches. 

FIG. 8.-Apparatus demonstrating flow of 
water due to settling of sediments. 

This principle must. have come prominently into play. during the 
process of sedimentation in all geologic ages, and most prominently 
where heavy deposits of fine sediments have been laid down over those 
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of a coarser texture. Fig. 9 illustrates the nature of this movement 
under one of many possible conditions. 

We have no quantitative measure of the amount of compression 
which, under the conditions of natural sedimentation; takes place 
where beds of shale and limestone are formed, but in these experiments 
both those with very fine sand and those with ordinary soil, the com
pression amounted to as much as 4 inches in as many feet, and while 
the amount of water which eseaped through the sand at the bottom 
was not measured, it is b(3lieved that it was ·much more than enough 
to have covered the surface of the cylinder 1 inch deep. 

But this movement of water, although of considerable magnitude 
when measured by the time during which it has taken place and the 
wide areas over which it has occurred, is yet very small when com
})ared with other movements in the same category. Such consolidation 
.of sediments and displacement of water as may have taken place by I 

the ordinary processes of sedimentation unaided by other . agencies 
· must still have left large volumes of inclosed water to be deeply buried 

in districts like the Appala?hian region, where, during Paleozoic time, 

·FIG. 9.-Diagrammatic section showing flow of ground water due to consolidation of sediments. 

if the estimates of Dana are accepted, an agg-regate subsidence and 
sedimentation of 36,000 feet must have taken place. 

JJ1overnents rlue to consolidation.-When these rock materials were 
first laid down the pore space containing water could hardly have been 
less than 33 per cent, so that at one time they have contained in the 
aggregate more than 1,200 feet of water. But as most of the rocks of 
the Appalachian region have been greatly consolidated and very many 
of them highly metamorphosed and crystallized, the present pore space 
compared with its original volume is very small. In much of these 
beds we know the pore space to be less than 1 per cent. If we sup
pose the average pore space of the Paleozoic rocks of the Appalachian 
region to be as high as 23 per cent and this to be still occupied by 
water, there would yet have been a displacement of water for the whole 
series amounting to a depth of 3,600 feet. The actual pore space of 
these rocks is now very much less than 23 per cent, so that there has 
certainly been a very large movement of water out of them since their 
deposition, a movement which must have been twice, if not thrice, 
the amount stated above, if such depths of sediments were formed. 
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In the interior region of the North American continent, where but 
little metamorphism has taken place, there has been a very largecon
solidation of sediments, particularly of those of a calcareous nature, 
for many of the limestones have at the present time an extremely small 
pore space, some of them being among the most compact rocks, so that 
from them there must have been a large expulsion of water. 

Even our sandstones have lost in pore space until many of the open 
ones contain as low as 25 to 15 per cent, which means that their original 
storage capacity for water has been reduced 10 to 20 per cent and tha~ 
this amount of water has been expelled from them during the period 
when these reductions of pore space have been taking place. 

These large volumes of water which have been carried beneath the 
earth's crust as a phase of the process of sedimentation must in part 
have reappeared at the surface in one place or in another, and there must 
of necessity be an underflow of the entrapped sedimentary waters from 
beneath the ocean toward the land, just as there has been and now is a 
l~rge movement of the sediments themselves in .the same direction, as 
was pointed out in May, 1885.1 

It is plain that in those regions where large and. long-continued 
subsidence is taking place there must of necessity be a lateral move
ment which will provide the space in which the subsiding materials 
may find room; ap_d as the inclosed water is so extremely mobile and 
capable of being readily driven through the intersti~es and fissures of 
the rock mass this is the material which will suffer the first and the 
largest displacement, and hen~e be driven in whatever direction exit 
may be found; thus we have here. one of the profound gravitational 
movements of ground water, and one whose magnitude is seen to- be 
very great when the geologic time and the geographic area through 
which it has occurred are considered. 

1'HERMAL MOVEJ\I[EN1'S. 

The thermal movements of ground water belong to two classes; first, 
those which are the result of direct expansion and contraction due to 
changes of temperature; and, second, those which are represented by 
the phenomena of diffusion, osmosis, and solution. 

Displacement of 'water by expansion.-When during the process of 
subsidence water-bearing sediments are· carried downward through 
several thousand feet, one of the first results of this displac·ement is a 
large increase of volume by expansion due to rise in temperature, and 
whatever increase in volume may take place in s~ch region, whether 
it be in that of the water or of the sediments themselves, it becomes a 
measure of displacement, and a flow of water in some direction is the 
result. .At the same time the movement of the water is greatly facili-. 
tated by the mere rise in temperature, tor the resistance to flow-the 

J Internal chemical and mechanical erosion a factor in continent and mountain building: Am. Nat., 
1886, p. 56. 

19 GEOL, PT 2--6 
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internal friction-is much less in hot water than in cold water. Poi
seuille found that water at a temperature of 45° C. flowed 2.5 times as 
fast under otherwise like conditions as water at 5° C. 

Displaoentent of ~water by growth of gra.ins and.filling of pore space.
The second type of thermal ground-water m'ovement is much more 
important in the results which it produces than the first, and while 
the movement, when measured in feet traveled in a given time, is small, 
the sum total ofwork done by it is very large. It is this movement, 
associated with the final consolidation of such rock as the quartzites, 
which must have been one of the chief means of transporting to the 

-places of deposition about the original sand grains the materials which 
have so completely filled the interstices of the sandstone as nearly to 
have annihilated the once large pore space. 

As the gravitational streams of water flow through the interstices of 
the rock the movement is chiefly along the most direct and most open 

. channels. Indeed, except under very high pressures and very rapid 
flows, there is surrounding each grain a layer of water which has become 
stationary and does not moye with the rest; and itis in this film of 
stationary water that the growth of the old sand grains takes place,. 
producing that interlocking which converts a friable sandstone first 

' into a good building stone and finally into a hard and impervious 
quartzite almost devoid of pores of any size. 

As the processes of crystallization and precipitation go forward upon 
the surfaces of the sand grains beneath the films of stationary water · 
the amount of solids which it is holding in solution is reduced and.the 
water becomes purer than that of the current which is passing, and it 
is at this stage that the second type of thermal ground-water move
ment comes into play. 

Were it not for the processes of solution, diffusion, and osmosis each 
grain of sand would come to be invested with a film of pure water 
which would effectually prevent further change; but as it is, no sooner 
is there a portion of the material held in solution in·' the stationary film 
laid down upon the sand grains th'an the energy of diffusion forces a 
new supply out of the moving current into the stationary film, and so 
long as the inward diffusion is sufficiently rapid to maintain a state of 
saturation consolidation of the rock mass goes forward by the growth 
of the sand grains. On the other band, if a chang~ in the character 
of the current passing the stationary films surrounding the sand grains 
occurs, so that its water is less saturated than is that of the film, solu
tion may be set up and the pore space of the rock be increased. It is 
this latter condition which is everywhere malntained in humid soils, 
where the frequent precipitation of new supplies of fresh water main
tains a nearly constant splution of the soil grains and a leaching away 
of the products dissoivecl. . 

But in those regions of the earth's interior· where a constant satura
tion of the water is maintained growth may be going forward and a 
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reduction of the pore space steadily taking place. .As the sand· grains 
become larger, as the growing faces of crystals push out iuto the sta
tionary film of water which invests them, this film is itself pushed 
forward, and a repetition of the process steadily reduces the internal 
surface of the rock to which the water film may adhere; thus each 
addition t.o the permanent rock structure forcf\S an equal volume of 
the stationary ''ater of the film to enter the moving current. 

It is evident, therefore, that a thousand feet of sandstone, covering 
many thousand square miles and containing 20. per cent of its volume 
of water, may lose hy this method of thermal ground-water movement 
19 per cent of its volume of 'Yater, while at the same time being con
verted into a firm rock containing a pore space of but 1 per cent. 

Amount of rock consolidation a •measure of ground-water movement.
The final or· nearly complete consolidation of 50,000 square miles of 
sediment 1,000 feet deep, having a pore space of 33 per cent, filled with 
water, involves the actual transfer to a different region of the equivalent· 
of a sheet of water 50,000 square miles in area and 300 feet deep, when 
there is still left within the mass a pore space of 3 per cent filled with 
water; and this thermal ground-Vi'ater movement, large as it is, is an 
amount over and above whatever volume of gravitational flow may have 
been required to transport the materials held in solution necessary to 
do the work of making so prodigious a :fill"as is here implied, namely, the , 
equivale1~t of covering 5o·,ooo square miles-to a depth of 300 feet with a 
solid rock material almost devoid of pores. It is only when we consider 
these slow and long processes of nature in their quantitative relations 
that we can realize how large and how important they have been and 
still are. 

Mr .. T. M. Read has estimated that the Mississippi River ca,rries to 
the sea ammally 150,000,000 tons of rock materials. held in solution, 
equivalent to 1,848,000,000 cubic feet of solid rock, having a specific 
gravity of 2.6; but with water of this degt·ee of saturation it would 
require the volume of the Mississippi River in continuous flow more 
than 60,000 years to make the fill referred to above, supposing all of the 
solids in solution were laid down. 

If, then1 it is true that the sandstones, limestones, and shales which 
have oeen deposited over the sea bottom have reached their present 
degree of consolidation by the movement of cementing materials through 
the agency of ground water, we can see how great and how long con
tinued these movements must have been. Even if it is held that a large 
part of the reduction of the pore space in sedimentary deposits has in 
metamorphic regions been brought about through mechanical compres
sion and flowage, there must still have been even here a large movement 
of ground wa.ter, both thermal and gravitational. 

Then again, if the extremely small pore space of limestones which 
are not metamorphic owe this condition to the interstitial deposition of 
carbonates and to growth about the sedimentary granules, here, too, a 
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very large work must have been done through the thermal and gravi
tational movements of ground water; for whether the original sediments 
which have been converted into limestone were fine or coarse grained, 
they must have been laid down with an associated volume of water 
equal to from 30 to 50 per cent of that of the original sediments. 

But the limestones as now taken from the quarriee have, as a ruJe, a 
pore space varying from less than 1 per cent to 7 or 8 per cent at most; so 
that the final formation of every 1,000 feet of compact limestone means . 
an expulsion of water.from those beds during the process of growth 
and consolidation amounting to not less than one-fourth, and possibly as 
much as one-half, of the present volume of limestone rock. 

If it be assumed that non metamorphic limestones have reached their 
pre-sent compact condition through a segregation which has resulted in 
a shrinkage to the extent of the consolidation, rather than by the 
growth of the original grains through a deposition of materials from 
solution, the water of deposition must still have been expelled, and 
there must even then have been a ground-water movement to the 
extent at least of the interstitial water taking the place of developed 
fissures and other cavities resulting from such a segregation. 

In the case of the extem;ive beds of clay deposits which have given rise 
to shales and rocks of that type, it is not improbable that the extremely 
large original pore space of 40 to 50 per cent in these sediments has 
been reduced to its present small pr.oportions through compression; but 
be this as it may, there must even then have been a ground-water 
movement measured by the actual reduction of pore space which has 
taken place, for the water of sedimentation must of necessity have been 
expelled before the reduction of volume could h~ve occurred. 

It may be supposed that under certain conditions the water of sedi
mentation may have been converted into the gaseous state and expelled 
from the rock structure as steam, or possibly even separated into its 
elementary constituents and driven out as another chemiQal substance; 
but if this has been the case, here, too, there has been a ground-water 
movement equal to the volume of the water of sedimentation and 
expressed by 20 to 40 per cent of the cubic measure of the rock mass 
involved. 

When we pause, therefore, to contemplate the gigantic thickness 
·of sedimentary and metamorphic rock of world-wide distribution which 
the investigations of geologists have disclosed, and rememb~r that a11y 
reduction of the 'pore space in these rock materials means a movement 
of ground water out of them to the extent of that reduction, we realize 
tliat the movement must have been very great, and if we attempt to 
assign dimensions to the volume of water moved nothing less than 
sheets ·of continental. proportions and several hundreds of feet thick 
for the various land areas will answer the requirements. And if the 
materials which have closed the pore spaces in these beds of rock bave 
been borne to their places in . solution in the water flowing through 
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them, then, indeed, has there been a great game of give and take, go 
and come, played by the grains of sand, always wearing out and ever 
forming anew, and the water, which knows no rest on land or sea. 

CAPILLARY MOVE:MEN'l'S. 

The capillary movements of ground water are mostly confined to the . 
superficial deposits of land areas. Indeed, it may be said that they are 
almost exclusively limited to the unconsolidated soils which lie above 
the surface of saturation. There can be no capillary movements of 
water either in loose sediments or in indurated rocks where the pore 
spaces are already filled with water. On th~ contrary, capillary move
ments of ground water take place in directions leading away from pore 
spaces which are wholly or partly filled with water and toward those 
which are entirely empty or'are less nearly filled than those from which 
they move. 

Direction of movement.-Oapillary movement may take place upward, 
downward, or laterally. Immediately after and during rains, when the 
surface soil is more mojst than that below, capillary action aids gravity 
and hastens the penetration of water into the ground; but as soon as 
the surface soils become drier than those below the capillary currents 
are reversed and the flow is upward. In a zone of soil occupied by 
feeding roots the movement will be toward the roots from all sides 
where the adjacent soil bas its pore spaces more high~y charged with 
water than that in the vicinity of the roots themselves. 

Extent and rate of 1novement.-The rate of capillary movement varies 
with the distance the water must be raised and with the character of 
the pore space through which the water must move. Where the move
ment is vertically upward through a distance of 1 foot it has been found 
by experiment that the rate for a fine sand was 2.37 pounds per square 
foot per day of twenty-four hours; when the lift was increased to 2 feet 
the movement became 2.07 pounds; at 3 feet it was 1.23 pounds, and . 
at 4 feet qnly 0.91 pound per square foot. .A similar trial with medium 
clay loam gave a movement of 2.05 pounds for a lift of 1 foot, 1.62 
pounds for 2 feet, 1 pound for 3 feet, and but 0.9 pound where the lift 
was 4 feet. 

There are as yet no sufficiently exact data relating to field conditions 
to show through what distances vertical capillary movements of water 
take place. But the observations quoted show that it is quite rapid 
at 4 feet; so rapid indeed that were it maintrjned throughout the -year 
it would deliver at the surface the equivalent of 63.S5 inches of water 
and almost prevent a.ny part of the rain. from sinking deeply beneath 
the surface· over much the larger part of the United States. 

Diminution of ground water by capillarity.-The mos_t general effect 
of capillarity upon the ground water is to ·diminish its quantity by 
bringing the recently precipitated water to the surface of the soil or to 
the roots of plants, where it is lost by evaporation, and were it not for 
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this action of capillarity the volume of streams flowing into the sea 
would be greatly increased. Capillarity exerts its least influence in the 
direction under consideration in regions where the surface soils are 
coarse an·d sandy and where they are underlain with coarse sand and 
gravels having. great thickness above the ground-water surface. Under 
such conditions as these rain water finds its way to the ground-water 
surface with the greatest dispatch, and very little returns by capillarity 
to the surface. 

Amount of ?.Dater retained by capilla·rity~-The variations in the rate 
of percolation, or tlle rate at which water moves downward, are well 
brought out in the following experiment, which had for its primary 
object measurements of the water-holding power of long columus of 
soil. 

.D 

FIG.lO.-Apparatus used to demontrate the .water retained by soils after long 
drainage without rainfall. A, tubes; B,.section of tube; 0, cork with glass 
tube drawn to a fine point to prevent evaporation; D, collecting flask; E, vent. 

Five galvanized-iron cylinders, 8 feet long, 5 inches inside diameter, 
with the construction illustrated and explained in fig. 10, were filled 
with sorted and·chemically dry sands of five degrees of fineness. The 
effective sizes of these grains are given in the table which follows, and 
the actual size is shown in Pl. VI. . 

When the apparatus was filled with sand, water was slowly intro
duced from the bottom, so aS' to expel the air, until the 'pieces were full, 
and then percolation was started in all at the same time, the water 
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being received in flasks })laced beneath the cylinders. The rate of 
percolation was me~sured by readings at intervals during nine con
secutive days, and in the following table are given the amounts of , 
water which were discharged between the intervals of weighi~g., 

Amo-unt and per cent of water which pet·colated f1'ont columns of sand 8 feet long during 
190 hours 44 minutes. 

Sand No. Sand No. Sand No. Sand No. .. ••• N •. I 
20. 40. 60. 80. 100. 

Dry weight of sand, grams .......... 50,050.0 49,060.0 48,490.0 48,650.0 49,340.0 

Per cent of pore space ..........•..... 38.86 40.06 40.76 40.57 39.77 

Effective size of grains. millimeters .. . 4745 .1848 .1551 .1183 . 08265 

Total discharge: 
Grams ....................... 7, 499.2 7, 042~ 7 6,234.4 4,873. 5 4,154. 0 

Pe1 cent ...................... 15.29 14.35 1~. 86 10.02 8. 42 

Detailed report of eXJJeriment giring above 1·esults. 

~ SandNo.20.1 SandNo.<O. I Sand No. 60 . Sand No. 80. sw•a . 
Grams. c~~~- Grams. c~~~- Grams. Per Grams. Per 

Grams. c~~~-cent. cent. 

--- ------------- --------------
H.M. 

30 3, 298.3 6. 59 2, 427. 1 4. 95 1, 730.0 3. 57 486.0 . 999 390.0 . 791 

30 1, 506.5 3. 01 1, 687. 5 3.44 1\451.9 3. 00 416.7 .856 278.2 . 564 

1 7 713.7 1. 43 837.3 1. 71 5312 1. 10 551.0 1.132 330.7 . 670 

1 32 486.8 .97 478.3 . 97 763.4 1. 57 541.7 1.113 353.7 .717 

1 3-i 229.3 ,46 289.6 . 59 376.2 • 78 476.7 . 980 305.2 . 619 

2 33 193.7 .39 212.3 . 43 249.0 .51 .507. 3 1. 043 375.8 . 762 

15 0 463.3 . 93 489.1 1. 00 579.0 1.19 944.3 1. 945 1, 103. 3 2. 033 

23 0 250.8 . 50 211.0 . 40' 217.9 .45 410.2 .843 499.4 1. 012 

24 0 85.0 .17 94.6 .19 123.7 . 26 184.5 .379 161.0 .326 

24 9 68 8 .14 78.3 . 016 46.9 .10 99.3 .204 149.8 .304 
24 5 66.8 .13 23.5 . 05 33.8 . 07 49.7 .102 59.0 .120 

23· 35 27.0 . 05 26.1 . 053 1.9 . 004 26.8 • 055 38.6 . 075 
49 ~5 10.92 . 22 188.0 . :{s 129.5 . 27 179.3 . 369 209.3 .042 

After these measurement8 were made the flasks were weighed from 
time to time as water percolated into them, and the dates of weighing 
and the amounts of water discharged qetween the intervals are given 
in the table which follows. 
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Table showing .downwa1·d 11e1·colation in coluritns of sand 8· feet ~lo-ng unde1· conditions of 
·no surface evapomiion.and no addition ojwate1·. 

c Date. Sanrl No. Sand No. Sand No. Saml No. Sand No. 
20. 40. 60. 80. 100. 

------------

1894. G1·ams. G1·ams. Gram11. Grams. G1·am.s. 

February 7 ................... 0.6 0.8 13.1 20.5 21.5 
February 8 ................... .0 .0 11.2 12.4 .0 

:t"'ebruary 9 ................... 19.2 24.3 .0 22.7 20.1 
February 12 .................. 1.1 14.8 28.2 8.5 23.2 
February 13 .................. .0 14.8 7.8 17.3 27.1 
February 14 .................. 11.3 8.4 19.1 8.7 12.7 
February 17 .................. 7.5 1.2 9.7 1.0 5.0 
February 19 ............... ~-- 10.2 t.3 37.3 19.9 13.8 
February 20 ...... ~ ........... .0 .0 .0 45.0 15.7 
February 20, p.m ........ · ..... 40.7 57.3 .0 .0 32.9 
February 21. ................. .0 .0 16.8 .0 . 0. 

February 23 .................. .0 .0 .0 43.5 17.8 
February 26 .................. 44.7 1.8 47.0 35.9 45.5 
February 27, a.m ............. .0 .0 .0 20.2 .0 
February 27,p.m ............. .0 48.5 .0 ·.0 16.8 
February 28 .................. .0 .0 72.8 .0 11.7 
March 4 ...................... 51.3 .0 .0 .0 .0 
March 12 ..................... .0 . 0 .0 12.5 .0 
March 18 ..................... 42.0 38.0 .0 . 0 31.5 
March 22 ..................... .0 .0 .0 3.0 7.3 
April16 ....................... 48.0 40.8 .0 7.0 .0 
April17 ........ "··· .......... .0 .0 .0 7.9 .0 
April19 ...................... .0 .o 52.5 35.2 .0 
May 10 ................. ··---- 42.7 ;0 .0 .o 25.3 
May 15 .. ~ ...............•.... .0 38.8 .0 6.5 .0 
May 17 ....................... 46.9 .0 .0 18.2 41.0 
June 12 ...................... 57.5 40.0 55.3 25.9 28.i 
J UTI e 13 ...................... .0 .0 .0 15.8 .0 
July 13 ....................... 2.0 37.9 2.5 31.6 43.0 
JulY, 29 ..... · ....... : .......... 44.6 .0 1.5 6.9 .0 
August 8 ..................... .0 35.3 .0 15.0 .0 
October 3 .................... .0 48.3 .0 .0 .0 
October 24 ................... 69.7 .0 .0 .0 .0 
December 16 ................. .0 48.3 .0 .0 .0 

1895. 
J .tnuary 16 ................... 17.7 .0 4.5 67.0 .0 
January 21. ................ _ .. .0 52.8 .0 .0 .0 
February 20 .................. .0 .0 65.8 .0 .0 
March 14 ..................... 39.0 27.7 1.2 20.7 _ij April15 ...................... 20.5 8.3 63.9 .5 0 
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Table showing ·downwardpm·colation. in colztmns of sand 8 feet long, etc,.:_Continued. 

C-__ n_a_t_e· ______ 

1

_Sa_n_d_:N_:ro. Sand No. Sand No; Sand No. Sand No. 20. 40. - 60. . 80. 100. 

---------· ---
1895_:_Continued. Grams. Grams. Grams. Grams. Grams. 

May 6 .................. ·--·-·i 27.2 10.2 0.3 21.7 0.0 

May 3L ...... ------ .......... ! 22.5 10.8 69.3 11.0 .6 
I 36.7 .0 .0 46.4. August------- ____ ...... ____ , 

1896. 

April 12.-------------- "-- ---- .0 49.0 .0 74.0 =J August - --- .. - ----- ... -·--- ........ 19.6 17.2 .0 .0 -

The watel' which was finally left in these sands at the end of more 
than two years and a half is given in the next table, where not on1y the· 
total quantity ]eft in the .sand, but also the ~istribution throughout 
the column is given. These results were obtained by cutting the tubes 
down in 3-inch sections and removing and drying the sand at 110? to 
120° C. until constant weight was reached. 

Pm·centage distribution of watm· left in columns of sand 8 feet ·zong after percolation had 
continued two and one-half yea.rs. 

I Height of section above Sand No. Sand No. Sand No. Sand No. Sand No. 
ground water. 20. 40. 60. 80. 100. 

Inches. I'er ce.nt. Per cent. Pe1· cent. Per cent. Per cent. 

96-93 _.- - - - - - - - - - - - - - - - - . 0.27 0.17 0.22 1.26 3.44 
I 

93-90 _.- - - - - - .·- . - - - - - - - - - .22 .17 .23 1.16 3.44 

90-87- -- - -·- -. -- - - - - . - - " - - .23 .16 .29 1.34 3.82 

87-84- -- - - - . -- - - - .. - - - - - .22 .15 .32 1:61 3.83 

84-81. - - - - - - - - - - - - - - - _·- . . 23 .18 .61 1. 98 3.93 

81-78.------------------ .29 .19 1. 07 2.32 4-.19 

78-75- -- - - - - - - - - - - .. - - - - .44 .26 1. 33 2.61 4.38 

75-72 ....... ··---- ...... .89 . 58 1. 57 2.90 4.92 

72-69- - - - - - - -- - - - . - - - - - . 1.18 1.16 1. 80 3. 12 4.94 

69-66- - - - - - . . - - - - - - - - - . - 1. 48 1.45 1. 85 3.36 5.70 

66-63 .... --- ------ -_----- 1.71 1.67 2.03 3.56 . 5. 91 

63-60- -- - - - - -- - - - . -- - - - - 1. 80 1. 80 2.18 3.92 6.43 

60-57- - - - - - - - - - - - - ~ - - - - . 1.83 1.86 2.26 4.22 6.77 

57-54.-----------··------ 1. 93 1.87 2.27 4.53 7.72 

54-'51.-----. ---- --.- --.- 1.98 1. 98 2.30 4.88 8.59 

51-48.------ ----- .. -·_--- 2.02 1.92 2.38 '5.42 9.42 

48-45 ... ----.----------- 2.03 2.12 2.46 6.03 10.50 

45-42.---- ·--- ---------- 2.02 2.07 2.71 6.99 11.34 
42-~9 _ . _____ . __________ ~ I 2.06 2.18 3.08 7.47 .12.58 

39-.... 6. ------------ ---·-·1 2.17 2.29 3.46 8.71 .13.00 
. I 

36-33 _______ -------------1 2.31 2.48 4.10 10.54 14.95 
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Percentage distribution of water left in columns of sand 8 feet long afte1' percolation had 
continued two and one-half years-Continued. 

I 

3 

3 
2 

2 

2 

1 

1 

1 

Height of section above 
ground water. 

Inches. 

3-30.---- ---· ----------
0-27- . - - --- . - ---. -- - - :-
7-24.---------- .. ---- .. 
4-21 ....... _____ ·_ ------

1-18.-------- .......... 

8-15 ... ----. -----.-- --·-
5-12.------ .' ..... ------

2-9 -- - - -- -- - - -- -- -. ----
9-6 .... ----------------
6-3 ...... ---- ...... ----

3-0 ... ; .. --------------L 

Sand No. 
20. 

Per cent. 

2.36 
2.63 
2.86 
3.42 
4.26 
6.41 
9.77 

16.08 
19.33 
20.96 
21.58 

Sand No. Sand No. Sand No. 
40. 60. 80. 

Per cent. Percent. Pe1·cent. 

2.65 5.09 11.77 
3.14 6.36 12.95 
3.63 8.74 15.05 
4.71 13.52 17.24 
6.76 23.57 19.08 
9. 38. 27.93 19.37 

14.66 23.61 21.44 
21.31 22.46 22.69 
22.39 22. 76 23.20 
23.52 22.88 24-.22 
24.61 23.54 25.07 

Summary of results of experiment tabulated above. 

1- Sand No. Sand No. Sand No. Saud No. 
20. 40. 60. 80. 

Total water retained: 
Grams ............. 2, 121.4 2,474.9 3,515.0 4,576.2 
Per cent ........... 4.24 5.05 7.25 9.41 

Percolation in first 9 
days: 

Grams ............. 7,499.2 7,042.7 6, 234.4 4,873.5 
Per cent ........... 14.98 14.35 12.86 10.02 

Percolation after first 9 
days: 

Grams ............. 804.6 838.6 579.7 839.9 
Per cent ........... 1. 61 1.71 1. 20 1. 73 

Total water recovered: 
Grams ............. 10,425.2 . 10,356.2 10, 329.1. 10,289.6 
Per cent ....... -~-~ 20.83 21.11 21.30 21.15 

I 
Total weight of dry sandj50, 050.0 49,060 48,490 48,650 

Sand No. 
100. 

Per cent. 

15.90 
17.20 
17.96 
18.92 
20.49 
21.34 
21.63 
22.68 
23.39 

~ tl 

I 
Sand N:l 

100. 

I 

5, 831.5 
I 

11.82 

4,r'54.0 
8.42 

621.3 
1.26 

10,606.8 
21.50 

49,340 
I 

The data presented in these taples are of fundame1;1tal importance in 
showing bow tlie ground-water surface in humid climates is fed through 
precipitation by slow percolation or seepage. -

Rate of loss of ~oater from sands.-lt will be observed in the first 
place that when the pore space of the sand was entirely filled with water 
the ~ater escaped very rapidly. Indeed, it is quite likely that the first 
flow, especially from the coarser sands, represents a rate of movement 
too sm.all on account of the fact that the disch~rge tube had an inside 
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diameter of .only one-eighth of an inch, and so offered a materhil resist
ance to the escape of the water from the columns of sand. .As it was, 
however, the water contained in 8 feet of fully saturated sands escaped 
from them at the followin·g mean rates during the first and second 
thirty minutes and under its own head. 

Table giving the 1·ate of percolation from sands ?tnder the gra1•itational head of the incloseil 
water. 

l=ofoand.· 
Effective Per cent Weight Amount or wat" pnreolaWHn- I 
diamPter of pore of sand 

First 30 minutes. Second 30 minutes.· 
per 8 cu-of grain. space. bic feet. 

--- ---

Mm. Pounds. Pounds. Inches. Pound•· I I~h". 
No.20 ............ 0.474-5 38.86 809.28 53.33 10.25 24.36 4. 683 
No. 40 ............ .1848 40.07 793 .. 28 39.27 7.549 27.35 5.258 
No. 60 ............ .1551 40.76 784.00 29.99 5.674 23.52 4.522 

~-····· ...... . 1183 . 40. 57 786.64 7.86 1. 512 6.73 

~ 00 ... - ~~-·.- .. . 082651 39. 73 797.76 6.31 1. 213 4.40 -

It will be seen from the above table that the rate at which the water 
moved downward through the coarsest or No. 20 sand was such as to 
average during the first thirty minutes 497.9 inches per twenty-four 
hours, while for the finest or No. 100 sand the· mean rate was 58.16 
inches. Such facts as these make it plain that a ground-water surface 
lying beneath a catchment area made up of as coarse materials as are 
presented by this series must be fed by almost the entire precipitation 
when that is in the form of rain, even were it to reach the maximum· 
amounts which hav·e been recorded in Japan and India.for twenty-four 
consecutive hours. 

The gain to the underground supply of water, through precipitation, 
• is intensi'fied by the extremely small ·amounts of water which are 
· retained upon the surfaces of tlle sand grains, as illustrated by the 
data of this set of tables. It will be seen that in the end all of t.be 
sands became extremely dry throughout the upper 4 feet, so dry that 
the lower 3 inches of the surface 4 feet in the finest sand retained but 
9.42 per cent, when its full capacity is 21.50 per cent of the dry weight; 
while in the surface 3 inches only the two finest sanus retained as much 
as 1 per cent of water. Indeed, it must be understood that this 
extremely dry condition of the surface sands was reac.hed very early in 
the period covered by the experim·ent. This statement is proved by 
the fact that after the first nine days the entire loss in any case did not 
equal1.75 per cent of tlle dry weight of the sand, and under such con
ditions tbeloss of water by surface evaporation is necessarily very small. 

In illustration of the possible rate of.evaporation from such sands 
as those in question, the results of a series of measurements ·are cited. : 
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A series of cylinders, represented in fig. 11, each having an area of 
cross section of ·o.l square foot, was filled with the same sands used in 
the preceding experiments, but unassorted; that is, the several sizes 
of grains were mixed in the natural P!oportions. 

Fm.ll.-.Apparatus used in measuring the loss of water from coarse sands by evaporation from sur
face different distances above plane of saturation. A, intake for air current; B, exit for air current; 
C, water reservoir; D, supply tube; E, vent. 

In the two shortest cylinders water was maintained in the reservoir 
at a level of 6 inches below the surface, while the other pairs of cylin
ders had the water level maintained at 12, '18, 24, and 30 inches, respec
tively, below the surface. The total evaporation during forty days was 

·found to be as follows: 

Evapm·ation from sand. 

Capillary lift. I Totai evaporation. Mean evaiJoration 

! 
per day. 

Inches. I Inch~s. Inches. 

6 

I 
4.56 .114 

·12 4.45 .111 

18 3.19 .08 
24 1.36 • 034 

30 .78 .0195 

These rates of evaporation took place in the laboratory, where the 
temperature of the air was about 70° F., and where the relative humid
ity was very low .. 

It is evident, therefore, from these two series of observations, that 
in regions where the surface soils are very coarse and where the ground-
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water surface has a depth exceeding 8 feet, nearly the whole precipita-
tion passes at once below the level at which it is possible for capillarity 
to return it to the surface. 

Even over regions where much finer soils prevail "at the surface the 
total possible percolation may be quite large and' the amount of water 
contributed to the ground-water supply may be important~ provided the 
indurated rock below is capable of receiving it. 

Using cylinders having a cross section of 0.1 square foot, it was 
found that when water would percolate through 14 inches of No. 40 
sand at the rate of 301 inches iri twenty-four hours, and through No. 
100 sand at the rate of 39.7 inches, a clay loam would allow but 1.6 
inches to pass in twenty-four hours. These flows occurred after the 
soils were fully saturated and when the surface was kept covered with 
2 inches of water. · 

It should be understood with reference to percolation through clayey 
and other fine and close textured soils that the rate of flow through 
the surface 4 feet is greatly augmented ordinarily by the borings of 
earthworms and animals of various kinds, as well as by passageways 
left by the decay of the roots of plants and by shrinkage checks which 
are developed during times of drought. . 

A steady percolation of so slow a rate as 0.1 inch per day of tweuty
fol).r hours would J)rovide for the entrance into the ground of 36.5 inches 
on the level during the year if water were continuously supplied; but. 
the rains do not fall in such manner as to permit all the water to 
enter the ground, even where the topography is quite flat, and besides, 
through the conjoint action of capillarity and the roots of vegeta_tiqn, 
a large part of the moisture which falls during the growing season 
upon fertile soils fails to penetrate beneath the surface more than 1 
to 4 feet before it" is recovered and brought back to the surface and lost 
by evaporation. 

Then again, during Reasons of drought in humid climates and at 
nearly all times in arid climates another important factor comes in to 
prevent even moderate. showers from entering the soil deeply. When 
the soil becomes nearly air dry to \any considerable depth the pore 
space becomes entirely :filled with air, and this must always be expelled 
before percolating waters can make au entrance. In coarse sands and 
sandy smls the pore spaces are so large that the water has little diffi
culty in displacing the air and making an entrance as fast as the rain 
is likely to fall; but where the surface is covered by this :finer,soil even 
a moderate shower is likely to fill up the surface pores so completely as 
to prevent almost entirely the escape of the soil air, and this at the 
same time prevents tbe entrance of the water. Under these conditions 
heavy rains may cause an immense amount of surface erosion, and the 
little moisture which finds en trance to the soil penetrates so short a 
distance under the great hindrance from entangled air that it is quickly 
returned to the surface by capillarity and lost by surface evaporation. 
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PERCENTAGE OF PRECIPITATION WHICH PENETRATES THE SOIL. 

Of the water w~ich falls upon land areas one portion finds its way 
by immediate surface flow directly into drainage channels; another 
portion is retained upon the surface ·of the soil and the foliage of plants 
and is returned at once by evaporation to the atmosphere from which 
it came; while a third portion penetrates the interstices of soil and 
rock to varying depths, but ultimately reappears again in drainage 
channels. 

Newell has pointed out, as a result of his studies, that the mean 
annual run-off in the United States.exceeds 20 inches in the States of 
Maine, New Hampshire, Vermont, Massachusetts, Connecticut, Rhode 
Island, New York, New Jersey, Pennsylvania, Maryland, Delaware, the 
Virginias, North and South Carolina, Florida, Georgia, Alabama, Loui
siana, Mississippi, Tennessee, and Kentucky, together with the southern 
portions of Ohio, Indiana, and Illinois, most of Arkansas, and a small 
portion of eastern Texas and Indian Territory. Throughout this region. 
the rainfall for the year amounts to from 40 to 60 inches, reaching 60 

·to 70 inches in a few comparatively small areas. This makes the run
off about 50 J)er cent of the total precipitation, or perhaps a little more. 
In all of Wisconsin and Michigan and in parts of Ohio, Indiana, 1\fis
souri, Indian Territory, Texas, Iowa, and Minnesota the water which 
finds its way into streams is placed by Newell at 10 to 20 inches, while 
the mean annual rainfall is between 28 and 42 inches, makiug the run-off 
from 36 to 47 per cent of the rainfall; but in a narrow strip extending 
nearly north and south across the central portion of the United States, 
taking in parts of Minnesota, Iowa, and the Dakotas on the north and 
crossing central Texas on the south, the run-off is 5 to 10 inches, while 
the rainfall for the same region is not far from 20 to 30 inches, making 
the percentage relations 25 to 33. That is to say, from one-fourth to 
one-third of the water which falls as rain and snow is ultimately gath
ered into streams and borne away. 

West of the region just referred to, as far as the extreme Northwest; 
in western Washington, Oregon, and the mountainous parts of Cali
fornia, the water which annually finds its way into streams measures 
from 5 inches to none; but in an area bordering that, where the run-o:tf 
is 5 to 10 inches and widening out in the north so as to cover the bal
ance of the Dakotas and the eastern portions of Montana and W yo
ming, Newell's maps show that 2 to 5 inches of water (from 20 to 25 per 
cent of the mean annual rainfall) findR its way into streams. 

It appears, therefore, that in the more level districts of the United 
States, where the rainfall ranges from 10 inches to more than 70 inches, 
from one-fifth to one-half of the water which falls as rain and snow 
fin~s its way into streams, but by far .the larger portion of this water 
bas- penetrated the soil to the ground-water level and has emerged 
again from beneath the earth's surface before it reaches river channels. 
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The water of rivers which does not take the course through soil and 
rock is (1) that which falls directly into water courses in the form of 
rain or snow, and this would bear such a ratio to the total rainfall of 
the drainage basin as the superficial area of the streams and lakes 
bears to the total area of the district drained by them; (2) that which 
falls in heavy showers near the water cou~ses where the slopes are 
steep and for lack of time does n_ot enter the ground; and (3) the 
heavy snows which melt rapidly upon steep slopes near drainage chan
nels. · Just how large a percentage of the total run-off these three fac
tors make we do not know, but it is certainly much smaller than a first 
judgment without reflection would be likely -to place it, and it may be 
laid down as a broad proposition that nearly all of the water of rivers 
and small lakes is that which is slowly but constantly seeping through 
and from the soil. 

HOW SEEPAGE WATERS FIND THEIR WAY INTO DRAINAGE 
CHANNELS .. 

Whenever rain falls upon a field, no matter of how steep a slope, its 
first tendency is to continue the -;Otuse it was pursuing when it fell and · 
to pass directly beneath the surface in a straight line, and it is only 
when the rate of precipitation exceeds that· at which percolation takes 
place that there is any surface movement toward drainage channelR. 

The water which enters the ground in excess of capillary saturation 
moves directly downward until the· ground-watet surface has been 
reached, when it raises that level .and at once augments the pres
sure. If the land were everywhere level the effect of percolation 
would be simply to raise the level of the ground-water surface; no 
lateral movement would be possible except under such conditions as 
permitted the ground-water level to be lowered more rapidly in one 
place than in another by surface evaporation aided by capillarity. 
With the differences of level, however, which are always associated 
with topographic forms and with the far greater resistance which is 
opposed to lateral flow, as compared with that which impedes percola
tion directly downward, it is evident that the water which sinks 
beneath the surface of land areas must tend to accumulate beneath the 
places where it has fallen until a sufficient pressure has been developed 
to force it to flow through the soil and rock toward whatever drainage 
outlets may exist. . 

There is a widespread general belief that the level of standing water 
. in the ground is indicated by the level of the water in the rivers and 
lakes of the district in question, and that wells must be sunk to those 
levels before water will be reached by them. It is even commonly 
thought that the water which supplies the local wells of a region 
actually seeps into the soil and rock from the beds of rivers and lake~. 

So far is this common impression from being true· that its exact 
opposite is the real expression of the facts. The surfaces of rivulets, 
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brooks, creeks, streams, rivers, and lakes, with but~ very few excep~ 
tions, lie below the level of standing water in the ground adjacent 
to them, and from which almost everywhere water is steadily but 
usually slowly :flowing into them. Rivers generally receive new acqui
sitions of water at everypoint along their banks, there being a slow but 
general seepage from the surrounding higher· lands. The same is true 
of lakes. Springs, it is true, are feeders of both lakes and streams, 

but these are only 
uuderground exten
sions of channels in 
which the same 
type of slow seep
age occurs, the wa
ter oozing through 
the walls. of the 
s·u bterrahean chan
nels as water is 
gathered into a sys
tem of tile drains, 
not at any one 
point, but little by 
little all along the 
course. 

There are cases, 
it is true, where 
mountain streams 
:flow out upon arid 
plains, in which the 
direction of seepage 
is reversed and the 
water wastes out
waru, ultimately 
leaving the bed of 
the stream dry; but 
in these cases such 
portions of these 
waters as are not 

. lost by evaporation 
FIG. 12.-Contour map of surface of g-round water. Numbered circles, . 

location of wells; figures in lines, elevations of contours; arrows fiy are certain to re-
with direction of current. appear . again far-

ther down the valley, addhig to the growth of rivers there. 
In other cases rivers may move down upon a sandy plain, perhaps 

underlain by a sandstone formation which is deeply underdrained, so 
that the ground-water level lies below the bed of the stream; and in 
such instances the stream loses in volume rather than increases as it 
moves along its course. In still other cases a shallow soil may be 
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spread out upon a much-fissured limestone formation which; by reason 
of slope or cliff exposures, is so thoroughly drained that no ground
water surface can be·maintained above the stream beds; and here, .too, 
the water may slowly waste away, or in some cases the brook may dis
appear abruptly beneath the surface, only to reappear again farther 
down the valley in the form of a powerful spring. 

CONFIGURATION OF THE GROUND-WATER SURFACE. 

In order to gain a clear conception of the conditions which determine 
the flow of ground water it will be helpful to know the actual configura
tion ·of the ground
water surface . in a 
particular case, and 

. one of the simplest 
examples is repre
sente_d in fig. 12, 
where the contour 
lines show how far 
tbe surface of the 
ground water de
parts from a hori
zontal plane and also 
how high it lies above 
the level of the lake 
into which the water 
is draining. Fig. 13 
is a contour map, 
showing the topo
graphic features of 
the same locality. 

The variations in 
level of the ground
water surface in this 
case were secured 
through measure
ments of the height 
of the water in 52 
wells, designated on 
the maps by num
bers, against which 
small c i r c I e s are FIG. 13.-Contour map of surface of ground above the ground water 
placed. of :fig. 12 -

The area mapped is a portion of the Wisconsin Agricultural Experi
ment Station farm, and lies just within the terminal moraine of the 
second Glacial epoch. The glacial till, into which the water perco-

10 GEOL, PT 2--7 
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lates and through which it flows to the lake, is laid down upon the 
very unevenly eroded surface of the Madison sandstone. The till is 
quite heterogeneous in character in its upper portion, but is much more 
uniform at the .level of the ground water ancl below, through which the 
drainage to the lake takes place. 

The whole area is mantled with a stratum of reddish clay 2.5 to 4. 
feet thick, containing pebbles and bowlders irregularly aud generally 
sparsely distributed through it, the pebbles and bowlders being coarser 
and more numerous on the higher ground. Beneath this mantle there 
is usually a rapid. transition to a sand of varying degrees of coarseness, 
but generalJy quite free from gravel and clay, everywhere below the 

. 9-foot contour. 
The effective sizes of the grains in these sancls are given in the table 

below, as shown by a section taken at 55: 

Effective sizes and pore Bpaces of sands und&?·lying the locality shown on jig .13. 

Per cem. Millimeter. 

In:: Effective 

1 

__::in feet._
1
_P_or_e_sp_a_ce-.

1 
___ si-ze_._ll------l 

4 ............. 39.45 .1875 

5- ... - - .. - - - - . 37. 94 . 17 46 

1 ....... ---·-· ------ --·· ...... ----
2 ....... ______ I· 38.57 o.o6745 

3 ... --........ 39.38 . 07579 

D.epth in feet. 

Percent. Millimeter., 
7 ............ 35.32 0.1312 
8 ........... , 3!.57 .1818 I 
9 ...... ····-· 34.37 .1738 

I 
10 ............ 33.08 .2191 
11 ............ 30.25 .1470 

~--------------~-3-8-.5-0~----16_7_3 __ ~-----------~-----~ 
12 ... ' .... -- ... 28.76 

~ 13 ... :·· ...... 29.32 6 

At a point near 52 the finer sand and gravel in the heterogeneous 
superficial till has an effective size of grain and pore space expressed 
by the figures below: · 

Fine mate1·ial of mixed till. 

Pore space. 

Per cent. 

33.65 
33.76 
33.88 
34.37 

Effective size. 

JJiillimeter. 

0.0338 
. 04144 

.04~04 

. 05261 

-----'------

These figut>es show the diameter of the mean sand grain and the per 
cent of open space in these sands through. which the water must move. 

By referring to fig. 12 it will be seen that the surface of the ground 
water is very far from level, anrl that near well 54 the water stands 20 
feet above the level of the lake and has a gradient of 12 feet in 200,: 
or 1 foot in 16% feet. Even at well ~9, only 150 feet from the lake, 
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the water stands 7.2 feet above the suface of Lake Mendota, making 
a fall here of 1 foot in about 20 feet to force a flow of water toward 
the lake. 

In another well sunk in the same hill, shown on the map, but about 
3,600 feet to the east, where the surface of the ground is 88 feet above 
the lake, the level of the· water stood 52 feet above the lake-1,200 feet 
distant, and this gives a fall of about·1 foot in 23 feet. 

The are~ here under consideration lies between two lakes, making it 
· impossible for seepage waters from long distances to reach it, and there 
is no opportunity for artesian waters to furnish any part of the supply, 
SQ:that,we have here a perfectly simple cas·e of local precipitation sink
ing directly. into the ground and raising the level of the water in the 
glacial till until pressure enough has been developed to cause the 
water to flow into the lake in directions and along lines indicated by 
the arrows (fig. 12). ' 

The contours of the ground.::water level show that this surface pre
sents the features of hills arid valleys approximately conformable with 
the relief forms of the surface above, the water being low where the 

Fro. 14.-Diagrammatic section illustrating Reepage and the growth of streams. Lines with arrows 
are lines of flow. 

surface of the ground i's low, and high where the surface of the ground 
is high. It will be further noted that the watei· moves outward from 
the higher areas of ground water in directions essentially the same as 
those which would be taken by water flowing down natural surface 
slopes, and this gives rise to a concentration of water movement along . 
the valley lines beneath the surface of the ground, just as happens with 
flood waters. 

It i~ plain, therefore, that streams winding through the lowest levels 
of valleys in regions of humid climates must receive increments to 
their volume of water step by step as they move along. 

It is further evident that low-lying flat areas between higher ground 
may be made and kept wet by the slow rise of water from beneath as 
it is forced upward under the hydrostatic pressure developed by the 
accumulation of water percolating down through the surrounding 
higher land, and in fig. 14 is represented in diagrammatic form the 
direction of movement of the ground water as it passes downward 
through the porous soil and outward from beneath th_e higher areas to. 
seek an outlet in river channels or in the bed of lakes. 
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ELEVATION OF THE GROUND-WATER SURFACE DUE TO 
PRECIPITATION AND PERCOLATION. 

We have already given the amount of water which may be retained 
by columns of sand of varying degrees of coarseness after a period of 
percolation exceeding· two years had expired. The data presented in 
those tables may be used to compute the amount of elevation of the 
ground-water surface which a given amount of precipitation is capable 
of bringing about, and as the rate of drainage depends in part upon 
the height of the ground water above the drainage outlets this becomes' 
a matter of fundamental importance. 

In the table on page 87 is given the amount of pore space in the 
several sands under experiment, and by referring to this table it will 
be seen that the unoccupied space is about 40 per cent as an average 
of the five cases. This means that each cubic foot of sand had a 
capacity for water amounting in round numbers to 0.4 0f a cubic foot, 
and that 12 incheB of rain would completely fill the voids of 30 inches 
of these chemically dry sands. 

Under field conditions, however, the sand is never chemically dry, so 
that a rise of the ground-water surface amounting to 2.5 inches for 
each inch of water which reaches it does not express the full magnitude 
it may have. Further than this, as the sands were filled in to the 
cylinders without jarring or tamping, they possessed under the trials 
made about as large a pore space as it is possible to give them, so that 
it may safely be said that an inch of rain will never fail to raise the 
ground-water surface more than 2.5 inches. 

But after the long period of drainage to which the sands were sub
jected under conditions where little orno evaporation was possible they 
still retained the amounts of water stated below in percentages of their 
dry weight. 
No. of sand. Per cent. 

20 -- ------ . ----- ------ - •• - ••. - ••••••• - •..••••• -. - .• - ••••• --- - •• - . ·.---- 4. 24 
40 . ----- -----. ---- --- •••.• ----.- . ----- . ---- ...• -- •. ---- .. ; --- ...•. ---- 5. 05 
60 - - • - .• - - - •. - - - - •.• - • - •. - - - • • . • - - - •.••• - ••• - - •• - -.• - ••• - ~ •.•• - •••• - - . • 7. 25 
80 ---. -- .• -- . -.--- ....••• - ---- -- •• ----- ••• -- • -•••••••• -- •••• -.-- -----. 9. 41 

100 . -- ... ----- - . ----. --.--- .. - •.•• - ••.• - ••.. -.- ••.• -.- .•••••• ---- . -- --- 11. 82 

As this water oc~upies a portion of the pore space of the sand it must 
augment the elevation of the ground-water surface in proportion to the 
space opcupied, and as these amounts of retained. water represent from 
more than one-fifth of the full saturation capacity in the case of sand 
No. 20 to more than one-half in the case of No. 100, it is plain that i 
inch of rain must raise the ground-water surface from 3 to 5 inches. 

But the water when it drains from a soil or sand does not do so in 
such a manner as to leave the retained water uniformly distributed. 
On the contrary~ the sand just above the ground-water surface is still 
almost completely filled with water, so that but little needs to be added 
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here to raise the ground-water surface a large amount. Indeed, in the 
case of the reservoir of sand described on page 264, we found that a 
single pound of water added to a wet surface of 14.5 square feet of 
sand was sufficient to raise the ground-water surface 0.025 foot. That 
is to sa.;y, the depth of water added to this nearly saturated sand was 
augmented some thirtyfold on falling into the narrow, nearly filled 
pore spaces, aud raised the ground-water surfaceat the rate of nearly 
30 inches for each inch of rain. · 

If we compute the full saturation capacity of the· five sands under· 
consideration from their observed pore space, expressing the water in 
per cent of the dry weight· of the sand, and then subtract from these 
the observed percentages· of water which were retained at the different 
levels, the differences will give the percentages of water which will be 
needed to fill completely the respective sands at each of the thirty-two 
different levels above the ground-water surface where the determina
tions were made. 

The results of such a computation are given in the following table, 
and fig. 15 represents graphically the amounts of unoccupied space in 
the several sands at the various levels. 

FIG. 15.-Diagram showing unoccupied space in sands after two and one-half years of seepage without 
rain or evaporation. Numbers designate grade of screen; horizontal lines drawn at distances of 
3 inches; open space in each case applies to whole section; lower shading is ground water. 
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Table showing the jJe1' cent of 1f'ate1' 1·equi1·ed to fill cornpletely flee· gmdes of sand after 
being pm·mitted to d1·ain mo1·e than two years. 

I 
-·--------13'' of •ootion abov• No.20. 

I 
No.40. No.60. No. SO. No.lOO. ground water. 

I 
----· -----

Inches. Per cent. Per cent. Per cent. Per cent. Per cent. 

96-93- . --- -- - .. - - -- -- --- • 23.71 25.06 25.76 24.49 21.43 

93-90- --- . - - -- --... - - -- . 23.76 I 25.06 25.75 24.5!) 21.43 

90-87- ---. - --- -- .. -- - - .. 23.75 I 25.07 25.69 24.41 21.05 I 
87-84.----- .... --- . ----- 23.76 I 25.08 25.66 24. 14 21.04 I 

I 

84-81 .. -- .... ----- ------ 23.75 25.05 25.37 23.77 20.94 

81-78 ..... -------- ...... 23.69 25.04 24.91 23.43 20.6R 

78-75. --- - -- - --.. -- . - -.. 23.54 I 24.97 24.65 23. 14 20.48 
I 

75-72- -- - - - - . - - - . -- . - --- 23.09 I 24.65 24.41 22.85 19.95 
72-69 ... --- .. - ......... --- .. -- ... - 22.80 i 24.07 24.18 22.63 19.93 

69-66 . ---- --- - -. -.. - - -- - 22.50 

I 

23.78 24.13 22.39 19.17 

66-63. ---- -- -. -- --- - -. - . 22.27 23.56 23.95 22.19 18.96 

63-60- -- --- . - -- - --.. -... 22. 18 I 23.43 23.80 21.83 18.44 

60-57- ---------- -- .. ---- 22. 15 1- 23.37 23.72 21.53 18.'10 

57-54- . --- --- . - --.. - - - - . 22.05 

I 
23.36 23.71 

I 
21.22 17.15 

54-51 ... -- . --------- .. -. 22.00 23.25 23.68 20.87 16.~8 
" 

51-48.---- --- .. ----. ---. 21.96 

I 
23.31 23.60 20.33 15.45 

48-45- -- - - . - ---- ---- -. - . 21.95 23.11 23.52 19.72 14.37 

4;5-42- •••. -.-- ---.- .• --. 21.96 I 23.16 23.27 18.76 13.53 

42-39- . -- - - . - -- - .. - - ---- 21.92 I 23.05 22.90 18.28 12.29 

39-36 .. - -- .. - -- - -- -- ---. 21.81 ! 22.94 22.52 
I 

17.04 11.87 

36-33 .. - - - -. - --- -.. - .. - . 21.67 22.75 21.88 15 .. 21 9.92 

33-30- - -- -- - - -... -.. -. -. 21.62 22.58 20.89 13.98 8.97 

30-27- -- - - -.. - - - -.. - - - .. 21.35 22.09 19 .. 62 12.80 7.67 
27-24 ............. ___ . ___ 21.12 21.60 17.24 10.70 6.91 

24-21 .. ---- .. ---- ... ---. 20.56 20.52 12.46 8.51 5.95 
21-18 ..... ------ .......• 19.72 18.47 13.06 6.67 4.38 

18-15 .. - - - -- - -- - -- -. --.. 17.57 15.45 11.59 6.38 3.53 

15-12 ... -- . - - - -... -- ---- 14.21 10.57 7.93 4.31 3.24 

12-9 - .. - - - -. . - -- - . -. - -- - 7.90 3.92 3.52 ·3. 06 2.19 

9-6 - ... - - - . . . - - - . . - - - - . 4.65 2.8J 3.22 2.55 1. 48 
6-3 ...... ---- .......... 3.02 1. 71 3.10 1. 53 . 81 

3-0 ........ -·---· ...... 0.00 0.00 0.00 0.00 0.00 

No.20. No.40. No.60. No. SO. No.lOO. 

Effective diameter of 

sand grains ..... mm .. 0.4745 0.1848 0.1551 0. 1183 0.08265 

I Per cent of pore space .. 38.86 40.06 40.76 40.57 39.72 
I 
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In the diagram the stippled area is intended to represent a section 
of sand 96 inches high and having any unit wiqth, while the unshaded 
areas represent the amounts of space in such a volume of sand which 
were found unoccupied. by water after drainage had taken place through
out a period of over 2.5 years; that is to say, the amount of space left 
in a column of sand 8 feet long above the plane of saturation, and hav
ing the sectional dimensions ·shown in the figure, is represented by the 
unsbaded areas for each of the five grades of sand shown in Pl. VI, and 
when rain enough has fallen upon the surface of the whole section to 
fill any one of the cavities represented, this amount will bring the 
ground-water surface to the top, or raise its level through 8 feet. 

It will be observed that the drained space both in sand No. 20 
and sand No. 40 increases rapidly until a distance of about 27 inches 
abov.e the ground-water surface is reached, but that higher up the 
increase of space is small. In the other three sands, however, the 
space capable of drainage widens upward much more uniformly and at 
the same time more slowly, so that the rise of the ground-water surface 
with the same amount of rain is very different in the different grades 
of sand. 

In the following table is g·iven the number of inches of rain which is 
required to raise the level of tlie ground water 1, 2, ~' and 4 feet after 
thorough drainage has taken place: · 

Table showing amount of m·in necessm·y to 1·aise level of g1·ound watm· after tlw1·ougl!. 
d1·ainage. 

1- Grade of sand. 1 foot. 2 feet. 3 feet. ~ Inches. Inche1. Inches. !-Inches. 

No. 20 .......... ------ ···--· 0.874 4.379 8.550 12.81 
No. 40 ... --............... _ . .433 3.551 7.795 12.19 
No. 60 ... - ........... -...... .579 2 701 6.454 10.80 

L~-----·-·······-······· .370 1.592 4.080 7.5~ 
00.------ ------·---- ---- . 242 1.030 2.635 5. 131 

Thus it becomes evident that relatively large rises in the level of 
ground water may be produced by small amounts of precipitation, and 
the case becomes more emphatic when it is recalled that nowhere except 
in extremely arid regions can so CO!JlJ)lete drainage ever occur as these 
sands wer(} subjected to. 

If reference is again made to the table of percolation, page 90, it will 
be seen that an amount of water equal to about ,1.5 per cent of the dry 
weight of the sand was left to percolate after the first nine days of 
drainage, and as the water in the upper portions of the sand columns 
was all t.he time flowing down into spaces in the lower sections, it is 
plain that at the expiration of the first nine days the open space in the 
lower 4 feet, and particularly in· the lower 2 feet, was much smaller than 
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that which finally came to exist, ,and hence that ordinarily the rise in 
the ground-water surface for given amounts of rain will be greater than 
the amounts stated in the last table. 

As the rate of seepage into drainage channels increases with the 
height of the ground-water surface, t.he facts here presented show that 
not only must the rate of seepage increase after heavy rains, but also 
that the rate of increase will be relatively more rapid in soils of close 
texture than in those more open. That is to say, the swollen condition 
of streams during wet seasons of the year is in large part due to the 
fact that the effe.ctive head which forces the water into drainage chan
lJels is at ~uch times greatly increased, and the water drains out of 
the soils of closer texture relatively faster than out of the coarser 
soils, because the same amount of precipitation raises the ground water 
higher in the finer soils, and thus makes their effective drainage head 
relatively greater. 

There is still another factor influencing the rate of seepage after 
rains which needs to be taken into account when these problems are 
studied-the depth of the stratum of soil abov·e the ground-water sur· 
face; for when a considerable interval has occurred between rains, the 
longest columns of soil, other things being equal, will be most com
J)letely drained, and hence will possess 'both tile largest water capacity 
above the plane of saturation and the longest distance for the perco
lating waters to move before reaching the ground water to raise its level. 
~rhat is to say, a low-lying area, where the ground water is near the sur
face, may easily have its empty pore space nearly filled and tile effective 
drainage head much increased by a given rain several days before the 
same rain shall have been able to reach the ground water un<ler adja
cent higher land, where the empty space is not only larger because of 
more complete drainage but of greater extent vertically, and hence the 
ground-water surfac.e may reach its highest level on the low ground 
and begin to fall again before the water percolating through the longer 
columns of soil on the higher land shall have had time to reach the 
plane of saturation. 

The effects here under consideration are brought out clearly in fig. 
16, which represents the changes in the level of the ground ·water fol
lowing a rainfall of 3.19 inches, these changes being determined by 
measurements made in wells at the stations and times there designated. 
The distribution of the rainfall in time was as follows: June 2, from 
7.30 a.m. to 9 p.m., 1.38 inches; June 3, 7 a. ·m. to 2 p.m., 0.41 inch; 
9 p.m., June 3, to 7 a.m., June 4, 1.18 inches; 9.15 p.m., ju.ne 4, to 6.30. 
a.m., June 5, 0.22 inch, thus covering an interval of three days. 

The measurements of the water level were made J nne 2, before the 
rain; then June 3 at 3.30 p. m.; June 4 at 9 a. m., 2 p. m .. , and 7 p. m., 
and finally, June 6 at 1 p. m., and the profiles of the water level are 
shown in the figure and numbered in the order they were made from 
1 to 6. 
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The surface of the ground at well 40 is 3.3 feet higher than it is at 
well47, as shown by the contour map (fig. 13), and the texture of the 
soil increases in fineness from well 40 toward well 4 7. It will be seen 
that the water :rose rapidly at first at the lower end, attaining its 

greatest height June 
~;=.::::::::--=~-.:::!4~6~...;45::r.r---=4::;4!:..-_..;:473::..-__.:4TZ:.-.....::4:r1 -....:=;40 4 at 9 a. m. in wells 

43 to 47, but that in 
wells 40 and 41 the 
water continued to 
Tise until June 6 at 
1 p. m., but at this 
time the water in 
well 4 7 had reached 

FIG.16:-Diagram representing changes in the level of ground water itS highest poin. t and 
following a rain of 3.19 inches. 

had fallen through a 
distance equal to that through which the water in well 40 had risen. 

At the time these observations were .first discussed 1 it did not appear 
to the writer probable that the observed changes in level of the water 
in the wells could give a true measure of the change in the level of the 
general surface of the ground 
water in the locality, the indi
cations then seeming to point 
to large local percolation of 
water into those wells which 
showed. such large and prompt 
changes in the level of the 
water in them, and the cause 
of this difference in percolation 
into the wells was explained 
(see fig. 17) in the following 
language: 

The rise of water in wells above 
the general drainage surface during 
times of heavy rains is due to the 
inability of the soil air to escape 
readily upward through the super
saturated surface, for so long as it· 
can not escape it prevents the water 
from entering the soil spaces occu
pied by it; ·wells, however~ which 
are not curbed with impervious 

FIG.17.-Diagram illustrating the influence of soil air 
tubing furnish an easy avenue of es- in increasing seepage into ·wells. 
cape for the air, anJ. it is forced out 
into the wells, allowing the water to follow it, so that there comes to be established 
during times of percolation a movement of water and air in the soil about the well 
something as represented by the arrows in fig. 17. 

·Bull. U.S. Weather Bureau, No.5, p. 20. 
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In the sandy and more open soils, where the interspaces near the surface do not 
readily become closed with fine sediment moved by the water, there is not so great 
a lateral flow of water toward the wells, and the water does not rise in them very 
much more than the general water level in the ground is raised during such times, 
and it is because the soil about wells 40 and 41 is much more sandy and open than it 
is about the others of this series that there is less rise of water in them at such times. 

Since it has been demonstrated by this investigation that the unoccu
pied space in 11artly saturated soils is so small, and especially since it 
bas been shown to be so much smaller in the fine soils than it is in the 
coarse ones, it is clear that the amomit of water which had percolated 
into the wells under consideration had been ov.erestimated and that 
their water levels did much more nearly represent the true level of the 
gronnd-water surface than was supposed. 

The rapid fall of the ground-water surface in the region of wells 
47 and 46 is to be attributed in part to the fact that tile drains 
occupy the area and offer much shorter drainage lines than would 
otherwise have to be traversed by the water. In the region of wells 
40, 41, aud 42 the lines of tile are entirely above the level attained by 
the ground-water surface on .June 6, so that here only a small portion 
of the early falling away of the water could have l)et'il directly influ
enced by the artificial drainage. 

It is of course true that the normal rate of fall of the ground water 
of this particular locality was .increased by the increased pressure due 
to the rise of the water in the ground at this time, so that the full rise 
of ·water in the ground produced by the 3.19 inches of rain can not be 
stated without applying a correction which allows for the amount of 
water which drained away during the interval under consideration. 

The rate at which the level of the ground water did change in the 
locality under consideration was 13.95 inches during eighty·days, from 
June 8 to September 17,1889, or a mean of 0.174' inch per day. During 
one hundred and thirty-one days, from May 27 to October 29, the total 
fall was 20.495 inches, or a daily mean of 0.156 inch per day, and during 
one hundred and twelve days, from June 9 to October 7, 1890, the total 
fall was 20.086 inche~, or. a mean daily rate of 0.179 inch, the three c~ses 
together giving a general mean daily rate of fall amounting to 0.173 inch. 

The mean daily rate of change of 0.173 inch would amount for the 
year to a total fall of the ground-water surface equal to 63.145 inches, 
and thus, according to the table on page 103, must represent a run-off 
somewhere between 6 inches and 14 inches, according as the pore space 
is greater or less than that of the samples experimented with, which is 
20 to 40 per cent of the meau annual rainfall. 



CHAPTER Il. 

EXPERil\IENTAL INVESTIGATIONS REGARDING FLOW OF 
FLUIDS THROUGH POROUS MEDIA. 

Since the inv~stigations of Graham., Poiseuille, Meyer, and others 
regarding the flow of fluids through. capillary tubes and of Darcy 
regarding the percolation ·of water through soils, it bas been generally 
assumed that the flow of water through soils, sands, and porous rock 
obeys the laws which govern the flow of fluids through capillary tubes. 
lt is generally believed that doubling the pres~mre upon water moving 
through sand will double the quantity which will pass through that 
sand in a given time, while doubling the length of the sand column 
or the thickness of the sand or rock stratum will reduce the amount of 
water })assing through in a unit of time just one-half; in other words, 
that the flow is directly proportional to the pressure and inversely 
proportional to the depth or thickness of the stratum. 

In.view ol the careful and extended work which had been done, both 
experimental and analytical, regarding the yisco~ity of fluids and the 
laws of capillary flow, it occurred to the writer, in 1890, that an appa

. ratus might be devised to utilize the results of some of these studies in 
determining the size of soil grains. 

Since the diameter of a capillary tube should be capable of determi
nation, by calculation, when its length and the amount of water flow
ing through it in a given time under a stated temperature and pressure 
are known, it seemed possible that a knowledge of the amount of water 
flowing through a column of soil of known cross section ancl.leugth 
under given pressure and temperature might also be used in com
puting the diameter of the mean capillary pore through which the 
water bad passed, and that it then might be possible to work from this 
to the diameter of the sand or soil grains which massed together would 
produce the capillary pore that had been determined. · 

Studies in this line were begun by experimenting with the flow of 
water though sands, but such great difficulties were found in the way 
of duplicating results from ·dayto day with .the same or slightly differ
ent apparatus that it became clear that the method with water would 
be impracticable. 

But as air is held to obeythe same laws as.water in moving through 
capillary tubes, investigation~ were made with air; and it was early 
found that here the difficulties in the way were very much less than 
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had been encountered with water, and that it was easy to get good 
duplicate results in much less time than was possible with water: · 

vVhen this stage had been reached, the writer sought the ~ssistance 
of Prof. Oharles S. Slichter, professor of applied mathematics in the 
University of Wisconsin, and after the matter was laid before him, he 
kindly consented to undertake a mathematical inves.tigation of the prob
lems involved. Be devised a preliminary formula which enabled 3,1 

practical test ef the matter to be made, and a large amount of work was 
done with sorted sands whose grains were la.rge enoug·h ~o be counted 
in sufficient numbers to weigh, so that from their weight, number, and 
specific gravity their mean diameter might be computed. 

While these two methods of determining the diameter of sand grains 
could not be expected to give identical results, they did give resnlts 
which agreed. quite clo~ely, and means were th~n sought for putting 
the methods td a more rigid test . 

.As it is impossible to get the true diameter of the mean grains in a 
given sand or soil eitl1er by microscopic measurement or by counting 
and weighiug and computing the diameter from the number, weight, 
and specific gravity, it seemed likely that a more rigid test might be 
had and a safer standard of accuracy obtained if the amount of water 
which should flow through the sand were computed from the amount 
of air which was observed to. flow through the same sample. When 
this test was made with the apparatus represented in fig. 40 the results 
were again closer than bad been expected. 

But as E. Wollny 1 holds, as a result of some recent investigations 
made by himself, that the flow of water through soils does not increase 
directly with the pressure, _it was necessary to undertake an investiga
tion of the same. problem, and this has led to the re.:mlts here presented. 

FLOW OF FLUIDS THROUGH RIGID POROUS MEDIA. 

In the earliest efforts inade in this investigation to determine the 
flow or' water through sands- it was found extremely difficult to set up 
an apparatus for measuring the flow in which it was possible to secure 
a long series of measurements extending over a range of pressures or 
temperatures and then to recur to the origin~! conditions and find the 
same amount of flow as was at first observed. 

It appeared that unless the surface of the sand grains was scrupu
lously clean the movement of water over them would dislodge particles 
of silt and move them along until they would lodge In another place in 
such a manner as to alter in: a measurable way the volume of water 
discharged per unit of time. 

Marked changes of temperature on account of the different coeffi
cients of expansion of the walls of the apparatus and its contents 
would seem t.o permit a rearrangement o.f tlie sand grains as the 

IE. Wollny: Forschungen auf clem Gabiete der .A.gricultur-Pbysik, 1891, VoL XIV, p. 128 •. 
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water flowed through to such an extent that it was impossible to per
form a series of measurements of flow at one temperature, then to 
change abruptly to another temperature for a second series, and finally 
to recur to the first and find that the same rate of flow would again be 
established; and, this being true, it became inadmissible to permit any 
important changes in temperature to occur in the app!tratus dui.'ing the 
time a particular point was being investigated. 

Then, again, it is extremely· difficult to use a carefully filtered dis
tilled water over and over again for a long series of observations and 
keep it entirely free from dnst particles, whose introduction into the 
sand tends to establish progressive changes in the rate of flow, and 
thus to obscure the law under investigation. It is further difficult to 
entirely expel all air from a sand, so as to leave the full cross section 
available for the flow of water through it, and as air so entangled is 
liable to be progressively removed by the water moving past it, here is 
a source of error which must be carefully guarded against. 

On account of these difficulties it seemed desirable to do some· work 
with an apparatus which possessed the rigid characteristics of a capil
lary tube, but at the same time embodied some of the peculiarities of 
a soil or which had capillary passages lacking the regularity and direct
ness of capillary tubes, with which most of the careful investigations 
regarding capillary flow have been made. 

FLOW OF W A1'ER 'l'HROUGH \VIRE GAUZE. 

In order to eliminate the possibility of change of texture in the por
ous medium there was first ~et up the apparatus represented in fig. 18, 
consisting of three sections of brass tube 0. 709 inch in diameter filled 
with circular disks of'"brass-wire gauze, woven out of wire 0.17 mm. in 
diameter and having rectangular meshes 0.39 by 0.34 mm. These disks 
were of such a diameter that they fitted the tube very closely and 
were rammed down one upon another until each 12-inch secti~n was 
entirely filled with them. The results which were obtained from four 
sets of trials under pressures varying from 1 to 18 em. of· water are 
given in the table which follows. 
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Table showing~the.relation.of.p1·essU?·e to flow of distilled 1rate1· th1·ough 3 feet of disks of 
1t'i'·e gauze ·fitted. into a bmss tube. 

em;:Jer-nr 
I ;~i:: 1

1 
ature. 

Om. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

oo. 
22.8 
22.8 
22.9 
23.0 
22.0 
21.7 
21.8 
21.9 
21.4 

10 
11 

. 21.5 

12 
13 
14 
15' 
16 

liU 

21.8 
21.7 
21.6 
21.7 
21.9 
21.8 
21.9 
21.9 

Amount of flow in 10 minutes. 

Fourth First trial. Second trial. Third trial. t.rial. 
----

Grams. Grams. Gra1ns. Grams. 

'22.7 22.7 23.7 22.3 
51.4 51.8 51.0 49.0 
76.8 80.4 79.8 76.5 

110.4 109.2 110.0 105.6 
138.0 128.0 139.5 134.0 
164.4 156;6 ... -- ...... --. 163.2 
189.7 182.7 200.2 191.8 
218.4 212.8 229.6 222.4 
241.2 240.3 .. ----- --- .. 252.9 
266.0 268.0 290.0 284.0 
292.6 295.9 319.0 319.0 
319.2 328.0 348.0 . 348.0 
343.2 358.8 377.0 372.2 
369.6 389.2 403.2 413.0 
397.5 423.0 429.0 450.0 
424.0 454.4 452'. 8 478.4' 
452.2 484.5 472.6 513.4 
480.6 518.4 500.4 540.0 

Mean Computed 
iiow. iiow. 

Grams. Gra1ns. 

22.9 22.9 
50.8 45.8 
78.3 68.7 

108.8 91.6 
134.5 114.5 
161.4 137.4 
191.1 160.3' 
220.8 183.2 
244.8 206.1 

I 

277.0 229.0 
309.1 251.9 
337.2 274.8 
365.3 297.7 
396.2 320.6 
424.5 343.5 
452.8 366.4 
481.1 

~ 509.4 2 

~his table shows very clearly that the flow has increased in a ratio 
which is great~r than the increase of pressure, the departure from the 
law of capillary fio,w varying from 10.92 per cent at the pressure of 2 
em. to 23.58 per cent for the five highest pressures. No corrections have 
been app'lied for temperature; but these would be very much smaller 
than the departure from the law. It should be said that the temper
atures given in the tables are the mean of the four temperatures 
observed for the four trials. 

The pressure gauge used consisted of a glass tube inclined, as repre
sented in the figure, so that the readings-were magnified tenfold, the 
scale being divided so that one-tenth of a m~llimeter had a length of 
1 mm. The diameter of the gauge tube was nearly 5 mm. at the lower 
end and 4 mm. at the upper end, so that there would be a small cor· 
rection which should be applied; the gage tending to make the higher 
pressures a very little less than they are recorded. No correction for 
this has be~n made, but w(}re it applied the departure from the law 
would be made a little more than shown in the table. 

There were, of course, errors growing out of errors of judgment in 
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starting and stopping a11d occasionally slight changes in head would 
occur during the run, but the value of these are, in a measure, shown 
iu the table. 

FIG. 18.-Apparatus used in studying the flow of fluids th~ough rigid porous media. A, tube filled 
with wire gauze; B, pressure gage; C, overflow. 

Below are given consecutive duplicate readings, which will show tlle 
variations that actually occ~rred. 

c= Pressure. I Fl~w ln 10 I J>ressure. ll'low in 10 
mmutes. minutes. 

I Grams. I Om. Gm. GTams. 

First, .... __ ....... 1 22.6 6 164.3 

Second ....... ---- 1 22.7 6 165.0 
First ............. 2 51.4 7 189.8 
Second .... _ ...... 2 51.4. 7 189.8-

First ..... ----.---- 3 77.0 8 218.3 
Second ...... _ . __ . 3 77.1 8 219. 1 
First .... _ . _ .· ..... 4 110.5 9 240.8 
Seconcl. _ ......... 4 110.5 9 240.8 
First. .. __________ 5 137.9· 10 265.3 

I 
Second. ___ . _ ..... 5 138.0 10 266.4 
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It is evident, however, from an inspection of the amounts of flow 
which occurred under corresponding pressures that from some cause 
a progressive change was taking place which permitted larger flows 
the longer the apparatus was used. This might be explained on the 
supposition that some air still adhered to the meshes of the wire gauze 
and that as the water flowed through this was being absorbed little by 
1ittle. 

If it were true that air still remained in the apparatus and this was 
the cause of the departure from the law, then the difference between 
the flow during the first trial and the flow during the last, under cor
responding pressure, should equal the percentage departure of 23.58, 
which has been vointed out. The difference, however, represents only 
12.4 per cent in the course of the first and last flow:s under a pressure 
of 18 em. 

It may be further supposed that if air was still adhering to the 
meshes of tl.Je gauze in some part of the apparatus, under the higher 
pressures this air would be more compressed than under the lower 
ones, and hence would obstruct the passage of the water less when the 
pressures were high and thus give rise to the phenomena observed of 
the flow increasing faster than the pressure. It is evident that entan
gled air· would tend to produce a variation of the rate of flow with 
increase of pressure, but the differences of pressure here are too small 
to account for the remaining 11 per cent. 

If we assume au atmospheric pressure at the time of the experiment 
equal to 740 mm., the increase of pressure due to the water column 
would be 170 mm. of water, equal to 12.5 mro. of mercury, which, added 
to 740, makes 752.5 mm., and this increase in pressure could reduce the 
.volume of the air if present only about 1.69 per cent; but this could 
effect an increase of 1.69 per cent in the flow only when the air was 
actual1y obstructing one-half of the passageway, a condition which does 
not seem probable. 

The next experiment consisted in shortening the same piece of appa
ratus to 24 inches by removing one section. In order to eliminate the 
influence of any progressive change which might occur there was a 
return to the original pressure each time after measurement of flow 
under a new pressure was made, and the results are given in the table 
which follows. 
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Table showing the relation of p1·essu1·e to flow of distilled water through 2 feet of wi1·e 
gauze contained in a brass tube. 

Cm. 

18 
17 
18 
16 
18 
15 
18 
14 

18 
13 
18 
12 
18 
11 

18 
10 

LU 

Flow in 10 minutes. 
empera-
ture. 

Observed. Computed. 

oo. Grams. Grams. 

22.1 754.3 754.56 
22.2 712.6 . ... --- ...... 
22.2. 743.7 737.89 
22.2 655.9 ................... 
22.0 731.9 712.08 
21.9 593.4 .... -- ..... -....... 

21.8 721.8 714.34 
21.7 555.6 ....................... 

21.7 717.5 705.19 
21.7 509.3 ....................... 

21.7 703.4 692.1 
21.7 i 461.4 682.2 
21.6 692.3 ....... -........... 
21.6 416.9 666.0 
21.8 677.9 .... -- ................ 

21.9 370.0 ....................... 

21.8 674.7 660.8 
21.8 330.4 ........................ 

Flow in 10 minutes. 
Pres- Tempera-
sure. ture. 

Observed. Computed. 

---
C1n. bO. Grams. Grams. 

18 21.6 672.7 652.95 
8 21.6 290.2 . ---- ........... 

18 21.4 663.7 642.6 
7 21.4 249.9 .. ... -- ..... - ......... 

18 21.4 656.7 636.60 
6 21.2 212.2 .. - ...... - ..... -..... 

18 21.2 653.1 632.52 
5 21.1 175.7 ...... - .. -......... 

18 20.9 640.8 618.75 
4- 20.8 137.5 ... ...................... 

18 20.7 638.9 588.8 
3 20.4 99.8 ........... :. ..... -- ... 

18 20.5 627.2 584.1 
2 20.6 64.9 .. -- ......... -...... 

18 20.8 634.1 592.2 
1 20.8 32.9 ... -............. -

........... .. ... - .. ---- .................... ··=J ....................... 

It will be seen that here too there is an increase of flow w-hich is 
more rapid than the increase of pressure, the observed flow at a pres
sure of .18 em. being 7.08 per cent greater than that computed from the 
observed flow at 1 em., while the percentage difference between the 
observed and computed flow is only 0.79 when the observed flow at 
16 em. pressure is used to compute what it should be at 18 em. 

The apparatus was again shortened until it had a length of one foot, 
and it was further modified by the introduction of two pre8sure gages 
1.5 inches from either end of the tube, and the results obtained appear 
in the table which follows. 
. 19 GEOL, PT 2--8 
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Table giving loss of head between gages A and B and flow of water th1·ongh 12 inches of 
1vire gauze in b1·ass t1tbe. 

I h Fir•t tdal. Second trial. Tbiffi tdal. =:=) 
Loss of \Loss of Loss of 

Tem- Pres- pres· Flow in Tem- Pres- pres- Flow in Tem· Pres- pres- Flow in 
per a- sure, sure be- 10min- pera- sure, sure be- 10min· pera- sure, sure be- 10 min-

wa· tween wa- tween wa- tween ture. ter. A and utes. ture. ter. Aand utes. ture. ter. A and utes. 

B. B. B. 
-------- -- ------------ --· ------

oo. Om. Om. Grams. co. Om. Om. Grams. 0 0. f!Jm. Om. G1·am11. 

14.1 1 0. 76 62.9 14.55 1 0. 79 62.8 15.00 1 0.82 63.0 

14.2 2 1. 50 126.1 14.65 2 I. 52 124.5 14.90 2 I. 69 126.6 

14.3 3 2. 24 189.3 14.90 3 2. 31 189.9 14.90 3 2. 39 188.4 

14.4 4 3:01 249.8 14.80 4 3.08 251.7 15.00 4 3. 21 251.5 

14.4 5 3. 77 ,324. 9 15.00 5 3. 79 320.6 15.00 5 4.00 314.8 

l4.4 6 4.52 395.0 )5. 00 6 4. 65 384.6 14.90 6 4. 78 377.3 

14.4 7 5. 31 450.1 15.00 7 5.43 450.0 14.90 7 5.52 439.9 

14.42 8 6.07 517.0 15.00 8 6.19 514.8 14.90 8 6. 32 504.4 

14.5 9 6.82 581.0 15.00 9 6. 97 578.7 14.60 9 7. 07 562.1 

14.5 10 7. 57 646.2 15.00 10 7. 73 642.5 14.70 10 7. 85 623.2 

14.6 11 8.33 712.2 15.00 ~11 8. 54 705.5 14.80 11 8. 63 685.8 

14.75 12 9.16 778.1 14. 8() 12 9. 33 762.6 14.80 12 9.47 749.7 

14.75 13 9.91 843.4. 14.90 13 10.13 826.0 14.. 85 13 10.26 810.0 

14.85 14 10.68 907.5 14.95 14 10.88 888.0 14.85 14 11.01 873.2 

14.70 15 11.47 973.4 15.00 15 11.67 948.9 14.90 15 11.85 934.0 

14.70 16 12.26 1, 037.5 15.00 16 12.47 1, 012.1 14.90 16 12.53 994.2 

14.70 17 13.03 1, 104. 0 15.00 17 13. 23 11, 082. 2 14.90 17 13.33 1, 055.8 

14.75 18 13.83 1, 165.8 15.00 18 14. 00 1, 143. 5 14.95 18 14.12 1, 118.5 

14.80 19 14.63 1, 23L 6 15.00 19 14.79 1, 206. 5 14.95 19 14.92 1, 178.0 

14.80 20 15.43 1, 296.2 15.05 20 15.59 1, 26!1.1 15.00 20 15.68 1, 238.6 

14.85 21 16.23 1, 357.4 15.10 21 16.38 1, 329. 1 15.00 21 16.47 1, 302.3 

14.90 22 17.04 1, 421.8 15.05 22 17.18 1, 390.7 15.00 22 17.28 1, 359.9 

14.80 23 17.85 1, 487.3 15.05 23 17.99 '1, 454.2 15.05 23 18.03 1,420. 5 

14.85 24 18.63 1, 550.0 15.10 24 18.,79 1, 513.8 15.00 24 18.82 1, 480.1 

14.90 25 19.42 1, 614.6 15.10 25 19.57 1, 574.1 15.05 25 19.63 1, 540.3 

14.95 26 20.26 1, 675.6 15.10 26 20.38 1, 634.4 15.05 26 20.40 1, 599.2 

14.95 27 20.89 1, 740.4 15.10 27 2L 25 1, 695.5 15.05 27 21.28 1, 660.2 

14.95 28 21.92 1, 802.4 15.10 28 22.06 1, 757.1 15.10 28 22.08 1, 718.2 

15.00 29 22.72 1, 866.9 15.10 29 22.90 1, 816.8 15.10 29 22. 8!i 1, 779. 6 

15.00 30 23.57 1, 929.4 15.20 30 23.70 1, 880.7 1~.10 30 23.67 1, 839.1 
I 

In th~se experiments and the foregoing the temperature was taken 
with the thermometer placed in the receptacle for maintaining the con
stant head shown in fig. 19, and the work was done in a constant tem
perature room built in a subcellar under the center of the physical 
laboratory, the light coming from electric lamps. The water used was 
distilled and kept in a closed copper reservoir suspended near the ceiling· 
of the room and having a capacity of about 1.5 cubic feet. The dis
charge from this reservoir was controlled by a cock, and the water 
discharged first into a filter of coarse sand and then into the overflow 
vessel shown in the cut. The water, after passing through the appa
ratus, was caught in glass beakers, weighed on a pair of torsion balances 
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sensitive to 0.1 gram, and then returned to the reservoir to be used 
again. 

To assist in making the fine adjustment of_ head, the bar carrying 
the overflow was provided with a joint which permitted it to be flexed, 
and thus to be raised or lowered very small amounts after the desired 
level had been nearly secured with the set screw. The pressures in the 
internal gages were read directly from the tubes, which carried a scale 
made from paper ruled in centimeters and millimeters, the sa~~ paper 
being used to make the scale -on the long inclined gage tube. The 
errors in reading the two internal gages are therefore likely to be 
greater than those for the other gage. 

FIG. 19.-Second apparatus of wire gauze, with two internal pressure gages; A, tube with wire 
gauze and internal gages; B, pressure gage; C, overflow with wier 4 and outlet 5; 7, set screw for 
adjusting head; 6, supply tube; 1, discharge wier with outlet 2. 

It will be observed from the table that there were still progressive 
changes going on in the apparatus, but these were not nearly so large 
as they were when the 2 feet of tube was used, the changes being in 
the opposite direction from those which occurred during the trials made 
with the full length of tube. 

We will now bring into another table the computed and observed 
flows, and also the computed and observed losses of pressure between 
the two internal gages. 
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Table showing mean tentperatm·e, p1·essure, loss of p1·essm·e between inte1·nal gages, and 
mean flow for ten minutes, together with the cornputed flow and loss of head between 
internal gages. 

I Mean loss of pres- I 
sure between in- Mean flow. 

Mean Mean ternal gages. 
Departure from law tempera- pressure, of Poiseuille. ture. water. 

Observed. Com- Observed. Com-
puted. puted. 

---------------

oa. Om. Grams. Grams. Gr.ams. Grams. Grams. Pet· cent. 

14.55 1 0.79 0.79 62.9 62.9 0.0 0.0 
14.58 2 1.57 1.58 125.7 125.8 - .1 .0795 
14.70 3 2.31 2.37 189.2 188.7 .5 .2650 

14.73 4 3.10 3. 16 251.0 251.6 - . 6 . 2385 
14.80 5 3.85 3.95 320.1 314.5 5.6 1. 7810 

14.76 6 4.65 4.74 ,385.6 377.4 8.2 2.1730 
14.76 7 5.42 5.53 446.6 440.3 6.3 1. 4310 
14.77 8 6.19 6.32 512.0 503.2 8.8 1. 7490 
14.70 9 6.95 7.11 573.9 566. 1 7.8 1. 378 
14.73 10 7.72 7.90 637.3 629.0 8.3 1. 320 
14.80 11 8.50 8.69 701.1 691.9 9.2 1. 330 
14.78 12 9.29 9.48 763.4 754.8 8.6 1.139 
14.80 13 10.10 10.27 826.4 817.7 8.7 1. 064 
14.88 14 10.86 11.06 889.5 880.6 8.9 1.011 
14 .. 86 15 11.65 11.85 952.1 943.5 8.6 . 9115 
14.86 16 12.42 12.64 1, 014.6 1,006.4 8.2 .8151 
14.86 17 13.20' '13.43 1,080.6 1,069.3 11.3 1. 057 
14.90 18 13.98 14.22 1:142.6 1,132.2 10.4 . 9187 
14.91 19 14.78 15.01 1,205.4 1, 195.1 10.3 . 8619 
14.95 20 15.57 15.80 1,268.0 1,258.0 10.0 . 7949 
14.98 21 16.36 16.u9 1, 329.6 1,·320. 9 8.7 . 6586 
14.98 22 17.17 17.38 1,390.8 1,383.8 7.0 . 5058 
14.96 23 17.96 18.17 1,454.0 1,446.7 7.3 .504!1 
14.98 24 18.75 18.96 1,514.6 1,509.6 5.0 .3311 
15.01 25 19.54 19.75 1,576.3 1,572.5 3.8 .2416 
15.03 26 20.35 20.54 1,636.4 1,645.4 1.0 .. 0612 
15.03 27 21.14 21.33 1, 69K 7 1,698.3 .4 .0236 
15.05 28 22.02 22.12 1,759.2 1, 761. 2 -2.0 .1136 
15.06 29 22.82 22.91 1, 821.1 1,824.1 - 3.0 .1645 
15.10 30 ~3.65 23.70 1,883.1 1,887.0 - 3.9 . 2067 L __________________ ~ 

The loss of head between the two internal gages, it will be seen, 
was very regular throughout the whole series. This fact is brought 
out clearly by column 4 in the table, which is computed on the supposi

. tion that the loss of head within the tube is directly proportional to 
the pressure as measured by the outer gage, and the 29 values in the 



KING.] FLOW OF WATER THROUGH WIRE GAUZE. 117 

column headed "Computed" are obtained by multiplying the first 
·number (0.79) by the pressures from 1 up to 30. 

It will be seen that these computed values agree very closely with 
those which were observed, but in every case are somewhat larger, 
though not uniformly so. In the column of computed flows the values 
are derived from the first observed flow by multiplying by the suc
cessive pressures under which the observed flows were produced. 

It will be seen that while the flow of water through this section con
forms quite closely to the law of Poiseuille tJ:tere is nevertheless a 
measurable departure from it which is too regular and persistent to be 
attributed to errors of observation. 

It is noteworthy that under pressures of 1, 2, 3, and 4 em. of water 
the departure fram the law of Poiseuille is not greater than 0.2 of 1 
per cent, but beyond this, and until a pressure of 22 em. is reached, the 
flow is on the average 1 per cent faster. The flow then comes closer 
and closer to the law, until finally a nearly complete agreement is 
reached at a pressure of 27 em. BPyond this point, however, although 
the agreement is very close, a departure from the law in the opposite 
direction is evidently setting in, and while this chap.ge is due in part 
to the slight apparent progressive decrease in flow through the appa
ratus, which is shown by the table of original data, this can hardly be 
responsible for the whole of the change. 

At a later time measurements were made of the flow of water through 
this section under much higher pressures, but these also differed 
among themselves through quite wide limits. In order to eliminate the 
effect of any progressive change which might occur, the flows were 
measured under alternately high and low pressures, but the results are 
placed in the table in the order of the pressures and are numbered from 
1 to 19 in the order of the experiment. Clear well water was used, 
filtered through the apparatus represented in fig. 30, and the pressures 
were taken as there described, but are here expressed in centimeters for 
comparison with the other results. 

The table which follows contains both the observed flows and those 
computed from the mean of the flows under the lowest pressure, 
assuming Poiseuill~'s law to hold good for the full range of pressures. 
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Table showing the flow of water th1·ough 12 inches of wire gauze in bmss tube. 

Observed Computed 
Percentag.e departu:l 

Number Pressure of Tempera- ln-
flow per flow per of trial. water. ture. minute. minute. 

Grams. Per cent. 

Om. oc. Grams. Grams. 

2 88.16 15.1 360.6 360.6 ... -...... --- .. --- .... -- ... 
20 115.9· 14.0 493.5 474.0 19.5 4.16 

4 147.4 15.4 707.6 602.8 104.8 17.39 

6 176.3 15.1 772.0 721.2 50.8 7.04 

8 201.6 14.9 881:3 824.6 56.7 6.88 

10 229.3 14.5 994.7 938.0 56.7 6.05 

12 259.9 14.7 ' 1, 111.6 1,063.2 41'- 4 4.55 

14 290.2 14.8 1,212.0 1, 186.6 25.4 2.14 

16 322.2 14.7 1, 315.0 1,318.2 - 3.2 - .24. 

18 490.9 14.5 1,876.0 2,008.1 -132.1 - 6.58 

17 . 525.7 14.7 :1,999.0 2,155.1 -156.1 - 7.24 
15 564.2 14.8 2,103.0 2,307.5 -204.5 -8.891 
13 581.6 15.1 2,212.0 2,378.7 -166.7 - 7.01 
11 639.1 15.1 2,326.0 2,614.1 -288.1 -11.02 
9 • 679.7 15.2 2,406.0 2,780.1 -374.1 -13.46 
7 714.5 15.4 2,504.0 2,922.1 -418.1 -14.31 
5 750.5 15.5 2,606.0 3,069.5 -463.5 -}5.10 
3 785.6 15.3 2, 679.0 3,213.3 -·534.3 -18.66 
1 88.16 14'.2 . -.. --- ---- .. - .. -... -...... .. ----- .. --- ----------

L 19 785.6 13.8 ------ -.. -- .. - .. -- .... --- ---- .. - ...... - ·----· -~ 
At a still later time, when freshly boiled water was being used to 

avoid the possibility of air clogging, t1;w flow of water was again 
measured through two sections of the brass tube filled with the gauze. 
The water when used was still quite hot, as the table shows. 

Table showing the flow of 1vater in grams pm· rninute th,-ough 2 feet of wiTe gauze in a 
bmss tube. 

I Observed flow at tern· Computed flow at tern-
perature of- perature of-

Pressure Tempera-
of water. ture. 

Experi- 15° c. Experi· 15° c. ment. ment . .. 
G1n. oc. Grams. Grams. Grams. Grams. 
90.94 54 487.5 224.7 487.5 299.2 

201.8 55 909.9 400.4 1,088.9 663.8 
311.5 55 1, 251.1 516.5 1,684:1 1,025.0 
411.5 56 1,460.3 672.8 2:138.4 1,354.0 
494.4 56 1,689.7 778.8 2,667.5 1, 626.0 

~ 
56 2,006.7 924.9 3,485.3 1,987.0 

3 56 2,1R6.0 1,007.3 3,665.0 2,380.0 
5 56 2,476.8 1,14:1.5 4,968.3 3,015.0 
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The data. of these two tables show an extremely wide departure from 
a. flow directly proportional to the pressure. Indeed, in the case of the 
2-foot tube there is a. departure of 19.67 per cent in passing from a head 
of 90.94: em. to 201.8 em., while under a head of 916.5 em. the observed 
flow is less than one-half that which is computed. 

In fig. 20 these observations have been plotted, using the pressures 
as abscissas and the flow as ordinates. In the lower portion of the 
cut the flows under the lower pressures are plotted, and conjectural 
ones are interpolated to meet the observations made under higher 
pressures, while in the upper portion the full curves are plotted on a 
more reduced scale. The straight solid lines are drawn at the slope 
which indicates a flow proportional to the pressure, and they express 
clearly the wide departures from the law which sets in at; relatively very 
low pressures. 

FIG. 20.-Curves of flow of water through wire gauze. Lines I, n, III show increase of flow, computed 
from Poiseume·s law, for sections 1, 2, and 3 feet long. Circles and crosses show observed flow. 
Abscissas indicate pressure in centimeters and ordinates flow in grams. 

The wire gauze was chosen for these trials as something which pre
sented passageways for the water sufficiently different from capillary 
tubes on the one hand and which yet insured some of the characteris
tics of the lines of flow which must exist in a mass of sand, at the same 
time precluding any rearrangement of parts either with the movement 
of water or with changes in temperature. 

FLOW OF FLUIDS THROUGH DISKS OF PERFORATED BRASS. 

The next piece of apparatus used is represented in fig. 21, and is made 
in such a manner that the flow takes place through a definite number 
of circular openings, all of the same size, and held rigidly in one position, 
which can not be changed. 
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Circular disks 1.5 inches in diameter were cut from perforated sheet 
brass, having openings 0.451 mm. in diameter, and so placed that 534 
perforations occupied a circle 1 inch in diameter. One hundred of these 
circular disks were brought together so as to form a cylinder, the disks 
being separated by br.ass washers, each 1.5 inches in diameter, having 
a circular opening 1 inch in diameter and cut from sheet brass having a 
thickness a little less than the diameter of the openings in the perforated 
brass. The center washer of the pile had a section cut from it so as to 
leave an opening through which the pressure might be taken out. In 
this condition the 100 perforated disks and the 101 washers were brought 
together in a vice and pressed firmly together, while the edges of the 
disks and washers were soldered together so as to form a cyiinder hav
ing 534 lines of perforations and 53,400 holes through which fluids could 
be passed; but as no effort was made to place the holes in lines the 
lines of flow would not be perfectly straight and parallel. 
' The figure represents the apparatus set up with five of the sections 

q.escribed, pJaced together end to end, each provided with a pressure 
gage, as shown. When used in this way- the fluid may be considered 
a:s flowing along 534 soll?ewhat parallel though not straight lines, each 
~tream being obliged to enter and emerge from 500 short capillary tubes, 
each having a length less than the diam,eter. 
: The first series of measurements of flow was made with kerosene 

instead of water in order to avoid the possibility of electrolytic action, 
which might possibly clog the boles, and the two end sections only 
were used. To avoid disturbances which the end influence might be 
supposed to make in the readings of the pressure, the overflow was so 
adjusted as to produce a difference of pressure between the centers of 
the two sections used of 1, 2, 3, and 4 em. of kerosene. This arrange
ment made the measuring of the pressure take place just 50 disks back 
from either end and measured the loss of head between 100 disks. 
The flow was measured under four pressures, and three 10-minute 
readings were takeJ?. in each case, giving the results stated below: 

Pres- Time. Tempera- Observed Computed 
sure. ture. flow. flow. 

Qm,_ lJ[inutes. oc. Grams. Grams. 

1 10 19.5 196.2 196.2 
2 10 19.6 392.5 392.4 

LU 10 19.4 589.6 588.6 
10 19.2 784.7 784.8 

The flows follow quite closely an increase proportional to the pressure. 
After these measurements of flow were made the full battery of 

pieces was set up, as represented in fig. 21, and the flow was measured 
under pressures of 4, 8, 12, 16, 20, and 24 em., and at the same time the 
pressures at the severa~ internal gages, A, B, C, D, E, F, and the exter-
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nal one, K, were also read and the results are given in the following 
table: 

Table showing 1·elation of press1u·e to .flow of kerosene th?'ough disks of perforated brass. 

r--
ill· Te 

pe 
tu 

ra-
re. 

c. 
17 

17 

17 

17 

17 

L 17 

Time. 

--
Min. 

10 

10 

10 

10 

10 

10 

Pressure. 

A B I c ,D E F K 

--------------
Om. Om. Om. Om. Om. Orn. Om. 

0.4 0. 9 1.5 2.1 2. 7 3. 3 4 
;8 1.8 3.0 4. 3 5'. 5 6.9 8 

1.3 2. 9 4. 7 6. 9 8. 7 10.4 12 

1. 7 3.8 6.3 9.3 11.5 14.1 16 

2.2 5.0 8. 0 11.6 14.3 17.5 20 

2. 6 5.8 9.8 14.3 17.8 21.0 24 

:Flow. jl Per-
centage 

Ob- I Com- d'pM& 
served. puted. ~ 

Grams. Grams. 

121.4 121.4 ~ ... -......... 
236.9 242.8 2. 430 

355.2 364.2 2. 471 

473.1 485.6 2. 574 

585.3 607.0 3. 575 

699.31 728.4 3. 995 

In this case the table shows that the flow does not increase so rapidly 
as the pressure does, the departure being nearly 4 per cent at a pres
sure of 24 em., while at 8 em. the departure·from the law is 2.43 per cent . 

.As the flow was so rap1d through this apparatus, and as there was 
so much danger of clogging from chemical action if water were used, 

·FIG. 21.-Apparatus of perforated brass disks. A, B, C, D, E, F, sections with internal pressure 
gages; G, H, discharge; I, J, supply; K, external pressure gage. 

there appeared to be little prospect of getting decisive results with it 
and it was abandoned. 

One of t~e sections, however, was mounted in the. manner described 
in another place and the flow of water through it was measured under 
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pressures ranging from 1 foot of water up to more than 50 feet; these 
measurements are given in the next table. 

Table Bhowing the 1·elation of p1'e88ure to flow of water th1·ough 100 diBkB of perfm·ated 
bra88. 

\· Flow p·er minute. I Flow per minu:l 

Tempera- Pressure Tempera- Pressure 
ture. of water. Com- ture. of water. Com-Observed. puted. Observed. puted. 

------------ ------------

oo. Feet. Pounds. Poun·ds. oo. Feet. Pounds. Pounds. 

11.0 1.0 1. 69 1. 69 9.75 11.0 9.42 18.59 
10.5 2.0 3.295 3.38 9.6 12.0 9~79 20.28 
10.5 3.0 3.725 5.07 9.6 13.0 10.27 21.97 
10.1 5.0 5.550 8.45 9.6 14.0 10.70 23.66 
10.0 6.0 6.420 10.14 9.6 15.0 10.98 25.35 
9.9 7.0 7.145 11.74 9.5 20.59 13.75 34.80 

10.0 8.0 7.800 13.52 10.6 33.96 17.99 57.39 
9.9 9.0 8.23 15.22 10.9 44.26 20.48 74.80 

I 
10.1 10.0 8.55 16.90 9.7 52.70 22.03 89.0~ 

Here it will be seen that the flow, after a pressure of 2 feet has been 
exceeded, falls far short of increasing in 'proportion to the· pressure. 

Air flowed through this same section under a constant pressure of 
1 em. and a temperature of 13° C. at the mean rate of 4,285.7 c. c. per 
minute as a mean of :five trials. 

FLOW OF FLUIDS THROUGH MADISON SANDSTONE • 

. In November, 1897, we had a piece of very friable Madison sandstone 
shaped· into a cylinder 4.2 em. in diamet~r and 4.7 em. long, and this 
was cemented into a piece of gas pipe provided with reducers and hose 
couplings so that it could be connected with the hose bib faucets on the 
several floors of the 'laboratory. Sulphur was used to seal the stone in 
the pipe, it being melted and poured around the specimen, thus mak· 
ing a water-tight joint between t.he metal and the stone. Two series of 

·trials were made with this specimen, which are recorded in the table 
below. Well water stored in ·a t'ank was used for these trials, and the 
apparatus was connected directly to the faucets on the several :fl.oors of 
the laboratory in order to vary the pressure in these preliminary trials. 
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Table showing relat·ion of p1·essure to flow of water through Madis01~ sandstone No. L 

I 
I I First series. Second series. 

Num- Tern- Pressure Num- Tern- Pressure ber of Time. pera- of water. Flow. berof Time. per a- of water. Flow. 
trial. ture. I triM. ture. 

--- --- -- --
Min. oa. Feet. a. c. Min. oa. Feet. a. c. 

1 10 24.1 32.333 3, 550 l 10 23.6 55.75 4, 860 

2 10 24.1 32.333 3, 300 2 lO 23.0 55.75 4, 820 

3 10 24.1 32.333 3,190 3 10 27.1 47.25 4,110 

4 10 24.1 32.333 3,108 4 10 24.8 47.25 3,'930 

13 10 24.1 32.333 2, 675 5 10 20.8 36.33 2, 570 

5 10 22 19.083 1,380 6 10 20.0 36.33 2,550 

6 10 22 19.083 1,410 7 10 18.25 23.083 1,410 

7 10 19 4. 833 260 8 10 16.0 23.083 1, 350 

8 JO 19 4. 833 250 9 10 13.5 8. 833 400 

9 10 23 43> 25 4,100 10 10 25.5 55.75 4, 520 

10 10 23 43.25 3,910 11 10 25.5 55.75 4,320 

11 10 15 51.75 4,440 
I 12 10 15 51.75 4, 400 

I L 
From this table it will be observed that the flow, besides varying with 

the pressure, also tends to decrease the longer the water is allowed to 
flow, and the proof of the decrease is found in the fact that a return 
to the original pressure shows a smaller discharge; but the surprising 
feature of this table is that it shows, in spite of the tendency of the 
flow: to decrease with time, a marked tendency to increase faster than 
the pressure. This fact is more clearly brought out in the table ne:x.t 
given, where the several flows under the same pressures haye been 
averaged and computed to a flow at a temperature of 15°, and the flow 
called for by Poiseuille's law is also computed from that which would 
have taken place under the lowest pressure in each series had the 
temperature been 15o. 

Table showing the relation of ·mean flow to pressure through Madi.son sandstone No.1. 

I 

~and oompu"" fiow, fi"t tdo~. 
Tern· I p Ob· Com-

Time. pera-
8
:::.- served puted 

tnre. flow. flow. 

---------------

Min. oa. Om. Grams. Grams. 

10 15 130.7 227.7 227,7 

10 15 581.6 1, 153.0 898.9 

10 15 985.4 2, 486.0 1,523. 0 

10 15 1,318 3,230 2, 038.0 

10 15 1,·577 4, 420 2,438 

10 15 269.2 406.1 406.1 

Mean and computed flow, second ~ 
~I Tern· Pres-Time. pera- sure. ture. 

---------

Min. oa. Om. 

10 15 703.5 
10 15 1, 107,0 

10 15 1,440, 0 

10 15 1, 699 

10 15 1, 699 

I Ob-
served 
flow. 

puted 
fiow. 

---

Grams. 

1, 298.0 

2, 203.0 

3, 023, 0 

3,875. 0 

3,379 

Grams. 

1, 061.0 

l, 670.0 

2,173 

0 
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The amount of departure of the flow computed from that which took 
place under the lowest pressure in each of the two series is shown by 
the departure of the two curves from the two straight lines I and II in 
fig. 22, where, did the Poiseuilleian law hold, aU observed flows should 
when plotted fall upon the two straight lines. It will be seen that the 
flow increases faster than the pressure in spite of the fact that there 
had been a progressive decline in the amount of discharge under like 
pressures. 

II 

FIG. 22.-Curves of flow of water through Madison sandstones No.1. Straight lines I, II, Poiseuil
leian lines; dark and light circles, connected by broken lines I, II, observed flow. Abscissas indi· 
cate pressure in centimeters and ordinates flow in grams. 

FLOW OF WATER A.ND OIL THROUGH ROCK, AS DETERMINED BY 

NEWELL. 

After the results just cited were reported to 1\'Ir. F. H. Newell, he 
kindly forwarded for examination a Thesis on the Geology of Bradford 
Oil Rocks; some Experiments Pertaining to their Struc~ure and Capac
ity to Furnish Petroleum, which he prepared in 1885. As this thesis 
contains the earliest experimental data with which the writer is ac
quainted bearing upon the relation of the flow of fluids through rock 
to pressure, some of these will be here cited, Mr. Newell having kindly 
consented to permit their free use. . 
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The apparatus which Newell _:finally adopted for obtaining his ex
perimental data is represented by :figs. 23 and 24 and the "preliminary 
tests" which he made with these pieces give the.r~sults which have the 
most important bearing upon the present discussion. 

The results :first presented were obtained with the apparatus .shown 
in :fig. 23, in which he used two pieces of stone from Amherst, Ohio, 
"probably from the Berea grit." 

The Amherst stone is a light yellow sandstone, quite free working, though showing 
well-marked lines of stratification. It is very porous and pervious, and was used 
because not only near at hand, but cut easily and was pervious enough to be used in 
thick pieces up to lt inches without difficulty. 

D c 

• 
FIG. 23.-First apparatus used by Newell in studying the flow of water and oil through rock. A, A, 

sample of stone; B, glass tube; C, supply; D, pressure gage. 

The grains are very uniform in size. It contains considerable clay and has very 
numerous spots of iron rust arranged in bands parallel to stratitication. 

The specimens were ground down to 0.5 inch and then cut into disks equaling the 
outside diameter of the short glass cylindrical tubes. Specimen A.5 was cut. with fiat 
faces at right angles to plane of stratification; A6 parallel to stratification. 

There is no statement in the paper giving the exact diameters of these • 
specimens, "Qut the drawing indicates that they were 1.5 inches. In 
making the tests distilled water was used, which was caught in beakers, 
and the am~unt flowing through was determined by weighing. The 
following tabl~. contains the data obtained from ten trials under :five 
pressures with each of the two specimens: 
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Table showing the 1·elation of pressw·e to flow of water through .Anthm·st sandstone, by 
Newell. 

Pressure. Flow along bedding plane A5. Flow across bedding plane A.6. 

Time: Total 
Mer· Wa· se~~e·d ob- Com-
cury. ter. served puted 

flow. flow. flow. 
Departure. 

Ob· To~al Com-
served se~v~d puted Departure. 
flow. flow. flow. 

-------------1-----1·--

Min. In. Om. G. c. G. c. G. c. c. c. Per ct. 0. c. G. c. G. c. G. c. Per ct. 

30 2 1. 72 ---····· .............. ----·· ............ 0.45 1. 06 . ....... .......... --······ 
3G 2 69 1. 56 3.28 3. 28 0. 00 0. 00 . 61 .......... 1. 06 0. 00 0.00 

30 3.48 --·----- ........... ........... , ................. 1.13 --···--· ........ ------ --------
30 4 138 3. 31 6. 79 6. 56 0 23 3. 51 1.13 2. 26 2.12 .14 6. 60 

30 8 7. 68 -------- ............. ------ ............... 2.62 -------- ------ ------ ............. 
30 8 276 6. 51 14.19 13.12 1. 07 8.16 2.49 5.11 4.24 .87 20.52 

30 16 15.08 ............. .............. ···-·· .............. 5. 79 .............. ....... -----· ····----
30 16 552° 11.92 27.00 26.24 .76 2. 70 4. 76 10.55 8.48 . ': ~: .. " . ., .. I 30 32 34.24 ............ ........... ............. .............. 11.14 .............. .. ....... 
30 32 1,104 32.90 67.14 52.48 14.66 27.93 10.74 21.88 16.96 4. 92 29.01 . 

It will be observed that the rate of flow through the stone was much 
faster in the section where the movement took place along the planes 
of stratification, and this is as would be expected if there was any dif
ference in the structure corresponding to the bedding planes, for if 
some layers were finer grained than others, or if certain layers were 
more completely silted up than others~ these would be the chief factors 
in determining the rate of flow through the whole specimen in the case 
where the flow is acroRs the bedding planes, because no more water 
could pass the more open layers than was able to pass those of the 
closest texture, but where the flow was taking place along the bedding 
planes each particular stratum could carry water in proportion to the 
coarseness of its texture, uninfluenced by any other. 

These observations, therefore, bring out one important principle, in 
that they show that, as a general rule, the rate of flow of water 
through rock will be r~latively more rapid along horizontal or slightly 
inclined bedding planes than across them. 

This principle is particularly important in its bearing upon the dig
ging of' wells of all kinds, for it emphasizes the importance of pene
trating as deeply as possible the water-bearing strata, not only to 
utilize a greater head, but to take advantage of the fao-t that water 
may approach the well faster under the same head when it can move 
along bedding planes. 

It is very clear from the table, in spite of the gradual retardation of 
flow which occurred with both specimens as the trials were repeated, 
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that the flow increased faster than the pressure, the percentage depar
ture in general increasing in both cases with the pressure. It will be 
seen that at a pressure of 1,104 em. of water the percentage departure 

c 

B 

FIG. 24.-Second apparatus used lly newell in studJing the flow of water an<l 
oil through rock. A, A, mounting for holding sample; B, same as A, natural 
size; C, mercury flask and bottle for varying pressure; D, fll!Sk for refilling C. 

was nearly 28 per cent where the flow was along the ~eddiug plane and 
29 per cent when it was across the stratification. 
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In :fig. 25 these departures are clearly shown by the straight and 
curved lines there plotted. 

The next series of experiments made by Newell were with kerosene, 
the apparatus repre~ented and described in fig. 24 being used. The 
rocks through which the flow took place were specimens A3 and A4 of 
Amherst stone, 0.5 inch thick. Specimen A3 was cut with its sur-

FIG. 25.-Flow of water through Amherst sandstone, A5 and A6. Straigl1t lines show theoretical 
flow; circles, observed flow. Abscissas indicate pressure in centimeters, ordinates flow in cubic 
centimeters. 

faces at right angles to the stratification, while A4 was cut with surfaces 
parallel to the stratification. Both specimens were 2 inches in diameter. 

The pore space of A3 was det.ermined to be 19.34 per cent and-that 
of A4 18.98 per cent. The oil used was kerosene, having a specific 
gtavity of 0.836. Newell states that tests made before those recorded 
in the following table showed that A3 was more. permeable than A4, 
but that it. must have become more easily clogged. 
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Table showing the 1·elation of pressure to flow of kerosene through .An~hers.t sandstone. 

I Pressure. Flow along bedding plane .A.3. Flow across bedding plane ~ 
Time. Ob· Com- Ob I Com Mer· Water. served puted Departure. served puted Departure. cury. flow. flow. - flow. tlow. 

------------
Min. Inches. Om. a. c. G. c. 

l 
G. c. Per ct. G. c. 

I 
· G.c. G. c. Per ct. 

3 98.3 13.9 13.9 0. 00 ......... 13.4 13.4 0. 00 ····---· 
2 6 197.0 26.9 27.8 - . 9 3.237 26.4 26.8 - .4 1. 493 

9 295.5 40.2 41.7 -'I. 5 3. 597 41.4 40.2 + 1.2 2. 91:l5 

2 12 394.0 52.0 55.6 - 3.6 6.475 56.0 53.6 + 2.4 4.478 

15 492.5 64.. 2 69.5 -5.3 7.626 75.0 67.0 + 8.0 11.94 

2 18 591.0 71.2 83.4 -12.2 14.63 in. 4 80.4 + 1.0 12.44 

21 
18 591.0 71.2 69.6 + 1.6 2. 2991 81.4 68.4 +13.0 19.01 

15 492.5 58.4 58.0 + .4 . 690 65.0 57 .. 0 + 8.0 14.04 

12 394.0 45.4 46.4 -1.0 2.155 50.0 45.6 ,+ 4.4 9.649 

2 9 295.5 33.9 34.8 - .9 2. 586 36.2 34.2 + 2.0 5. 848 

I 6 197.0 23.0 23.2 - .2 .862 24.0 22.8 + 1. 2 5. 263 I 
I 2 3 98.5 11.6 11.6 - 0.00 0.00 11. 4, 11.4 0. 00 0. 00 I 

. It is evident from this table that when the kerosene was flowing 
through the rock across the bedding planes the_ rate increased mor~ 

FIG. 26.-Flow of kerosene through Amherst sandstone, A3 and A4. Upper straight lines show theo
retical flow, first half of experiment; lower straight lines for second half. Circles and dots show 
observed flow; numbers show order of experiment. Abscissas indicate pressure, ordinates measured 
from the scale on the right the flow in the case of A3, and from the scale on the left the flow in the 
case of A4. 

rapidly than the pressure, and sufficiently so as not to be overcome 
by the clogging of the stone, which was in progress. On the other 

19 GEOL, PT 2--9 
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band, where the lines of flow -w:ere parallel with the bedding planes the 
fiow increased Jess rapidly than the pressure, and this was even true 
when the theoretical flows were computed from the last low-pressure 
observation, as shown in the lower half of column headed "Computed 
fiow." The flows are plotted in fig. 26. 

Another set of tests were made with these same specimens, in which 
Newell used "crude pipe-line oil" having a specific gravity of 0.848, and 
his results are given in the next table. 

Table showing the 1·elation of p1·essure to flow of m·u.de pipe-line oil th1-ough Amherst 
sandstone. 

Pressure. 
I 

Flow along bedding plane A3. Flow across bedding plane A4. I 
Th ne. 

I I Ob I Com 
Ob· Com· 

Mer· Water. served puted Departure. served }Juted Departure. 
cury. flow. :tlow. _____ i flow. tlow. 

--~--,-
n. Inches. Om. 0. c. 0. c. 0. c. P<r ct. 0. c. O.c. O.c. Per ct. 

1 6 197.0 2. 23 2. 23 0. 00 0. 00 4.50 4. 50 0. 00 0. 00 

1 9 295.5 3.13 3. 345 - .215 6.427 6.13 6. 75 -.62 9.185 

1 12 394.0 4.10 4.460 - .360 8. 072 8. 07 9. 00 - .93 10.33 

1 15 49~. 5 5.10 5. 575 - .4751 8. 52 9. 60 11.25 ·-1. 65 14-.67 

~I 18 591.0 6. 70 6.69 + .010 1. 495 11.37 13.50 -2.13 15.78 

21 689.5 7. 50 7.805 - .305 3.,908 14.20 15.75 -1.55 9. 84-1 
I 

1 24 788.0 8. 30 8. 92 + .62 6. 951 14.50 1s. oo· +3.50 19.44 

1 2-l 788.0 8. 30 4. 00 +4.30 10.75 14-.50 10.92 +3.58 32.77 

1 21 689.5 6. 60 3. 50 +3.10 88.57 12.60 9. 555 +3.045 31.86 

1 18 591.0 4.10 1 3.00 r70 56.67 9. !JO. 8.19 +1.71 20.88 

1 15 492.5 3.10 ! 2. 50 + . 60 24.00 7. 80 6. 825 + .975 14-.28 

1 12 394.0 2. 25 i 2. 00 + . 250 12.50 5. 75 5.46 + .29 5.311 

1 9 295.5 1. 50 ! 1. 50 . 00 . 00 4.20 4. 095 + .105 2. 565 

1 6 197.0 1. 00 1. 00 . 00 . 00 2. 73 2. 73 0. 00 0.00 r 

• 

In this set of trials the results are not decisive, because the rate of 
clogging is so rapid as to cover any tendency of the flow to increase 
more rapidly than the pressure. It is true, however, that were it admis
sible to average the two observations which were taken under the 
same pressure, in most cases the flow would appear to increase more 
rapidly than the pressure. The flows are plotted in fig. 27. 

After having made these tests with oil Newell again ret·urned to water, 
using a piece ("K") of red Triassic sandstone from the Connecticut val
ley, which is largely used as a building stone. "'fhe specimen was 
.comparatively fine grained, quite uniform in size of particles, and showed 
no stratification." 

The stone was 0.3 inch thick, 2 inches in diameter, and had a pore 
space of 13.10 per cent. . 

The other piece used ( '' B ") "was a yellow friable sandstone from 
Bradford, Pa., coming from one of the sandstone layers in the conglomer
ate below the Olean. It contained some clay and grains •,vere of irregu-
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lar size, well rounded." The thickness of the specimen was 0.54 inch; 
it was 2 inches in diameter and had a pore space of 15.34 per cent. 

FIG. 27.-Flow of crude pipe-line oil through Amherst sandstone, A3 and A4. Upper straight lines 
show theoretical flow, :first l1alf of experiment; lower straight lines for second half. Circles and dots 
show observed flow; numbers show order of experiment. Abscissas indicate pressure and ordinates 
flow. 

Newell made a long series of tests with these two stones, frequently 
reversing them to investigate the cause of clogging, and we select from 
his table the results of a number of tests under the several pressures 
used, as stated in the column "Number of trials." These we have aver
aged and have reduced them to a common period of thirty minutes. 

1-
m-Nu 

ber 
tria 

of 
1. 

5 
4 
2 

13 

Table sho-wing the ;relation of p1·essu?·e to flow of wate1· th1·ough sandstone. 

Pressure. Triassic sandstone "K." Bradford. sandstone "B.'" l 
Time. Ob- Com- Ob- Com-~ Mer- Water. served puted Departure. served puted Departure. cury. flow. tl.ow. :t!ow. flow. 

--- ------------

lJ:fin. Inches. Om. O.c. O.c. O.c. .Per ct. O.c. O.c. O.c. Per ct. 
30 6 197 10.1 10.1 0. 0 0.0 2.45 2.45 0.0 .............. 
30 12 394 35.625 20.2 15.425 76.19 5.863 4. 90 .963 19.65 
30 18 591 73.4 30.3 40.1 132.3 13.4 7.35 6. 05 82.31 
30 24 788 67.915 40.4 27.515 68.12 24.18 9.80 14.38 146.~ 
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In these cases there is a marked tendency for the :Bow to increase 
faster than the pressure, as shown in fig. 28. 

a---

FIG. 28.-Diagram showing flow of water through red Triassic sandstone, "B," and Bradford sandstone, 
"K." Straight lines show thE~oretical flow; dots and circles, observed flow. The upper section 
s)lows results after grinding down. Abscissas indicate pressure and ordinates flow. 

The two specimens were then ground d~wn so as to giY~ new and 
clean faces for the water to enter, and distilled water was used. '' K" 
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was ground down to a thickness of 0.25 inch and '' B" to 0.5 inch. These 
ar~ his results computed to thirty minutes from the first nineteen trials, 
when the pressures were increased step by step. The measurements 
under the low pressure were made first and the stones were frequently 
reversed, so tha~ the :flow took place first in one and then in the oppo
site direction. 

Table showing the relation of flow to p1·essure in sandstone after both faces had been 
g1·ound down. 

m-Nu 
ber 
trial 

of 
s. 

2 

2 

2 

3 

2 

2 

2 

2 

2 

Time. 

--

Min. 

30 

30 

30 

30 

30 

30 

30 

30 

30 

Pressure-

Ob-Of Of mer- water. served 
cury. flow. 

------

Inches. Om. O.c. 
6 197 65.0 

12 394 98.0 

18 591 127.25 

24 788 146.5 

30 935 169.3 

30 1,182 192.25 

48 1, 576 322.8 

60 1, 970 316.5 

72 2, 364 321.75 

Specimen K. Specimen B. 

Departure. Departure. 

Com- Ob- Com-
puted Cubic served puted Cubic flow. centime- Per fiow. flow. centi- Per 

ters. cent. meters. cent. 
/ ---------------

O.c. O.c. O.c. 
65.0 00 00 11.0 11.0 00 ·--····· 

130.0 -32 24.62 13.5 22.0 8.5 38.64 
195.0 - 67.75 34.04 17.25 33.0 15.75 47.73 
260.0 -113.5 43.05 19.25 44.0 24.75 56.25 
325.0 -155.7 47.91 38.5 55.0 16.5 30.00 

390.0 -l97. 75 50.72 52.75 66.0 13.25 20.08 
520.0 -197.2 37.92 94.5 88.0 6. 5 7. 386 

650.0 -333.5 51.31 141. 75 110.0 31.75 28.86 
780.0 -458.25 58.76 153.0 132.0 21.0 15.~ 

In this case the :flows have been quite irregular, and the relations of 
flow to pressure are also quite different from what they were before the 
surfaces were ground down. It will be noticed that the grinding of 
specimen K resulted in increasing the :flow through itmuch more· than 
could be expected from the making of the specimen thinner, and it may 
be that the departure from the law of capillary :flow in this case may be 
partly explained by the higher velocity with which the water was forced 
to traverse the stone. 

In the case of specimen B there was au increase of :flow following 
the grinding from 2.4 c. c. per thirty minutes to 11 c. c. in the same time, 
and while this higher rate was maintained the :flow did not increase as 
rapidly as the pressure did; but when the rate of :flow fell back to what 
it had formerly been the discharge again began to increase faster than 
the pressure, as it did in the first series of trials. Fig. 28 shows these 
results in graphic form. 

Finally, N ew~ll made a series of measurements of flow through a 
piece ''of. fine, rather hard Italian marble 2 inches in diameter and 
0.25 inch thick." The pore space of this stone was found to be only 
0.62 per cent. · For the :first six trials, given in ~he table below, the 
hydrant J)ressure with city water was used, but for the last three dis
tilled water with a constant pressure was again resorted to. 
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Table showing the 1·elation of pressure to flow of watm· th1·ough Italian mm·ble. 

Pressure. 

X umber Time. of trials. 
Mercury. Wate!'. 

------------

Minutes. Inches. Om. 

1 30 60 1,970 
1 30 72 2,364 
1 30 84 2,758 
1 30 60 1,970 

Li 30 72 2,364 
30 84 2,758 

Hydrant water. 

Observed Com-
fiow. puted 

fiow. 

------

O.c. C. c. 

1.29 1. 29 
1. 68 1. 648 
1. 995 1. 806 
1. 52 1. 52 
1. 80 1. 824 
2.01 

I 
2. 128 

DiRtilled ~ 
Observed 

fiow. 

---

0. c. 

1. 50 
2.13 

-- ....... --. 
1. 26 

--------
--------

Com-
putecl 
iiow. 

O.c. 

1. 50 
2. 10 

.... ----1 
~ 

In these trials the figures show that with the hydrant water the first 
set of trials gave a flow increasing faster than the pressure, and the 
second set of trials gave a flow slightly decreasing with the pressure, 
while with the distilled water the flow increased a little faster than the 
pressp.re. If we make a general average of the three sets of trials, 
computed to a thirty-minute flow, we shall have the following results, 
shown also in fig. 29: 

Table showing the pm·centage departure of obsm·ved fTom cornputed flow of water th1·ough 
Ital·ia.n mm·ble. 

[::: I 
---

Mean ob- Mean com-e. Time. servedfiow. puted fiow. Departur 

- ------ ~-----

e. 

., Om. 

1,970 
Minutes. O.c. C. c. Per cent. 

30 1.3925 1,3925 0. 00. 

L~ 
30. 1. 87 1.671 11.64 
30 2.0025 1. 9495 2.718 

NEWELL 

FIG. 29.-Diagram showing relation of pressure to fiow of water through fine Italian marble. 
Straight lines sllow theoretical flow; circles, observed flow. Abscissas indicate pressure and ordi
nates fiow. 
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It appears, therefore, from the data here presented from Newell's 
paper, that in the majority of cases the flow has increased somewhat 
more rapidly than the pressure. Indeed, of the 154 trials included in 
the tables constructed from his data 104 show a flow increasing faster 
than the pi.·essure, while 50 show the reverse relation, and 24 of these 
50 cases occur in the table of flows for specimens K and B after they 
had been ground down and placed under higher pressure heads-con
ditions which are known to establish similar relations of flow to pres
sure in capillary tubes which are relatively short, or where the pressures 
are high in proportion to diameter or length of tube through which the 
flow is taking place. 

FLOW OF WATER THROUGH 01'HER S.A.NDS1'0NES. 

In the present study of the relation of pressure to flow of water 
through sandstone longer sections have been used than those giving 
Newell's data, and, this being true, where other conditions are the same 
the percentage effect of clogging would be relatively smaller so far as 
clogging is a change which occurs near the surface of the specimen 
under examination. The apparatus used in this work consisted of a 
brass· cylinder 2 inches inside diameter, in which was cemented the 
specimen through which the flow was to be measured (see fig. 30). 
Sulphur was at first used as a cementing material; but it was soon 
found that changes in temperature resulted in checking the su1plttlr to 
such an extent as to permit a slight flow through it, and sealing w:ax 
was substituted. 

The method of cementing a cylinder of stone in place was as follows: 
One end of the brass cylinder was first closed by means of a brass 
disk covered with a lining of paper, both being he]d in place by coupling 
on another section, thus clamping the two rigidly between the shoulders 
of the two sections of brass tube. The lower end of the section of 
stone was then covered with a disk of close, thick felt and placed so as 
to rest upon the center of the brass disk referred to. A similar disk 
of felt was then placed upon the top of the stone and covered with a 
brass washer. The disks of felt were then pressed :firmly ripon the 
stone by means of a lever press, and after the brass cylinder bad been 
heated melted sealing wax was poured into the cylinder around -the 
stone. The object of the disks of felt was to prevent the cementing 
material from coming in contact with the .ends of the stone, and they 
were removed when the sealing wax was cool. 

Brass tubing was used instead of iron, because it was found that iron 
quickly rusted and caused a deposit upon the face of the stone which 
clogged the pores and interfered with the results. The flow of water 
through the several samples was measured during considerable inter
vals of time, without in any way altering the conditions, use being 
made of clear well water stored in a lead-lined tank, coated on the 
inside with a black acid and waterproof paint. 
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In order to guard further against sediment in the water, which might 
come from rusting at the ends or side of the water pipe, there was 
inserted a filter 6 inches in diameter and 14 inches long, which was 
filled with the best cotton batting cut into disks closely fitting the 

Fx~. 30.-Apparatus used to measure the flow of water through rock. A, sample and holder; B, 
water chamber; D, filter; E, supply pipe; G, H, mercury gage; I, reservoir; J, K, water gages. 

tube. These disks were thoroughly wet before being put in place and 
4 pounds of dry cotton were required to make the filter. 

The inside of the filter wall and the faces of the flanges were thor~ 
oughly protected with acid and waterproof paint before the cotton was 
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introduced. .All fittings used were of brass, and the specimen under 
examination in its jacket was connected directly to the filter, as repre
sented in fig. 30, D. 

Most of the pressures were measured with a mercury gage, repre
sented in the figure at G, H, where the readings were made by means 
of verniers to thousandths of a foot, the vernier disks being provided 
with mirrors to insure the proper position of the eye in reading the 
pressures. 

In some of the work the two check-gages shown in the figure, J, K, 
were used, which gave ·a direct .vertical column of water from the pres

. sure gage. The temperature of the water was measured in the col
lecting beaker as it was discharged. 

The first sample experimented upon in the brass percolator tube was 
a piece of Dunnville sandstone, No. 2, from the Potsdam horizon in 
Dunn County, Wisconsin. This rock is used. for building purposes to 
some extent and works easily. It contains many mica grains and some 
clay. The sample had a length of 5.1 em., a diameter of 4.02 em., and 
a volume measured by displacement under mercury of 65 c. c. Its pore 
space was 29.40 per cent as computed from 'its dry weight, 120 grams, 
and its specific gravity was 2~6162, determined by crushing the sample 
after the experim~nts and finding the specific gravity of the sand after 
boiling in water to expel all air. The effective size of the sand grains 
was 0.03635 mm., as determined after crushing, but as indicated by 
measurements of the stone itself it was 0.04912 mm. The grains of 
the crushed stone are shown in natural size in Pl. VII. 

When the sample was first connected with the filter the flow was 
3,230.4 grams during the first 150 minutes, but' at the end of 23 hours 
and 55 minutes continuous run it had increased to 4,856 grams under a 
pressure of 2.549 feet of mercury at a temperature of 19.2° 0., and at the 
expiration of this time the pressures were varied and the results given 
in the table below were obtained. The method used to secure different 
pressures was to partly close the stopcock leading to the filter and then 
to open the small cock (0, fig. 30) the ·amount required to give the 
pressure desired. 

Table showing the 1·elation of flow to p1·essure in Dunnvi-lle sandstone, No. 2. 

der of Or 
ex 
lli 

peri· 
ent. 

1 
4 
3 
2 
5 

TempeJ 
ture. 

---
0 0. 

19.2 
11.5 
14.6 
16.1 
13.3 

Pressure-

Of ruer- Of 
cury. water. 

--- ---

Feet. Om. 

2.549 1,055.0 
1. 6992 697.0 
1. 3818 566.9 
. 7226 296.4 
.276 113.2 

, 

Flow of water-

Atob-
served Com-

tempera- At 15o C. puted. 
ture. 

---------

Grams. Grams. Grams. 

485.6 438.8 284.5 
231.0 255.3 187.9 
182.4 182.4 152.9 
71.0 69.13 79.93 
29.0 30.53 30.53 

I 

Depar-
ture. 

---

Per cent. 

54.2 
3$.8 
19.2 

-1.3 
0.0 

Tiin~ of 
flo w. 

Mi n. 

1 
1 
1 
1 
1 

5 

5 

5 

5 

5 
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It is here seen that in all cases except one the observed flow when 
computed to a temperature of 15° 0. increases much faster than the 
pressure. 

With another sample of the Dunnville stone (No.1), having a length 
of 4.02 inches and a -diameter of 1.59 inches, or 4.02 em., a longer series 
of measurements of :flow was made, but not until water had been 
allowed to run through the specimen on several occasions for consid~r
able lengths of time. 

In the first set of ~rials referred to, the flow increased from 164.4 
grams at the beginning to 192.7 grams at the close, after six hours. In a 
second set of trials the flow started at 159.8 grams and closed at 206.2 
grams. At still another it started at 193 grams and closed at 236.8 
grams; all under a pressure of about 2.557 feet of mercury. These 
statements give a fair idea of the persistency of the :flow under like 
conditions and prove that the water reaching the specimen was so clear 
as not· to materially clog the stone. Before the data in the following 
table were taken there had probably been the equivalent of forty-eight 
hours' coutinuous flow through the specimen. 

Table showing the 1·elation of p1·essnre to flow in Dunnville sandstone .No. 1. 

I Flow. Departure from law 
<•f Poiseuille. 

-Order Tempera- l'ressure Time ObserYed of ture of of of flow.· Com- Com-
trial. water.; mercury. flow. puted to puted 

Gram~. .Per cent. 
15° c. from low . prossnre. 

----- --------------

oo. Feet. Min. Grams. &rams. G1·ams. 

6 18.9 2.492 15 176.7 159!6 117.0 42.6 36.4 
33 16. 1 2.457 15 186.7 186.0 115.3 70.7 61.3 
34 16.0 2.457 15 211.6 210.8 115.3 95.5 82.8 
35 16.0 2.457 15 215.2 214:4 115.3 99.1 85.9 

7 18.9 "2.3885 15 179.6 162.3 112. 1 50.2 44.7 
I 

10 18.2 2.298 15 176.8 164.4 107.8 56.6 52.5 

11 17.5 2.198 15 159.6 150.5 103.2 47.3 45.8 
14 18. 1 2.121 15 159.5 148.3 99.55 48.75 48.9 
15 17.8 2.014 15 153.2 142.4 ·94. 53 47.87 50.6 
18 18.0 1. 9~1 15 142.7 132.7 90. 16 42.54 47. 1 
22 17.0 1. 727 15 121.0 115.7 81.06 34.64 42.7 
23. 16.8 1. 633 15 117.3 112.2 76.6-1 35.56 46.3 

26 16.6 1. 549 15 107.6 103.8 72.70 31. 1 42.7 

27 16.7 1. 459 15 98.2 9-!.75 68.48 26.27 38.3 

30 16.3 1. 378 15" 94.1 90.80 51.37 '39. 43 36.7 

31 16.2 ).281 15 87.2 86.88 60. 12 26.66 44.3 

32 16.2 1.191 15 80.3 80.01 55.90 24.11 43.1 

lJ1 16,11 1.109 15 73.1 70.53 52.05 17.48 33.5 
16.5 1. 020 15 67.3 64.94 47.87 17.07 35.6 8 

I 
-----...1 
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Table showing the relation of pressure to flow in Dnnnville sandstone No. 1-Continued. 

empera-n.T 
j o~~~r ~~ ture of 

trial. 

25 
4 

21 
20 
17 
16 
13 
12 

L1 

water. 

oo. 
16.7 
16.7 
17.2 
17.3 
17.9 
17.9 
18.0 
17.7 
18.4 
18.6 

. 
Pressure Time 

of of 
mercury. flow. 

-----
Feet. Jfin. 

. 945 15 

. 8415 15 

.773 15 

.6965 15 

.6235 15 

. 532 15 

.471 15 

. 3755 15 

. 313 15 

. 2035 15 

Flow. Departure from law 
of Poiseuille . 

Observed 
flow. Com- Com-

puted to . puted Grams. Per cent. 
15° c. from low 

pressure. ___ , ______ 
Gra.ms. Grams. GramB. 

59.2 57. 12 44.35 12.77 28.7 
51.2 49.40 39.50 9.90 25.0 
45.8 43.79 36.28 7.51 20.7 
43.5 41.02 32.69 8.33 25.4 
36.1 33.57 29.26 4.31 14.7 
32.2 29.l:l4 24.97 4.97 19.9 
26.0 24.121 22. 11 2.01 9.0 
22.0 20.75 17.62 3.13 17.7 
13.8 12.65 14.69 -2.04 

~I 9.4 8.617 9.551 - .934 -9.7 

In this case the table shows a large increase of flow with increased 
pressure, and no exceptions apart from those at the lowest pressure, and 
which are in part due to the fact that in selecting a Rtandard for com
puting the flows from the pressures the mean of the last four flows and 
their pressures were taken in order to have a smaller probable error in 
this quantity. 

Work was next done with a set of two cylinders cut from the Madi
son horizon of the Potsdam sandstone No. 2, having a length of 7.78 
em., or 3.06 inches, and a diameter of 3.83 em., or 1.52 inches, with a 
volume of 87 c. c. as measured under mercury. 

Sample No. 3 bad a length of 4.08 em., or 1. 71 inches, and a diameter 
of 3.66 em., or 1.44 inches, with a volume measured under mercury of 
42 c. c. Both cylinders were cut with their faces para-llel to the bedding 
plane. 

Like the first sample of Marlison stone experimented with, the rock 
is of a very loose, friable nature; its grains easily fret 9ff under the fin
gers, and it can not be used for structural purposes of any sort. It is 
a quite pure quartz sand, with well-rounded grains, only slightly stained 
with- iron o:xide, and the crushed grains are shown in Pl. VII, over 
"Madison quarry." 

In conducting these trials the flow bas been measured by system
atically changing the pressure, :first from high to low and then from 
low to high, usually by steps as close to 0.01 foot of mercury as could 
be readily secured with the gage, and these results, arranged in tabular 
form, apppear in the following t~bles: 
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Table showing the ?·elation of pressure to flow of watm· through Madison sandstone No. 2. 

lonlerof Time. Tempera· Pressure of Observed Computed Percentage 
trial. ture. mercury. flow. ftow. departure. 

Minutes. oo. Feet. Grams. Grams. 

11 10 13.5 1. 8365 705.0 ...... -.... - ........ ... ... .. -- .... -- . 
12 10 13.5 . 306 80.5 117.4 31.4 
13 10 14.0 1. 731 645.9 ......... - ... -- ... ... .. .. .. . .. .. -- .. 

14 10 14.0 . 386 98.3 143.8 37.1 
15 10 14.3 1. 645 586.6 ......................... .. .. --- ....... --. 
16 10 14.3 .457 115.1 163.0 29.3 
17 10 14.4 1. 548 536.1 - ............... -.. . ... -......... -- .. 

18 10 15.0 .532 '136. 9 183.4 25.3 
19 10 15.1 1. 453 486.0 .. ... -... -... -- . ............... -.. -.. 

20 10 15.2 ."605 156.6 202.4 22.6 

21 10 14.2 1. 362 443.9 ..................... . .. .. -. -........ 
22 10 14.2 . 681 183.6 221.9 17.2 
23 10 14.1 1.270 396.8 ........ -........... .. .. .. .. --- ... -.. 

24 10 14.0 . 757 202.6 236.5 14.3 
25 10 13.8 1.184 359.5 .. ... -... --- ..... ......... -... -- . 
26 10 13.7 .838 231.2 254.5 9.1. 
27 10 13.6 1. 0925 324.7 . .. .. -........ -- .............. -- . 

L 
28 10 13.5 . 9185 256.0 272.9 6.1 

Table showing the_ relation of flow to pressure in Madison sandstone No.3. 

Order of Time. Tempera- Pressure of Observed Computed Percentage 
trial. ture. mercury. :flow. flow. departure. 

Minutes. 0 0. Feet. G?'ams. Grams. 

3 10 14.0 2.157 1,642.6 .................. -...... -..... -.. 

4 10 14.0 .119 49.0 90.59 45.9 

5 10 14.0 1. 96i 1, 581.2 .. .. -- ........ --. .... -.... ---- . 
6 10 14.0 .192 99.6 122.76 27.1 

7 10 14:3 1. 866 1,439.6 .. -............ -. .. ... -... -.. -- .. 

8 10 14.3 .253 121.1 195.24 37.9 

9 10 •' 15.2 1. 767 1,318.4 ............. --- ... -.......... --
10 10 15.4 . 342 I 132.2 255.10 48.1 

11 10 16.0 1. 661 1,176.6 . -................. ......... --- .. 

12 10 15.4 . 403 186.3 285.44 34.7 

13 10 15.4 1. 575 1,077.6 . ---- ...... ............... ----
14 10 15.4 . 479 220.2 329.7~ 33.2 

15 10 15.5 1. 476 964.0 . . -- ......... - ............... --- . 
16 10 15.4 . 553 248.0 361.16 31.3 

LE 10 14.2 1.394 897.6 ···········-~ 
8 10 14.5 . 680 300.5 437.85 31.3 
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Table shoiving the 1·elation .of flow to p1·essm·e in Madison sandetone No. 3-Continued. 

Order of Time. Tempera- Pressure of Observed Computed Percentage 
trial. ture. mercury. flow. flow. departure. 

Minutes. oc. Feet. Grams. Grams. 

19 10 14.4 1. 298 820.4 ................... .. -... -- .... -.. 

20 10 14.3 .710 322.2 44:7.73 28.0 
21 10 14:2 1. 203 728.0 . -......... -.. -. -- ... -............ 

22 10 14:.3 . 789 393.2 477.42 17.6 
23 10 14.3 1.121 64:5.6 ...... --- -- ..... .. ... - .. -... -- . 
24 10 14.2 . 870 '462. 0 500.51 16.1 

LJ 10 14.0 1. 04:3 577.4 .. -...... -... -.. --~ 6 10 14.0 .955 515.8 . 528.21 

In these tables we have computed each lower flow from the higher 
flow which immediately preceded it, in order to reduce the disturb
ing element which results from the progressive changes to as small a 
value as possible. As the probable errors of observation necessarily 
appear in larger percentages where the quantities measured are small, 
it has seemed best to use· the flow under the highest pressure as 
the basis for the values in the column of computed flows; bnt this, 
of course, makes the computed tlows larger than the observed flows, 
instead of smaller, as would be the case were the plan before used still 
followed. 

In these cases there ·is no exception to the ,flow increasing faster than 
the pressure, and the percentage departures are large, ranging from 
31.4 to 6.1 in the first to 48.1 to 2.3 in the second. 

The results obtained with the second specimen of Madison sandstone 
are given in the preceding table. At the close of the series given in 
this table the higher pressures used in the first part of the table were 
resumed in order to note what progressi've change may have taken 
place, and it was found that the mean flow of trials 3 and 5 compared 
with trials 2·7 and 28 gave 1,611.9 grams for the former and 1,611.0 for 
the latter, with the temperature in the former trials of 14° C. and in t"tte 
latter of 17.2°, while the mean pressure for the.earlier trials was 2.061 
feet and in the latter 2.11 feet of mercury. 

It appears, therefore, that there must have been a small decrease 
of flow during the experiment, which would tend to make the per
centage departures appear a little larger than they really are; but 
here again there can be no doubt that the flow bas increased faster 
than the pressure. · 

After these two trials had been made with the separate sections of 
the Madison sandstone, they were then coupled together and the flow 
was measured through the two pieces at the same time, thus giving 
practically a third sample having a length equal to the sum of the 
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two, 11.86 em. or 4. 77 inches, and the results obtained are given in the 
table which follows : 

Table. showing the 1·elation of flow to pressu1·e in the two Madison sandstones, Nos. 2 and 3, 
coupled togethe1· .. 

Order of Time. Tempera- Pressure of 
trial. tnre. mercury. 

Minutes. 0 0. Peet. 

29 10 18.5 2.425 
I. 30 10 ............ ---- .058 

31 10 17.9 2.344 
32 10 .......................... .192 
33 10 17.8 2.2585 
34 10 .................... . 269 
35 10 16.4 2. 179 
36 10 .... -- ...... -.. - . 346 
37 10 16.3 2.,083 
38 10 ....................... . 420 
39 10 15.9 1.989 
40 10 ··-- ............... .481 
41 10 15.2 2.446 
42 10 15. 1 2.446 

I 

43 10 1fi.O 2.446 
44 10 15.0 2.446 

Observed Computed 
flow. flow. 

G1·ams. 
' 

Grams. 

661.4 ....... - ... --- ... 

6.6 15.82 
618.6 ..... -............... 
33.8 50.67 

572.6 ..... -............. 

53.5 67.14 
527.4 .. - .. -- ............ 

67.6 83.73 
497.0 -- .. -... - -- .... 
82.2 100.21 

463.8 ----·-----
95.6 112.07 

597.8 ' .. --- ... - ...... -
606.6 ---------· 
615.6 -..................... 
619.2 ...................... 

: 

! 

: 

I 
I 

I 

p 
d 
er~entage I 
epartmre. 

·-
58.3 

·-
33.2 

--
20.3 

--
19.2 

. -
17.9 

14.6 

--
·-
.. 
.. 

In this case, as in the others, the flow increases faster than the pres
sur,e, and in a manner equally as marked. The last four measurements 
of flow taken under pressure of2.446 feet give a mean flow of609.8 grams, 
while the flow in trial 29, corrected to the temperature and pressure of 
the last four trials, is 611.5 grams, showing that the flow has remained 
nearly constant. 

If now we use the flows under the highest pressures in the last three 
tables as a basis for. computing the flows under all of the other pres
sures we shall have the results appearing in the table which follows. 
In this table the flows have been reduced to a temperature of 15o C. 
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Table showing the relation of flow to p1:essnre in cylindm·s of Madison sa11dstones u:lle1·e the 
.. computed flows a1·e all derived f1'07n the highest pressure. 

Madison sandstone No.2. j Madison sandstone No.3. J\iadi~on ~andstonel 
Nos. 2-3. 

Time !-----:------:---- -------------- --------

offiow. Ob-

jJlin. 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

.10. 

10 

10 

10 

10 

Pressure, ~<erved 
mercury. ·flow at 

15° c. 

Feet. 
1. 8365 

1. 731 

1. 645 

1. 548 

1. 453 

1-362 
1. 270 

1.184 

1. 0925 

. !!185 

. 838 

. 757 

. 681 

. 605 

. 532 

.457 

. 386 

. 306 

GTams. 
732.8 

662.9 

594.3 

543.2 

486.0 

455.6 

407.2 

a69. o 
335.3 

264.4 

240.3 

207.9 

188.4 

156.6 

136.9 

116.6 

100.9 

83.67 

Com
puted 
flow at 
15° c. 

GTams. 
732.8 

6!?0.67 

656.36 

617. 6fi 

579.75 

543.44 

506.73 

472. ·12 

435.91 

366.48 

334.36 

302.04 

271.72 

241.39 

212.27 

182.34 

154. oi 
122.09 

10 ............................ .. 

10 .......... 1 
.................. .. 

I 
10 ....••.... 1 •••••••••• •••••••••• 

10 I 
10 ::::::::::1:::::::::: ......... . 

L 10 -------·--!--------·· 

Ob
Pressure, l'erved 
mercury. flow at 

15° c. 

Feet. Grams. 
2. 157 1, 686. 0 

1. 964 1, 623. 0 

1. 866 1, 4!J9. 0 

1. 767 1. 3 L8. 4 

1. 666 1, 173. 0 

1. 575 1, 076. 0 

1. 476 962.3 

1. il94 921, 2 

1. 298 831. 2 

1. 203 747.2 

1. 121 654. 1 

1. 043 

. 955 

. 870 

. 789 

.710 

. 680 

. 553 

.479 

• 403 

.342 

. 253 

.192 

.119 

592.6 

529.4 

474.2 

398.4 

326.4 

304.5 

247.6 

219.8 

186.0 

132.0 

122.7 

102.2 

50.29 

Com
puted 

flow at 
15° c. 

Pres
. sure, 

mer
cury. 

Ob- Com-
served puted 
flow at flow at 
15° c. 15° c. 

Grams. Feet. I G1·am-s.l GTams. 

1, 686. o 2. 4.25 j6o6. 3 G06. 3 

1, 535.26 2. 344 575.1 586. 00 

1, 458. 65 2. 2585 532. 4 564. 63 

1, 382. 2612. 179 508. 9 544. 75 
1, 302. 31 2. 083 479. 6 520. 75 

1, 231.18 1. 98;) 462. 1 497.25 

1, 153. 79 . 481 95. 25 120. 25 

1, 089. 69 . 420 81. 90 105. 00 

1, 014.65 . 346 65.23 86.50 

040. 39 . 269 49. 75 67. 25 

876. 29 . 192 31. 43 48. 00 

815. :n 
746:52 

680.08 

616. ~6 

555.01 

531.56 

432.28 

374.43 

315.03 

267.34 

198. 77 

150. 09 

93.02 

. 058 6. 05 14. 50 

::::::::::::::::r:::::j 
With this method of presenting the data, there is also shown a very 

persistent and strong increase of flow over what would be required by 
the Poiseuilleian law as the pressure is increased. The results of this 
table are plotted in fig. 31. 

In order· to make sure that there could be nothing in the reading ·of 
the pressures which brought about this seeming contradiction of the 
law, and in order that tlte pressures might be read more closely, there 
was substituted for the mercury gage represented in fig. 30 a water 
gage, also shown in the same figure. This gag~ consisted of a straight 
glass tube rising directly above the cylinder carrying the section of 
stone through which the water was flowing, and the pressures were 
read by means of a target rod, reading by vernier to a thousandth of a 
foot. The target was provided with a mirror to secure the correct 
position of the eye in taking the readin'gs. · · 

In these trials, as in those just recorded, the fiQws were measured 
under first a high and then a low pressure in order to eliminate, as far 
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as possible, the effect of any prGgressive changes which might occur, 
and the results are recorded in the next table: · 

Table showing the relation of flow to p1·essure in cylinder of Madison sandstone No.2 
where p1·essures a1·e measu1·ed with water gage. 

Order of Time. ·Tempera- Pressure of 
trial. ture. water. 

I 

Minutes. 0 0. Feet. 

1 10 15.2 4.0 
3 10 16.1 3.9 
5 10 16.3 3.8 
7 10 16.4 3.7 
9 10 16.4 3.6 

10 10 16.4 1.1 
8 10 16.4 1.0 
6 10 16.3 .9 u 10 16.1 .8 

10 15.2 .7 
' 

Observed· 
flow. 

Grams. 

68.6 
66.9 
63.4 
60.5 
54.7 
13.3 
13.3 
12.5 
11.5 
10.0 

• 
• 

• 

Computed I Pomont>go I 
flow. departure. 

Grams . . 

• 

68.6 0.00 
66.9 0.00 
65.17 2.72 
63.45 4.65 
61.74 11.40 
18.86 29.49 
17.15 22.45 
15.43 18.99 
13.72 16.18 
12.00 16.67 

• 

.. 'I( 

• 

3 

FIG. 31.-Diagram showing relation of flow to pressure through Madison sandstone Nos. Z and. 3. 
Straight lines 2, 3, and 2+3 show theoretical flow for samples 2 and 3 separate and 2+3 coupled 
together; circleR and dots show observed flow. Abscissas indicate pressnre·and ordinates flow. 

It is thus seen that ·even with these comparatively low pressures, 
differing one from another by as little as one-tenth of a foot of water,, 
there still remains the same increase of flow more rapid than the 
pressure. 
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Both pieces of stone were again coupled together and the flows meas
ured through them, the water ga.ge being used to determine the pres
sures, and 'these results were secured: 

Table s7ww{ng the 1·elation of flow to p1·ess?u·e in C]Jlindm·s of Madison sandstone Nos. 2 
and 3 coupled together where p1·essu1·es are measured with watm· gage. 

• 

1-:: Ob:lerved I 
~~~~-P-r-es_s_ur_e_. l--fi--'o_w_. -I 

I Minu~f F'!'~ GTE' 

l_i----'---------': ~ _2U 
Here the computed flow for the low pressure derived from the mean 

flow for the high pressure is 15.9 per cent higher than the observed' 
flow under the low 1wessure . 

.Another set of four cylinders were cut from a very white and fine
grained ··block of the .Madison sandstone taken from the bottom of 
"Rock cut" on the Chicago and Northwestern Railway, south of the 
city. These cylinders were cut with their faces at right angles to 
the bedding plane, and the stone was so soft that it was impossible 
to work them into the desired shape and size until they were first 
thoroughly dried. 

Cylinder No. G, through which the flows recorded in the following 
table were measured, had a length of 7.61 em., or 3 inches, and a diam
eter of 3.28 em., or 1.28 inches, with a volume determined by immersion 
in mercury of 60 c. c. · . _ • 

As in the other cases presented, water was allowed to flow through 
this specimen continuously for more than twelve hours in order to bring 
it into a condition of steady :flow before the series of observations here 

· recorded was made, and during this time the flow had increased from 
30.3 grams in ten minutes, under a pressure of 2.445 feet of mercury, to 
49.9 grams under a pressure of 2.432 feet. 

It should be stated that· in making the changes from one pressure to 
another the flow was not stopped either during this series of measure
ments or any of those ~lready recorded. 

19 GEOL, P1' 2--10 
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Table showing the ?'elation of flow to p1·esszM·e in Madison sandstone No. 6. 

\order of Time. I Tempera- Pressur'e of Obsen·e<l Computed Percentage 
trials. ture. mercury. ilow. flow. departure. 

I 

. 11finutes. 0 c. Peet . Grams. Grams. 

~ 

I 
2 JO 21.2 2.387 48.1 48.20 0.21 
4 10 20.-9 2.305 45.9 46.55 1. 40 
6 10 20.3 2.234 44.1 45.11 2.24 
8 10 20.3 2.149 42.5. 43.39 2.05 

10 10 19.8 2.066 .40.2 41.72 3.64 
I 

12 10 19.9 - 1. 984 38.8 40.06 3. 15 
14 10. 19.9 1. 906 36.8 38.49 4.39 
16 10 19.9 1.829 35.0 36.93 5.23 
18 10 19.9 1. 764 33.4 35.26 5.28 
20 10 20.6 1. 670 31.5 33.72 '6. 58 
22 10 20.5 1. 592 29.1 32.15 9. 49 

I 
24 10 20.1 1. 505 26.7 30.39 12.14 
26 10 20.2 .556 6.8 11.23 39.45 
27 10 19.8 2.382 48.2 48._10 -.21 
25 10 20.3 1. 435 

I 

25.3 28.78 12.09 
23 10 20.2 1.375 24.0 27.77 13.58 
21 10 20.4 1.2V6 22.5 26.17 14.02 
19 10 20.6 1.223 20.9 24.70 15.38 
17 10 20.0 1.156 19.7 23.34 15.60 
15 10 19.9 1. 080 17.9 2-1.81 17.93 
13 10 19.9 1. 007 15.9 20.33 21.79 
11 10 19.8 . 930 14.4 18.78 23.32 

9 10 20. 1 . .848 12.3 17.12 2-9.15 
7 _10 20.1 . 774 9:6 15.63 38.58 
5 10 20.5 . 699 8.8 14.11 37.63 
3 10 2o.9 . 6155 6.9 12.43 44-.49 

L 
1 10 21.2 .518 4.9 10.46 53.15 

In this case there is a large percentage departure from the law, the 
flow increasing in a quite regular manner from less than 1 per cent to 
more than 50 per cent. In calculating the values in the column of this 
table headed "Computed flow" the data of trials No. 2 and No. 27 
were used, the mean of the two being taken. The very close agree
ment between these two measured flows shows that there had been but 
little if any progressive change during the experiment. 

Attention has already been called to the possibility that air retained 
in the stone might exert an influence leading to an increase of flow 
with an increase of pressure, and the results of observations on tubes. 
filled with wire.gauze where boiled water, yet ql;lite warm, was- used 
in order to avoid the possibility of air being carried into the apparatus 
and allowed to accu~ulate there, have been already given. 
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The morning following the day when the water was boiled tests were 
again made on the No. G l\1adisou stone with the boiled water. The 
flow began at a rate of 15 grams in ten minutes nuder a pressure of 
2.499 feet of mercury and a temperature of 19.8° C., but declined to 9.3o 
after twenty·fi ve Lours, and then increased gradu~lly until. a rate of 
28 grams was reached, at which lJOint it remained constant during a 
continuous run of ten Lours. The measurements given below were 
taken about ten hours apart, the flow having been continuous during 
more than twenty-four hours. 

Flow of boiled water tl11·ough Madison sandstone No.'6 duriug ten rninntes. 

I I ~~,u~of ·Temper- Observed Computed Percentage I 
1ercury. ature. :flow. fiow. departure. 

Feet. O{J. Gram.s. Grams. 

2.499 21.3 27.9 27.95 ...................... 

2.499 21.3 28.0 .. - .. -............... ---- ................ 

. 40\ 21.3 2.3 .. - ........ ---- ... ---· ........... --

. 401 21.3 2.3 4.485 48.72 

AFTER TEN HOURS' CONT1NUOUS RUN. 

LE. 17.5 27.9 27.9 --·;;: ;~··j 6 17.5 . 3.3 5.262 

There appears from these results no indication that the use of boiled 
water materially alters the relation of flow to pressure, for the percent
age departure is nearly as large as it was when ordinary filtered well 
water was used. 

Taking the obser.vations which were made by Newell in 1885 in con
nection with those of the writer here presented, this conclusion is clearly 
sustained: 

The flow of· 'LCater through sandstone does not co"! form to the law of 
Poiseuille between pressure gradients of 2.3 to 1 and 85 to 1, but increases 
faster than the pressure. 

. ' . 
It should be observed here that.these gradients are within the range 

of nearly all pumped wells where the water is lowered during pumping 
from 0.9 foot to more than 30 feet. 

FLOW OF WATER THROUGH SAND. 

In tliis investigation a very large number of measurements of the 
flow of water through sands of different sizes of grain and under differ
ent pressures have been made, and it is the purpose to discuss the 

· bearing of th~se data upon the subject here under consideration. ' 
In studying the relation of flow of water to pressure through sands 

three different forms of apparatus have been used, and these will now 
be described, in connection with the data secured, in the reverse order 
from which they were used. 
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The last apparatus used was a brass tube, in which could be placed 
a column of sand 5.95 feet long and 0.955 inch in diameter, provided 
with caps having a bottom of brass wire gauze of different degrees of 
coarseness to correspond with the size of the grains of sand under 
experiment. This apparatus,_when filled with sand, was placed in a 
horizontal position and connected with the filter represented in "Q.g. 30, 
the pressure being measured in the head of the filter next to the appa
ratus by connecting with the stopcock C. 

The sand was filled into the tube dry and thoroughly jarred until it 
settled no more; then the screen-covered end was placed under water 
and the air was exhausted from the sand by means of an air pump 
until the sand became filled with water. In this condition the appa
ratus was connected with the filter, care being taken to prevent any air 
from entering the apparatus. As the screen-covered cap prevented the· 
escape of the sand while it permitted the exit of the water, it was pm:;
sible to use any desired pressure in measuring the tlow. 

The first sands used in this apparatus were a set of 7 samples taken 
-from the Los Angeles River Valley, California, described in detail in 
another part of thi~ paper and shown in PI. VIII. It will be seen that 

. they are mixed sands having grains of quite variable size, which are 
at the same time not much rounded. The water ·was allowed to :flow 
through the sample for some time, and then a set of usually two flows 
under the same high pressure, alternating with a set of two flows under 
nearly the same low pressure, were taken. · 

The data obtained, corre-cted for temperature, are presented in the 
table which follows; but as there was always observed a marked pro
gressive decline in the flow, due to rearrangement of grains; the figures 
given are obtained by comparing the flows under two high pressures 
with the flow under the low pressure, which was taken between the two 
high-pressure flows, and then the two low-pressure flows which occurred 
on either side of a high-pressure flow were averaged as a standard with 
which to compare the single high-pressure flow. 
- The samples were investigated in the order in which they are num

bered, and it was discovered, when the finest-grained sample was put 
into the apparatus, that on account of the 1ength of the column of sand 
and the slow rate at which the water moved through it the time neces
sary to adjust the ·pressures in changing from one to another was not 
sufficiently long to enable the eftects of the preceding pressure to have 
vanished from the apparatus before the measurement of the flow under 
the new conditions was begun. This became evident when it was 

_ observed that in changing from a pressure of more than 2 feet of mer
cury to one of only 0.5 foot the flow frequently was larger under the 
low pressure-than it was under the high pressure-that is, when the 
water had been :flowing long enough under a high pressure for the 
movement to have extended through the whole coluru:g., then, when the· 
low p1~essure was quickly established and the receptacle for collecting 
the water was set in place, the water would continue to be discharged 
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under the high pressure already in the tube, as the water must neces
sarily flow out of the apparatus both ways until the pressure was 
equalized, and would then fall off until, at the free end, it became lower 
than the new pressure established. 

I 

It is quite certain that the results for sample No.3 are in error on 
account of this lagging of the pressure, which was discovered too late 

· to enable any all~wance to be made for it. It is evident that the effect 
would be to make the flow:s under the high pressures too low and those 

. under the low pressure too high, ·and hence tend to reverse the rela
tions of flow to pressure, just as they appear to be reversed in one of 
the trials of No. 3. 

It ha~ not been practicable to repeat these observations as yet, but 
it is fortunate that whatever error may have crept in on this account 
could tend only to reduce the departure from the generally. accepted 
law, making it appear less than it actually_ is. 

Table shou:ing the ?'elation of flow of water !o p1·essure th1·ou,r;h mixed sands. 

sa 

Pressure, mercury. Observed flow 
Com-under-

Imber Time Tempera- puted Percentage of flow for 
mJ)le. of flow. ture. low departure. 

High.- Low. High Low pressure. 
I pressure. pressure. 

-- ------ ---

Min. 0 0. Feet. Feet. Gram~~. Grams. Grams. 

~2.7095 .5625 72.1 13.0 14.97 13.16 
1 10 20.3 

26.31 ~2. 7095 . 579 66.7 10.5 14.25 

{2.702 . 579 91.0 10.57 19.50 45.79 
2 10 15.6 

2.702 40.33 . 550 82.35 10.0 16.76 
J2.694 . 606 25.35 5.4 5.702 5.296 

3 10 15.6 
l2.694 . 5873 23:9 5.4 5.21 -3.647 

{2.677 . 687 1602.7 145.5 154.7 5.948 
4 10 16.2 

2.677 . 6728 ;552. 2 122. 1 138.0 11.53 

{2.696 . 5825180. 26 13.6 17.34 21.57 
5 10 16.2 

2.696 . 5633 I 11.s 12.66 16.26 22.15 
j2.693 ·. 5876 130.2 24.33 28.41 14.36 

6 10 19.3 
l2. 693 .6083 120.4\ 23. 18 27.20 14.78 

L 
7 10 19 2.678 . 596 3.575 .5 . 7956 37.15 

I 

An inspection of this table shows that in every case where the lower 
flow is computed fron:i the higher, assuming that the flow increa-ses as 
rapidly as thepressure, we get a flow which is larger than that observed 
by amounts varying from 5 per cent to 45 per cent. It is true there 
is one exception to this statement in the 14 ·cases presented, but it is 
quite certain that this is apparent rather than real, for the reasons 
just stated. _ 

The second apparatus w;;ed is represented in fig. 52, which consisted of 
a galvanized-iron cylinder of 6 inches inside diameter filled with a sand 
sorted to one size, in the center of which was placed a drive-well point 
18 inches long and l,i inches in diameter. Water was admitted to the 



150 MOVEMENTS OF 'GHOUND 'WATER. 

sand at both ends of the cylinder, and after flowing through the sand 
escaped into the point and out of the apparatus. The pressure was 
measured at the uvper end of the cylinder only, the mercury gage 
represented in fig. qO being ·used. There were three of these pieces of-' 
apparatus filled with sands of three degrees of coarseness, adapted to 
the screen on the well points, .;hich were Gould's No. 90, No. 80, a11d 
No. 50. The effective diameter of the sand grains was 0.09531 mm. for 
the No. 90, 0.1717 mm. for the No. 80, and 0.2941 mm. for the No. 50. 

The apparatus was not designed to investigate the particular ques
tion under consideration here, but a portion of the data are brought 
into requisition now because they show bow the flow is related to the 
pre:o;sure. 

Two series of data obtained from well point No. 90 will be here pre
sented, the first being derived from an experiment where ordinary 
filtered well water was used, and the second from one where that water 

. had been boiled and was yet warm. 
On account of the tendency of the flow in these ,sands to become 

progressively slower as the experiment was prolonged, it became nec
essary here, as in other cases, to use alternately high and low pressures. 
In using the data to get the computed flow under the lower pressures 
from those under the higher pressures the aver~ge of the two high
pressure flows and the pressures standing next to a single low-pressure 
flow between them have been taken for making one calculation; then 
the second calculation is gotten by taking t,he mean of the two low
pressure flows which stand on either side of the single high pressure 
between them. In this way the values in the column beaded ''Com- · 
puted low-pressure flow" were obtained. 

Table showing the 1·elation of pressu1·e to flow through sands of ~rive-well point No. 90. 
p 

Combined flows under-
Com-

Time of Tempera- Pressure of Observed pnte!l Percentage 
flow. t.ure. mercury. fiow. High pres- Low pres- low-pres- departure. 

sure. sure. sure flow. 

---

Minute. 0 0. Feet. Po·unds. Pounds. Pounds. Pound8. 

1 21.4 0.2315 1. 050 ... -..... -- .. ................. .. .............. .... --·- --·· 
1 19.8 2.347 12.420 12.42 1. 273 1. 415 10.04 
1 18.7 . 297 1. 496 11.83 1.496 1. 512 1. 058 
1 16.8 2.300 11.240 11.24 1. 584 1.634 3.06 

1 16.8 . 3715 1. 672 10.71 1. 672• 1.773 5.696 
1 16.3 2.188 10. 180 10.18 1. 824 1. 900 4.001 

1 16.4 .. 445 1.'976 9.935 1. 976 2.263 12.68 

1 16.0 2.097 9.690 9.69 1. 514 1. 539 1. 625 

1 16.2 .221 1.052 10.35 1. 052 1. 024 - 2.675 

1 16.1 2.372 11.000 11.00 . 944 1. 009 6.444 

Li_ 16.4 . 214 . 836 11.56 .836 1. 042 --~~:7~---1 16.3 2.374 12.120 e oo oo--. I oo oo • ................. 
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Here it will be seen that in every case hut one the flows have increased 
more rapidly than the pressures, by amounts ranging from 1.6 per cent 
to 19.76 per cent of the computed low-pressure :flows. 

When hot boiled water was used instead of cold water, the results 
obtained were as shown in the next table. · 

Table showing the 1·elation of pressure to flow of warn~ boiled water th1·ough sand of well 
point No. 90. 

Comoined flows under.,- Com-
Time of Tempera- Pressure of Observed putecl P"oontagel low-pres-flow. ture. mercury. flow. High' pres- Low pres- sure departure. 

sure. sure. flows. 
---

Min~tte. 0 c. Feet. Pounds. Pounds. Pounds. Pounds. 

1 59 2.246 45.20 45.20 37.92 32.45 -16.84 
1 59 1. 614 37.92 .. - .. - .... --- .. . -.. -- ............ ................ .. ---- .......... 
1 59 1.614 37.24 37.24 22.40 27. 16 17.53 
1 58 1.177 22.40 ................ .. ... ... ... . .. .. -... .. ... - ..... -.... - .... -..... --- .. 

1 58 1.177 l 22.26 22.26 18.26 15.51 -17.73 
1 56 .820 18.26 .. -.. -- .. -...... ..................... -------- ., .... -.. - ........ 
1 56 . 820 18.08 18.08 9.92 11.42 13.13 
1 56 .518 9.92 . ---- ... -... ................... . -........ - .. .............. ----

Li_ 56 . 2325 1. 928 9.92 1. 928 4.453 56.71 
56 2.246' 22.40 22.40 1.928 2.319 16.86 

In tllis set of trials there are two exceptions; in six comparisons, to the 
general rule of flow increasing faster than the pressure. 

In the case of the No. 50 drive-weli point the series of observations 
permitted of but two comparisons, and these both give a flow increasing 
faster than the pressure, th~ results beipg as below: · 

Table showing the ?'elation of p1·essu1·e to flow throngh sands of drive~well point No. 50. 

High pres·· I Low pres- Com-
Temper- Time. sure, mer- sure, mer- High-pres- Low-pres- puted Percentage 

ature. cury. 

I 
cury. sure flow. sure flow~ low-pres- departure. 

suretlow. 

I~ Minnte. Feet. Feet. Pounds. Pounds. Pounds. I 
l2 1 1,.513 0.2875 49.74 8.70 9.452 

~ .1 1. 513 . 2848 48.24 8;,825 9.080 7 8 

For some reason which has not been discovered, all measurements of 
flow through the sand of drive-well point No. 80 were quite irregular, 
and the rate of flow declined very rapidly as the experiment progressed. 
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The results of ~the meaRurements of. flow of warm boiled water thr<;>ugh 
this point are given in the 'tablf3 below: . 

Table showing the ?·elation of P''essu1·e to flow of wa1·nt boiled watm· through sand of d?·ive
well point No. 80. 

e of Tim 
fl. ow. 

Mi nute. 

1 
1 
1 
1 
1 

1 

L 
1 

Temper-
ature. 

o a. 
56 
56 
57 
57 
57 
57 
57 

Pressure of Observed 
mercury. fiow. 

Feet. Pounds. 

1. 816 39.79 
.245 5.71 

1. 821 39.40 
.226 4.58 

1.903 I 38.44 

.21251 4.33 
1.905 37.04 

Combined fiows under-
Com· I 
puted Percentage 

High pres- Low pres· low pres· departure. 
sure. sure. sure. 

Pounds. Pounds. Pounds. 

.................. . .. --- .. - -- .................. -6.888 
39.60 5.71 5.342 - .979 
29.40 5.745 5.095 3.051 
38.92 4.58 4.724 - .564 
38.44 4.455 4.430 -·2.85 
37.74 4.33 4.210 ................. 

·········· ·····----- --~---·· -------~ 

. In these flows, with one exception, the rate de.creased faster than the 
pressure rather than increased, as was the case with the other two weli 
points. 

The first piece of" apparatus used to study the flow of water through 
sands was adapted to investigate the movements under only relatively. 
low pressures, and is represented in fig. 41. 

This ·apparatus. proved very satisfactory for what it was intended, 
except where the flow was very small. In such cases the water would 
tend to round hp at the top of the soil tube before overflowing and tllen 
discharge in a body, which was liable to make successive measure-. 
ments alternately too high or too low. Besides. this the heaping up of. 
the water tended to reduce the effective pressure by that amount, 
while the establishment of the true zero of the pressure gage to a small 
fraction of a millimeter was made more difficult and uncertain. 

The pressures with this apparatus were all measured with a water 
gage, and could be read to one-tenth of a millimeter by direct obser
vations made possible by the inclined attitude of the gage, which was 
usually so placed as to rise 1 in 10, as represented in the figure. 

The experiments were conducted in the constant temperature room, 
where the maximum change during a day was seldom equal to 10 C., 
and care was also .taken to leave the apparatus with its contents in the 
room at least twelve hours before beginning measurements . 
. . The sand was filled into the apparatus in an air-dry condition in 
small amounts at a time, each filling being gently tamped. with a broad, 
flat disk. To expel the air, boiling water was run through the sand 
from the bottom upward under a low pressure continually during one
half an hour. The gas was then shut off from the water and the flow 
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maintained until the temperature had fallen to nearly that of the room, 
when the apparatus was taken to the constant temperature room to 
remain twelve or more hours before work was begun wit.h it. 

The sand used for the observations given in the following table was 
composed of medium-sized grains of variable size, but well rounded 
and thoroughly washed in running water until it came away· clear 
when the sand was being stirred. · 

As it is important.to know what variations of flow may occur under 
the conditions of such a piece of apparatus, nearly the full series of 
observations made with this ·sand are given: 

' , 
Table showing the 1·elation of low p1·ess·ures to flow of distilled ivatm· through sand. Tirne, 

ten ntinutes. 

------------------------------
oa. Grams. oa. G1·ams. 0 0. Grams. oa. G1·ams. 

1 I 12. 8 79. 4 79. 4 . 0 0. 0 ° • 00 ..... 0 .... 00 ......... 0 •••••• 0 ...•• 0 0 13. 6 77. 9 77. 90 

2 12. 85 153. 8 76.9 13.4 150. 0 75. 0 13.7 158.2 79.1 13. 65 157.1 78.55 

12. 9 235. 1 7R. 3 ... 00 0 .. o 00 o ... 0 ... 00 0.. 13. 7 236. 0 78. 66 13. 70 2°32. 5 77. 50 

4 12.9 303.8 75.9 13.5 306.8 76.'i0 13.7 313.2 7~.30 13.70 30807 77.17 

5 13.0 378.4 75.7 Ooooo•• ooOoOooooo ooooooo 13.7 393.8 78.76 13.70 389.1 77082 

6 '13. 0 457.4 76.2 13. 5 465. 4 77. 56 13.7 474.5 79. 08 13.75 466.8 77.80 

13.05 524.3 74.9 o•••••· OoooOOOOOo ....... 13.7 554.0 79.14 13.80 547.8 78.2fi 

13.1 611.1 76.4 13.5 624.7 78.09 13.7 634.0 79.25 13.83 627. 9 78.49 

9 13.2 690.7 76.7 oooo•o-ooooOOoooooooo--· 1il.75 712.G 79.18 13.90 709.7 78.85 

10 13.2 769.4 76.9 13.4 781.7 78.17 13.75 791.1 79. 11 13. 90 781l. 8 78.68 

~~ ~:: ~5 :~:: ~ ~~: ~ 0 ~;: ~~ T 0 .. ~~;:; 0 0 ;~: ~~ _ ~:: ~5 !~~:: ~:: ;~ ~:: :~ :::: ~ ~::.~~ 
13 13.1 1,008.!J 77.6 ..... oo .... 00 ........ 000 .............. o••···· 13.90 1,032.1 79.39 

:: :! :' :: ::::~ ;: : 13 ~- ... ~:'~: 8 78:61.1::::::: ::::: ::::::1 :: ~· :: :~:: ;: :: 
16 13.3 1,253.6. 78.3 13.4 1,258.7 78.67, ....... ooOOOoo,oOoOOOO 14.0 1,272.4 79.52 

:: :::: ::::::: ~::: ;;:;; ··;:;;;:;· ·;;:;;r:::: :::: !::::: :::: ::::: :: ~ 
19 00 .. -- . 0 00...... . • .. . . 13. 45 1, 498. 1 78. 84 .. 00. 0 0 0 ........ 00. 00 14. 05 1, 5150 8 79. 78 

20 ...... 0 00....... •• .. .. 13. 45 1, 577. 0 78.85 ....... -- .. 0 .... --... 14.05 1, 595.4 79.77 

21 0-- .... 0 .... 00 .. --00.. 13. 4 1, 658. 6 78. 98 .. -- .. 0 0 ... 00 0 .. .. .. • 14. 05 1, 676.5 79. 83 

22 ------·OOOooooooOooooO 13.5 1,737.3 78.97 ooooooooooooooooOOOoo 14.10 1,76()02 80.01 

~! ::~~~~: :~::::::: :::~:: ~::: ~::~~:: ~::~~ '::::::: :::::::::::::: ~~:~ ~::~0::~ ~~~:: 
25 0 ..... 0 00 ...... 0 .. .. .. 13. 55 1, 980. 7 79. 23 .. 00 ............ 00 .. 0 14. 1 2, 004. 8 so. 19 

26 ~...... .. • .. . . • . . • • • • • 13. G5 2, 062. 7 79. il3 ...... 0 ......... 0.... U 1 2, 088. 7 80. 34 

27 ...... 0 . .. .. .. .. . .. .. . 13. 65 2, 145. 4 79;46 -- .... 0 0 ........ 00 .. 0 14. 1 2, 172. 9 80.48 

28 ....... 00 ....... --.... 13. 75 2, 233. 3 79. 76 . • • .. .. • .. • .. .. 14. 15 2, 255. (j 80. 56 

29 ooooOOo ............... 13.70 2, 311.9 79.72 ..................... 14.2 2, 343.9 8(). 82 

30 ....... 00....... 13.7 2,395.0 i9.83 ...................... 14.2 2,424.8 80.83 
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Before the observations recorded in the preceding table were begun 
a preliminary set covering a full day had been made to familiarize the 
operator with the apparatus and the method of work. It should be 
further stated that the flow of water through the sand was coutinuous 
from the beginning to the end of a set of observations except as work was 
stopped for dinner or for the day, and that the percolator always stood 
full'of water, so that there was no possibility that any air other than 
such as was absorbed in the water could get into the sand. 

When these trials had been completed, another set was made, alter
nating from high to lower pressures, in order that the effect of progress
ive changes might be elimin~ted, and the table below contains the data 
derived from these: 

Table showing the relation of low p1·essu1·e to flow of'distilled water tl11·ough sand; fifth 
t1·ial. 

Time of T=p"~ j p,.,.u,.. I Observed Flow divided Number 
, flow. ture. of water. flow. by pressure. of trial. 

Minutes. oo. Om. I Gmms. 

10 14.0 2 155.1 77.55 1 
10 14.0. 30 2,398.3 79.94 2 
10 14.05 15 1,195.0 79.66 3 
10 14 .. 15 2 157.3 78.65 4 
10 14.20 30 2, 421.7 80.72 5 
10 14.20 15 1, 201.2 80.08 6 
10 14.20 2 158.9 79.45 7 
10 14.25 30 2,423.7 80.79 8 
10 14.25 15 1, 189.2 79.95 9 
10 14.30 2 158.4 79.20 10 
10 14.30 30 2,425.6 80.85 11 
10 14.30 15 1,203.0 80.20 12 
10 14.30 2 159.3 79.65 13 

. The preliminary trial with this sand was made March 26, 1897, the 
first trial March 27; the second and third trials on the 29th; the fourth 
on the 30th, and the fifth on the 31st. At this point the apparatus was 
allowed to stand in the constant-temperature room undisturbed in any 
way until April10, when a sixth trial was made, in which it was the· 
purpose to extend the series to as high a pressure as was possible with 
the apparatus. The gage waS'Jgiven a less steep slope, such that for 
every 10 em. of the scale there was an actual increas·e of head of 3 em., 
and the pressures were varied by ·successive steps of 1.5 em. up to 
~7.5 em. In attempting to adjust the pressure to 39 em. sand was forced 
over, thue bringing the series to a close. The results are given in the 
next table: 
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Table 8howing the 1·elation of low JJre88UTe8 to the flow of diBtilled u:ateT tlwough Band,· 
Bixth t1·ial. 

Time I Temper- Pressure Observed Flow divid-:J 
of flow. ature. of water. dl.ow. by pressure. 

• Minutes. o(J, Centimeters. Grams. 

10 15:4 1..5 122.7 81.80 

10 15.4 3.0 244.0. 81.33 

10 15.4 4.5 366.1 81.36 

10 15.4 6.0 487.4 81.23 

10 15.35 7.5 610.8 81.44 

10 15.4 9.0 737.1 81.90 

10 15.45 10.5 858.3 -81.74 

10 15.4 12.0 980:6 81.70 

10 15.4 13.5 1, 100.0 81.48 

10 15.4 15.0 1,224.9 81.66 

10 15.4 16.5 1, 346.8 81.56 

10 15.45 18.0 1,470.1 81.66 

10 15.5 19.5 1,592.2 81.65 

10 15.55 21.0 1, 711.3 81.49 

10 15.5 22.5 1,832.5 81.44 

10 15.5' 24.0 1, 954. ~-{ . 81.43 

10 15.5 25.5 2,079.4 81.54 

10 15.5 27.0 _2, 202.2 81.56 

(a) (a) (a) (a) (a) 

10 14.8 27.0 2,132.3 78.96 

10 15.0 27.0 2, 136.4 79.11 

10 15.0 28.5 2,246.9 78.84 

10 15.0 .30.0 2, 361.3 78.71 

10 15.0 31.5 2,472.1 78.47 

10 15.0 33.0 2,585.6 78.35 

10 15.0 34.5 . 2, 689.4 77.95 

10 15.0 36;0 2.816.6 78.24 

10 15.0 37.5 2,~84.0 79.5~ 
'-

a Thirty-six hours' time intervened here, but otherwise no known cause for change of rate excep1 
the change of temperature whiuh table shows. 

If the data of the fifth trial are combined in such .a manner as to 
eliminate the effect of the progressive change which is apparent, it will 
be possible to see whether the flow is increasing faster than the pres
sure, as it was found to do under the higher pressure to w_hich the Los 
Angeles ~ands were subjected. To do thi_s three compariso11s are made, 
first, the 30 pressure with the 2 pressure; second, the 15 pressure with 
the 2 pressure; and, third, the 30 pressure with the 15 pressure. 
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In making the comparison, two high pressures on opposite sides of a 
low pressure or two low pressures on opposite sides of a·high pressure 
are averaged and the results appear in the'next table. 

Table showing the 1·elation of low pressu1·es to the flow of 1oate1· through sands. 

Trials compared. Observed Computed Difference. Percentage 
flow. tlow. departure. 

Pressures of 30 em. compared 

with2 em. 
1 and 4 with 2. ________ .. _ 156.2 159.88 3.68 2.30 
2 and 5 with 4. _____ : ~ ____ I 157.3 160.66 3.37 2.10 
4 and 7 with 5 ____ ---- ____ i 158.1 161.44 3.34 2.07 
.5 and 8 with 7------ ______ 158.9 161. 51 2.61 1. 62 

7 and 10 w~ th 8 .... _ . ·- _ . " . I 158.65 161.58 2.93 1.81 

8 andll with 10 .... : ..... 158.4 161.64 '3.24 2.01 

10 and 13 with 11. ........ 158.85 161.70 2 .. 85 1. 76 

Pressures of 15 em. compa.red 

with 2 em. 

3 and 6 with 4 ~- .... - - -- .. 157.3 159.71 2.40 1.50 
4 and7 with 6 ...... _ _. ____ 158.1 160.16 2.06 

I 
1. 29 

6and 9 with 7 ...... ... : .. 158.9 '160. 03 1.13 .71 

7 and 10 with 9 ........... 158:65 159.9 1. 25 . 78 

9 aud 12 with 10 .. ·--- .... 158.4. 160. 15. 1. 75 1. 09 

10 and13 with 12 ..... ---" 158.85 160.4 1. 55 .97 

Pressures of 30 em. compared 

with 15 em. 
2 and 5 with 3 ........ __ .. 1,195.0 1,205.0 10 . 83 
3 and 6 with5 ........ ____ 1, 198. 1 1,210.85 12.75 1. 05 

5 and 8 with 6: ........... 1,201..'2 1,21~.35 10.15 . 84 

6 and.9 with 8 .... ---· .... 1,200.25 1, 211. 81) 11.60 .95 

8 and 11 with 9. ··---- ---- 1,199.3 1,212.32 13.02 . 96 
9 a.nd 12 with iL ... ____ .. 1, 201.15 1,212.8 11.·65 1. 07 

There is here no exception to the rule of flow increasing faster than 
pressure, and we are forced to conclude that under the conditions of 
these experiments the flow of water through sands under low pressures 
is not proportional to the pressure. 

Three independent sets of experiments have now been presented in 
which quite different forms of apparatus were used under widely 
different pressures and with wiQ.ely different sands, both as to size of 
grain and character of grain, and yet there is an essential agr~ement 
among them all in showing that t~e flow of water through these sands 
increases faster than the pressure. · 

In the apparatus of the last experiments we have a column of sand 
12 inches or 30.4816 em. long, and we find that with a pressure gradient 
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of 30 em. to 15 em., or of 2 to 1, there is an observed departure from 
Poiseuille's law amounting to 1.5 per cent. In the apparatus used with 
the Los Angeles sands we bad .a length of column of 181.356 em., or 
5.95 feet, and when the pressure gradient ro~e at the rate of nearly 
1 to 1, as compared with a, rise of 6 to 1, the flow increased faster than 
the pressure by amounts ran·ging from 5 to 26 and even 37 per cent. 

FLOW OF AIR AND WATER THROUGH SANDS, SANDSTONES. AND 
OTHER POROUS MEDIA. 

As the work of Graham and 0. E. Meyer relating to the flow of air 
and gases through capillary tubes is held to have demonstrated 'that 
the laws of Poiseuille also bold for air, the inference appears legiti
mate that if the laws of capillary flow hold for water through soil they 
should also hold for air, and since the experiments' made in connection 
·with this inquiry have failed to show a complete agreement with the 
law in a study of the flow of water, it was deemed desirable to measure 
the flow of air through some of the same media under different pres
Sures, to see whether the flow of .air through soils does or does not con
form to the Meyer-Pol.seuille law. 

Accordingly, a large number of measurements of the flow of air 
through sand, sandstone, .shot, and other ~1edia have been made, smile 
of the results of which will now be presented. 

FLOW OF .A.IR 1'HROUGH POROUS MEDIA UNDER LOW PRESSURE. 

The results :first presented are those obtained by measuring the flow 
of air through a column of sand 16.7 em. long and 3.812 em. in diameter 
under 10, 20, 30, 40, and 50 mm. of constant water pressure. Tile 
effective diameter of the sand graills was .1551 mm. and the packing 
of the sand was such as ·t0 give a pore •space of36.45 per cent. In com
position it was a nearly pure quartz sand, composed of weB-rounded 
grains, which had been screened through a sieve of No. 60 mesh to 
obtain grains of nearly uniform size. 

The apparatus used was that represented in :fig. 34 (p. 179), modified by 
substituting for the weight whioh produces .the pressure a crank and 
small axle, about which a cord was wound and w~ich was turned by 
hand slowly but with sufficient rapidity to hold the pressure constantly· 
at the desired amount. As the pressure gage was so ·inclined as to 
magnify the readings tenfold it was easy to maintain the pressure so 
nearly constant that the variations did not exceed 0.1 mm. of water, and 
the mea~urernents were made in the eonstant-temperature room, _so that 
the temperature changes were less than 0.5° C. in the four series of 
measurements which were taken and which are given in the next table. 
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Table showing relation of low zn·essw·e to flow of ai?' th1·ough No. 60 sand. 

es- Tern-Pr 
sur 
wa 

e of })era· 
ter. ture. 

·--

M ?n; 0 c. 
10 17.5 

20 17.5 

30 17.5 

40 17.5 

L 50 17.5 

Time. 

--

Min. 

4 

4 

4 

4 

4 

Flow in seconds of dial. 

T:rial1·. Trial2. Trial3. Trial4. 

--------

(135 1,130 l, 188 1,162 

2, 300 2, 371 2, 370 2, 342 

3, 530 3, 582 3, 588 3, 520 

4, 790 4, 795 4, 822 4, 820 

5,!HO 6, 016 6, 063 5, 975 

Mean flow. 

Com-

In sec- In puted 

onds of cubic flow. 
dial. centi-

meters. 

--j---
G. c. 

1, 153.75 97.195 97.195 
2, 345.75 197. 63 1C4. 39 

. 3, 552. 5 299.32 291. 59 

4, 806. 751404. 95 388.78 

5, 998. 5 505. 37 485.98 

Differ-
ence. 

--
G. c. 
0. 0 

3. 24 

7. 73 

16.17 

19.39 

Pe I'· 
age 
ar· 

cent 
dep 
tu 

0. 

1. 

2. 

4. 

3. 

re. 

67 

65 

16 

~ 
There are two cor.rections which might be a.pplied to these results; 

· the first is necessitated by the rise of wa.ter in the la.rge :fla.sk of the 
pressure·ga.ge a.s the wa.ter flows ba.ck out of the pressure tube when 
the pressure is applied, but as the area of tbe section of the :flask is 
1,225 times that of the gage tube, the maximum correction required for 
the 50-mm. pressure affects only the third decimal place, a.nd may there
fore be neglected. The other correction is that required to reduce the 
volume of air in the bell where it is measured under a reduced pres
sure to the voiume it li"i'Ould have under the outside atmospheric preRsure 
at wh1ch it entered the sand; but as we are here concerned ;lnly with 
comparative results rather than with absolute amounts of flow under 
different pressures, and as this correction would not alter the percentage 
relations, it may also be omitted. 

The results given in the table may therefore be taken just as they 
stand, and they show that under these low pressures the flow of air 
through this sample of sand increases more rapidly thar;. the pressure 
increases, as we have found true for water. 

The Los Angeles sand No. 7 was also used· in these trials and gave 
the results shown in the next table: 

1.'able showing relation of low p1·essure to flow of air th1·ough Los .tl:ngeles sand No. 7. 

I Flciw. · 

Pressure Tem}Jer· Time. of water. ature. In sec- In cubic 
onds of centi-

dial. meters. 

---------------

Mm. 0 c. .ilfin. 

10 17.1 10 138.5 11.667 
20 17.1 10 277 23.33 
30 17.1 10 421 35.47 

I 
40 17.1 10 558 47.01 

Com- Differ-puted 
flow. ence. 

------

G. c. G. c. 

11.667 .................. 

23.33 0.0 
35.00 .47 
46.67 .34 

Perc ent
de

ure. 
age 

part 

......... 

0., 0 . 

34 
73 

1. 

I 



FLOW OF .AIR 'rHROUGH .SAND. 159 

In this case tl:tere is a close agreement with the law, but the depar
ture, what there is, is in the direction of flow increasing faster than the 
pressure. 

In the next trial a brass tube was used, 5.95 feet or 181.356 cm.long, 
having a cross-section of 4.621 square em. filled with sand No. 2 (PI. 
XIV, B) having an effective diameter of .7146 mm. and a pore space of 
36.26 per cent. " 

This tube was provided with two· saw cuts just 4 feet apart ,and 
nearly 1 foot from each end, over which were' soldered brass tubes to 
which pressure gages could be attached, the object being to take out 
the pressures far enough back in the sand to be free from any end 
in_fluence which might be assumed to exist. The gages attached to 
these opening~ were arranged as represented in fig. 40, to magnify the 
readings by- inclining the tubes. There were three sets of trials made 
with the results given below: 

Relation of pressure to flow of q,ir 'through No. 2 sand. 

es-Pr 
sur 
wa 

e of 
ter. 

1Jt. 

! 

Temper-
afure. 

1-,--

I ao. 
10 18. 3 

20 18.3 

30 18.3 

40 18.3 

L 50 18.3 

Time. 

--
. Min. 

2 

2 

2 

2 

2 

Flow in seconds of dial./ Mean :flow. 

In 
Triai3. 

In sec- cubic Triall. .Trial2. ouds of 
dial. centi-

meters. 

-------:r ~90.3! 398 385 32.85 

829 853 819 383.6 70.18 

1, 238 1, 205 1,180 1, 207.6 101.7 

1, 620 1, 628 1, 6:25 I, 624. 3 136.7 

2,042 2, 020 2, 055 I 2, 039 171.6 

I 
Com-

puted 
flow. 

I 
I Pe r

age 
a.r· 
e. 

Differ-~ cent 
en.:e. dep 

tur 

I 
I --,--

O.c. 0 . c. 

e••••••• •••••••" ••••• 

65.70 4.48 

98.55 3.15 

131.4 5. 3 

16-!. 2 7. 35 
I 

6.' K2 

3. 

4. 

4. 

20 

03 

~ 
Here again there is a persistent and at the same time marked increase 

of' flow faster than the pressure. 
These departures from the law can not be explained by ariy error, 

either in the gage or in the gage readings, because it was tested 
throughout its entire range by means of another vertical water gage, 
one observer setting the pressure on tbe inclined gage at some point 
and making a record of it, while a second observer recorded the pres
sures observed by him on the vertical gage. · These trials were made 
repeatedly in all parts of the scale, and they were found to agree as 
closely as it was possible to read the vertical scale with a hand leus. 
Neither can it be due to any systematic error in the apparatus, for 
measurements agreed, whether the series were run from high to low or 
from low to high pressures, and no matter what part of the aspirator 
bell was under water at the time. 
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If the :flows are divided by the loss of pressure between the two 
internal gages, we shall have the results stated below: 

Mean flow divided by 1n·essurc. 

c 10millime- 20millime- 30 millime- 40 millime- 50 millime-
t~rs. ters. ters. ters. ters. 

1 .. ~--- ---- --------. 64.19 69.66 72.40 66.78 67.62 
2 ______ ------------. 63. 11 70.50 69.65 68. 12 67.33 
3 ...... ------ .: _____ • 63.61 67.13 69.01 68.28 68.50 

-----------
-67. 72 -~ 67. sW 63.63! 69. 096 70. 35 

63. 636 63. 636 63. 636 63. 636 I 
Difference . _ .. -----.---- -5.461-6."71 -4."08j-4.18J 

If these differences are compared with the percentage differences in 
the last table; it will be seen that there is ·an essential agreement 
between them, as should be. expected if the end influences had no 
appreciable effect upon the :flow. 

The next trials were made with extra-fine dust shot in the same 
apparatus. The shot was perfectly clean, with graius spherical and · 
nearly uniform in diameter, this being very close to 1 n:tm·~ with a pore 
space of 37.89 per cent. . 

In. this case the flowR were measured for pressures, varying by suc
cessive steps of 1 mm. up to 10 mm., then for· 20, 30, 40, and 50 mm., 
and the results are given below. The time of observation was 10 min
utes, but results are computed to 1 minute. Temperature 18.60 0. 

Table showing the 1·elations of pressnre to flow of air throngh dust shot. 

md I D~ffer. Depar-
. I ence. ture. 

l;;mo Pres- Ob- Com- Differ- Depar- Pres- Ob- Co 
sevred putecl served pute sure. :flow. :flow. ence. ture. sure. :tlow. :tlow 

-. I-;;:- Perc~ 
0 1. 9 4. 398 

60 2. 43 5. co 

---,---------

JYiin. Mm. O.c. O.c. O.c. Pe1· ct. Mm,. G. c. Q.c 

1 1 5.40 -------· 0. 0 0. 0 8 45.10 43.2 

1 2 11.985 10.80 1.185 10.97 9 51.03 48. 

1 3 16.705 1ff.'2 . 505 3.117 10 56.58 54. 00 2. 58 4. 778 
. 1 4 22.87 21.60 1. 27 5. 88 20 113. 93 108. 0 5. 93 lO. 61 

1 5 28.48 27.00 1. 48 5.48 30 177. 97 102. 00 15. 97 9. 858 

1 6 34.305 . 32.40 1. 905 6. 065 40 232.81 216. 00 16. 81 7. 782 

1 7 41.99 37.80 4.19 11.08 50 293.055 270. 00 23. 055 8. 539 

. In this case there is a long series of low pressures where there are 14 
steps in which there is no exception to the rule of the flow increasing 
faster than the pressure. 

Trials of :flow of air through several of the pieces of sandstone were 
also made under varying low pressures, and these are next presented. 
To measure these :flows the same aspirator and gage were used as 
have been used in the trials just described, a fitting being provided 
(represented in fig. 32) which made it possible .to couple each section·of 
the stone to the aspirator, thus enabling them to be used for air or for 
water without remounting or jn any manner altering the specimen. , 
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The samples used for this work were the Madison sandstones Nos. 2 
and 3, coupled together; the Dunnville sandstone No.1; the Matlison 

. sandstones Nos. 4 and 6, and the Lake Superi9r sandstone ·No. 1. 
Chips cut from samples Nos.± and 6 were also crushed and the sand 
was used in the long aspirator tube described in connection with the 
tests made with No. 60 sand, for comparison with the stone in the 
natura.I condition; 

The results of the observations are put into two condensed tables 
which follow. Where the tlows have b~en reduced to cubic centimeters 

8 

FIG. 32.-Apparatus for measuring flow of air through rock under low pressure; used with apparatus 
in fig. 40. A, connecting piece; B, sample and mounting cylinder. 

per minute, the time of each observation varied from ten to thirty 
minutes, according to the rate of flow through the specimen, and in • 
all ~f the sandstones the results are the niean of three trials, except 
those of the Dunnville, which are single observations in one series. 
The observations on the crushed sandstone were repeated three times 
in each of two separate series of experiments, so that these values are 
a mean of six determination·s. As an illustration of the amount of 
variation which occurred in duplicating me~surements of flow, there is 
given below one of the series of measurements for a sandstone and for 
the sand also. · 

I 

Table showing the 1·elation of pressure to flow of air through pieces of sandstone. 
[Time, !minute.] 

Madison sandstone, Nos. 2 Dunnville sandstone, No. 1. Lake Superior sandstone, No. 
and 3 C<:JUpled. At 16.3o C. At l6.~o C. 1. At 16.4o C. 

Pres-
sure 
of 1 Mean Mean Mean Mean Mean Mean Mean Mean Mean 

water. observed computed percent- observed computed percent- observed computed percent-

flow. flow. age de- flow. flow. ag-e de- flow. flow. a_ge de-
parture. parture. parture. 

-----------------------------

Mm. O.c. O.c. O.c. O.c. O.c. O.c. 

10 6.782 
-~;~~~~-,-- -~~~;-

1. 9766 ----·-·· -------- 4.2017 ................. ................. 

.20 14.413 4,055 3.953 2.88 8.605 8.403 2.41 

30 21.977 20.346110.09 5.895 5.930 -.587 13.fiHO 12.605 

~ 40 29.42 27.128 8. 45 8.107 7.906 2.54 18.180 16.807 
I . 

19 GEOL, Pl.' 2--11 
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Table showing the 1·elation of pressure to flow of air in sandstone and in the sand de~·ived 
f1'0nt the crushed 1·ock. 

, [Time, 1 minute.} 

Madison sandstone, No. 4. Madison sandstone, No.6. Sand from crushed Madison I 
es-Pr 

su 
0 

wa 

re 
f 
ter. 

m. 

0 
0 
0 

M 

1 

2 

3 

L 0 

At l6.2o C. 

Mean I Mean 
observed computed 

flow. flow. 

------
O.c. O.c. 

1. 7733 . -- .. ·- .. --
3.815 3.547 
5.5-47 5.220 
7.773 7.093 

At 16.7o C. 

Mean I Mean Mean 
percent- observed computed age de- 'flow. flow.' parture. . --- ---

O.c. O.c. 

---- ---- 1. 2207 ................. 

7.56 2.745 2.441 
6.26 3.767 3.662 
9.59 5.170 4.882 

I 

sandstone. Nos. 5 and 6. 
At 16.5° C. 

Mean Mean Mean Mean percent- observed computed percent-
age de- flow. flow. age de-

parture. parture . 

------------

O.c. O.c. 

-........ -... 4. 5718 ---- ..... ............... 
12.44 8.851 9.144 -3.20 
2.86 . 13.623 13. 716 1- . 67 
5.89 17.707 18. 287 1-3. 18 ! 

It will be seen from these two tables that, with the sandstones, in 
the 15 comparisons of_ ilow with pressure there is but_ one exception to 
the rule of flow increasing faster than the pressure, the percentage 
departures ranging from slightly more than five-tenths of 1 per cent to 
12 per cent. . 

It will be seen, however, that in the case of the sand derived fron:i 
the crushed rock none of the flows have· increased so rapidly as the 
pressure. This reversal is what should be expected after the air has 
atta_ined a certain velocity, and what we have persistently found true 
when much higher pres~ures were used to produce the flow of air 
through these same samples, -as will be'reported in advance. 

But the case of another sand with well-rounded grains has already 
been cited, where with much higher velocities ·than those here produced 
under the .same pressures the flow did increase faster tha·n the pressure. 

The relative velocity of ·air through these two sands win. be better 
appreciated if they are brought together for comparison, a·s below.: 

Table show·ing the compamtive flow of air thl'ough sand and m·ushed sandstone. 

I p, .. ~, 
I 

Flow through Flow through 
crushed sand. sandstone. 

Mm. G. c. G. c. 

10 24.30 4.57 
20 49.41 8.R5 L30 74.83 ~· 40 101.24 1 

The two sets of observa.tions appear to be. contradictory and to throw 
doubt upon the accuracy of the data; The measurements, however, 
were repeated too many times in both cases, and tbe agreement between 
repeated measurements was too. close to admit of sqQh ane~planation 
of the difficulty. 
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The table which follows shows what agreement was obtained between 
successive trials in the case of the crushed sandstone: 

Table showing the 1·elation of p1·essnre to flow of ai1· though e1·ushed sandstone. 

I Time. 

Flow- Flowg 
Pressure 

In seconds I In cubic 
Time. Pressure 

of water. of water. In seconds In cubic 
of dial. centimeters. of dial. centimeters. 

--- I· ! --
Min. Mm. .Min. Mm . 

10 10 560 47. 15 10 30 1,625 136.8 

10 . 10 539 45.39 10 30 1,633 137.5 

10 10 541 45.55 I 10 30 1,645 138.5 
10 20 1,046 88.08 10 40 2,078 175.0 

I 
10 20 1,032 86.90 10 40 2,092 . 176.2 I 
10 '20 1,041 87.66 10 40 2, 118 178.2 

The next table shows the agreement betw~en_~epeated trials in·the 
case of one of the sandstones .. 

Table showing the 1·elation of Jl1·essu1·e to flow of air in Lake Superior sandstone No.1. 

--, 
Min. 

10 
10 
10 
10 

liU 

Pressure 
of water. 

.Mm. 

10 
10 
10 

. 20 

20 
20· 

Flow-

of dial. centimeters. 
ln "''"nd' I In eobie 

498 41. 93' 

498 41.93 
501 42. 19 

1,023 86.14 
"1, 018 . 95.72 
1,025 86.31 

Flow- I 
Time. Pressure 

In seconds I .In cubic . of water. 
of dial. centi_meters.· 

--

Min . Mm. 

10 30 1,605 135. 1 
10 30 1,622 136.6 . 
10 30 1,630 137.2 
10 40 2,190 184.4 
10 40- 2,145 

I ~ 10 40 2, 142 4 

It ought, perhaps, to be expected that a sand made up of angular 
gr~im~ would ofl'er greater resistance to the flow of air. through it than 
one of rounded grains would, and hence that. a velocity at which this 
reversal of the relation of flow to. pressure which has been observed 
takes place should be much less for a medium made up of angular 
fragments. 

FLOW OF AIR THROUGH CAPILLARY TUBES OF 1'RIANGULAR SECTION. 
I 

In order to test the intl uence of the shape of the cross section of a 
capillary tube on the flow of air through it we filled a tube having a 
diameter of 11.658 mm. with 119 knitting needles, crowding them in as 
closely as it was possible to do. . The diameter of these needles- was 
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1.0668 mm. and their length was 22.54 em. These needles, placed 
together in the manner described, would form three-sided capillary 
tubes where three of' the needles came ~nto contact, but having sides 
convex inward, as represented in fig. 56 of Professor Slicbter's paper 
(p. 308 of this volume). If they did not come into complete contact then 
the tube would have a form, when shown in section, more like his fig. 57. 
The area of the section of the triangular tube would be 0.0443 mm., thus 
making an area given by a circular tube having a diameter of 0.2374 mm. 

This piece_ of apparatus was mounted so as to be used with the aspi
rator for the very low pressures, and the following results were secured : 

Table showing the 1·elations of 1Wess1u·e to flow of ai1· th1·ough capillary tubes of triangula1· 
section. 

I . 
I 

Computed J Percent- I Pres- Observed Computed Percent- Pres- Observed '.fnne. sure of :flow. :flow. age de- Time. sure of :flow. :ll age de-
water. parture. · water. ow· partura. 

---- --------
Min. Mm. C. c. C. c. Min. Mm. C. c. C. c. 

2 1 39.4754 . -....... -- .. .............. 2 10 402.7 39-1.751 2.01 
2 2 80.34 78.95 1. 76 2 • 20 786.2 789.5 -.42 
2 3 119.6 118.42 .997 2 30 1,189.8 1,184.2 .47 
2 4 157.8 157.90 -.06 2 40 1,604.6 1,579.0 1. 62 

L2 
5 198.0 197.38 . 31 2 50 1, 992.9 1,973.8 . 97 

I I 

The results in this table are the mean of ten series of observations 
for the first five pressures and five series for the five higher pressures. 
It will be noticed that while the observations show a close agreement 
with the Poiseuiile-Meyer law as regards pressure,- there is neverthe
less a decided indication that under these conditions the :flow increases 
faster than the pressure, there being only two reversals in the series of 
ten pressures. 

A fine capillary tube about 6 inches long was next drawn out, one 
end being left attached to the tube from which it was drawn, and the 
following results were obtained 'vith that, the figures given indicating 
observed and computed flows per ten minutes in seconds of dial: 

Table showing the relation of pressure to flow of ai1· through glass capillary t_ube. 

~essure in Observed Com put~~ 
millimeters. flow. :flow. 

10 570 570 
20 1, 165 1,140 
30 1,770 1, 710 
40 2,315 2,280 
50 2,850 2,850 

Thege measurements show the same variation, but fall into exact 
agreement with the law at a pressure of 50 mm. of water. 
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When a somewhat larger tube than this· was used, the following 
results were obtained per ten minutes in seconds of dial: 

· Table shmving the (elati_on of p1·essu1·e to flow of air tlwough glass capillary tubes. 

f;;essure in Observed Computed ) Percent~ 
millimeters. flow. flow. · departure. 

10 2,470 2,470 ......................... 

20. 4,858 4,940 1. 66 
30 7,277 8,410 1. 58 
40 9, 816 .. 9.><80 . 65 

L 50 12;260 I 12,350 .7~ 

In this case there is not a large departure from the law, but it is in 
the opposite direction; the flow under the two highest pressures being, · 
however, ·almost in exact accord with the law. 

The chief value of these two sets of observations is found in the fact 
that they show that the apparatus'we have been using is capable of 
giving results under tb.e conditions of simple capillary tubes, which 
agree.with those found by Meyer and other investigators. 

FLOW OF WATER THROUGH CAPILLARY TUBES UNDER HIGH 

PRESSURE. 

In order to test the apparatus for measuring the flow of water through 
sand and stones, two pieces of thermometer tubing which had been used 
for high-grade thermometers were selected. No. I had a length of 
5. 7 em., and a diameter of 0.01912 em. Tube N ~· II had a length .of 
44:.8 em., and a diameter of 0.02078 em., the diameters in both cases 
being determined by filling with mercury and weighing. 

These tubes were used on the same apparatus for filtering the water 
which· was used for the stones and sand, and both the mercury and ; . . 

·water manometers were used for measuring the pressure which was 
taken. out at the bead of the filter next to the tube. 

EXPERIMENT I.-TUBE NO. I. 

1'able showing the 1·elation of p1·essu1·e to jlow of 1vate1· tlwough glass thenno.rneter tube. 

Time. 

Minutes. 

10.----- . -- - -.... -- .. --- ._ ..... 

10 .. ---- . --- .. •.---- ... --- .. "-. 
10. - - - -- . -.. --- ' . --... -.. - - - --

Tempera- Pressure of 
ture. mercury. 

oo. 
17.7 
17.7 
17.7 

Feet. 

2.4575 
2.4575 
2.4575 

1\iean . -... - -... - - - . --- - - - - - -- -"- -. -- - - - - -- - · 

10.----- ---- ---- ---- .. ---. ----
10.- - --- • ---- .. ---- .. ----- .. -. 

17.7 
17.7 

. 494 

..494 

10 .. ------·--·---·-----··----· 17.7 .4.94 

Flow. 

Grams. 

10.1 
9.9 

10.0 

10.0 

1.9 
2.0 
2.1 

Computed 
flow. 

Grams. 

. -...... --- .. 

.. ... -... - ......... 

.................. 

-·-··· ...... 

. -... -.... ---
·-··-- ----
. -.. -- .... --. 

1.9 --itl I 10 ...... ______________ .... ____ 17.7 
1 

__ .4_9_4_
1 

____ 

1 

__ 

L Mean---··----- .................. , ... · ..••.•. 1.975 
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·. In this case the flow has increased faster than the· pressure, but the 
amount is only 1.74 per cent. 

EXPERIMENT H.-TUBE NO.· I. 

In this case the recently boiled water which has been referred to 
before was used, and below are the results obtained: 

Table showing the relation ofpressm·e to flow of boiled water th1·ough glass tl!m·nwnteter 
tube. 

I . Tempera- Pr~ssure of Observed Computed Percentage 1- Time. ---l--tu_r_e. __ 
1
_m_e_rc_u_ry_. -l--fi_o_w_. -I flow. departure. 

I Jliinutes. oc. Feet. G1·ams. 

10 .. - - - - . - - - - - ... - - •• ~ 
10 .. -- .... ~ .• - -·.-- ----
10.-- --- . -.- ••.......• 

20.7 

20.7 
20.7 

2. 4623 10.3 

2. 4623 10.5 

2. 4623 10.2 

Mean . . . . . . . . . . . . . . . . . . . • . .. -•.. ---

10. - - -. - ••• ~ •••.. - - .•• 

10 ..•.•. ······ ~--· -~--
10.-----.---- .•... ----

20.8 

20.8 

20.8 

1. 81816 

1. 81816 

1. 81816 

lVIean ..•......•.................... 

10- . - - - - . - - - .... - . -.•. 

10 .. - . - - . - - .. - - - - - ~ - - -

. 10---.- .. -.--- ~-.- --.-

20.9 
20.9 

20.9 

1.157 

1.157 

1.157 

~iean ...•.....•..........•••....... 

. lO ................... . 
10 ...•...•. -' .. - - .. - - - -

10 . - ... - ... - . : ... - - ... 

21.0 

21.0 

21.0 

. 786 

. 786 

. 786 

l\fea1i . . . • . • . . . • . . . . . . • • . . . ..... _ ... 

20 - - . - ... - - - - - .... - - - -

20 .. -. -... -. - . ---.. - ... 
20 .. - .. - . - - . -- --- - -. -. 

21.1 

21.2 

21.2 

.4713 

.4713 

.4713 

Mean . • • . . . . . . . . . . • . . . . . . . .••...... 

10.275 

7.3 

7.3 

7.3 

7.3 

4.6 

4.6 

4.6 

4.6 

3. 1 
3.1 

3.1 

3.1 

3.45 

. 3.45 

3.45 

3.45 

Grams. 

7. 5861==3.=7=7=1 

4.83 4.672 

3.27 5.199 

·----· ---- --§ 
3. 932 12.26 

In this c·ase, as in the last one, there is a flow increasing faster than 
the pressure· by per cents, increasing from 3. 71 to 12.26. · 

EXPERIMENT I.-'i'UBE NO. II. 

These measurements were made on the day following those of the 
last series; n; water manometer being used instead of one of mercury. 
This; for·tne high· pressures, consisted of a sttaight·quarter~inch gal
'vanized pipe extending directly up through the ·several floors of the 
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laboratory to the attic from the end of the filter next to the tube, as 
shown in fig. 30 (p. 136), but ending above in a glass. tube~ The low 
pressure was measured iu the same manner in a straight glass tuhe.' 

Table showing the relation of p1·essure to flow of water thro1~gh thm·mometer tube. 

Time. Tempera- Pressure of Observed . Computed Percentage 
ture. · water. ·flow. flow. departure . 

Minutes. 

20 
.20 

·20 
20 

80 

·10 
10 
10 

0 0. 

23.3 
23.9 
23.6 
23.5 

----------

23.8 
23.9 
23.9 

Feet. 

5.30 
5.30 
5.30 
5.30 

- .. -...... --- .. 

32.521 
32;521 
32;521 

10 ... -.. .. .. 32. 521 
10 . ---.. .. .. ' 32. 521 
20 23.85 32.521 

tit ... ~::~ .... :~:~~~--

Grams. 

1.15 
1. 25 
1.15 
1. 30 

4.85 

4.30 
. 4.40 

4.70 
4.80 
4. 90 
9.70 
4.85 

37.65 
I 

. Grams. 

---------- ....................... 

------ ---- ----- . ........ 
------ ---- ------ ....... 

----- .. ---- ................. .. ---
6.132 20.90 

............ 3 
............. ---- .................... .. 

In this case also there is a very marked increase of flow faster than 
the pressure, amounting to more than 20 per cen't. 

EXPERIMENT II.-:-TUBE NO. II. 

The measurements· thus far reported have all been made by allowing 
the water to fall from the end of the capillary tube into an open beaker 
in which it was weighed on a Springer torsion balance sensitive to 0.1 
gram. It should be said also that the tubes were placed in a horizontal 
position. In this condition there would be some loss of water by evap
oration, and. as the percentage loss from the low-pressure flows would 
be greater than those from the high pressures, the discharges in this 
series were made to take place into a large test tube closed with a cork, 
through which the capillary tube extended, and ·provided with a small 
vent. Water enough was left in the tube to immerse the capillary. tube 
so that the discharge could take place under water and thus avoid the 
formation of drops. The flask and capillary tube were weighed together 
on a chemical balance before· and after each observation, and care was 
taken to shut off both the supply pipe and pressure gage at the instant 
of closing the experiment. In beginning an experiment the water was 
allowed to flow through a side opening to ayoid ·pressure on the-_capil
lary tube until t~e· moment of starting had arrived. 
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The following are the results secured in these. trials: 

Table showing the ?'elation of pressure to flow of water th1·ough therntontetm· tube. 

E Tempera- Pressure of Observeu I Computed Percentage 
ture. water. flow. flow. departure. 

Mimdes. oo. Feet. G1·am.s. Grams. 

10 22.2 5.577 . 8770 .. ... .. . .. --- .... .... -- ... - .. -. 
.10 22.2 5:577 . 8530 .. ... ... -.. -- ..... .................... 

20 -----· ---- .......... ---- 1. 7300 1. 7583 1. 61 

10 22.2 36.153 5.7115 
~ 22. 2 36. 153 5. 6873 

_ _ _ _ _ _ __ __ __ ______ .. 

1 

11. 3988 
---------- --~1 
·----··-----~ 

In this series too, although the differences are much smaller than in 
the last series, they are in the direction of a flow increasing faster than 
the pressure, and yet, so far as is known, everything has been done 
which should be done to bring them together.· 

FLOW OF AIR UNDER HIGH BUT VARIABLE PRESSURE THROUGH 

POROUS MEDIA .AND CAPILLARY TUBES. 

Since the flow of water under high pressures through porous media 
has not been found to be directly proportional to the pressure, and 
since the flow 'of air under constant low pressures has been found to 
increase faster·than.the press~re, even in capillary tubes, it is important 
to know what is true regarding the flow of air under higher pressures. 

It was not practicable to adopt the method used for the flow of air 
under low pressures for the hi-gher pressures, and hence resort was had 
to the method used by Meyer, Hoffman, and others of permitting the 
fiow to take place under constantly varying pressures. 

The apparatus here used is represented in fig. 33 and consisted of a 
galvanized-iron cylinder holding nominally 40 gallons, pr!Jvided with a 

B 

FIG. 33."-.A.pparatus for measuring flow of air through rock and soil under hi?;h pressure. A, sample; 
B, air reservoir; C, pressure gage; D, compression pump. 

Bourdon pressure gage which was calibrated by comparison with a 
mercurial manometer at the even pound marks from 15 pounds down 
to 2 pounds. · 
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By means of a compression pump the reservoir was charged until a 
pressure somewhat above that at which the observations were to begin 
was reached and then allowed to rest until it had come into a tempera
ture equilibrium with the surroundings. The specimen through which 
the flow was to 'be measured was then connecte~ with the reservoir and 
the cock A was opened, and the time was recorded at which the gauge 
index reached the even pound marks from 15 down to 2 pounds. 

Measurements were made of the flow of air through tubes filled with 
wire gauze, dust shot, several sands; several of the sandstones, and the 
two capillary tubes used in the last section, and the results are given in 
the tables which follow. 

'To show whether or not the flow of the .air through these media was 
proportional to the pressure, the sug·gestion of Professor Slichter 
was followed in using the formula employed by Meyer, Hoffman, and 
others-

L. (P + Pz P - .Pz) og ---·--
P -Pz P + Pz _ 0 

Pzt . - ' 

where 0 should be constant if the Poiseuille-Meyer law holds true. 
P is the pressure in the reservoir at the beginning of the experiment; 

p is the pressure in the reservoir at the close of the experiment; p 2 is 
the constant pressure at the free end and t is the time. 

All measurements of ·pressure are given in feet of mercury and the 
atmospheric pressure is expressed ib. the same terms. 

In giving the values of C in the tables p 2 has been omitted from the 
expressionp2 t and the results have been multiplied bylOO,OOO to avoid 
the printing of long decimal fractions in the tables. The equation as 
used in the table stands thus: 

Log (P + Pz . P - Pz) · 
.P- p: p + Pz ·X 100,0~0=0, 

and this should be understood as representing the values in the columns 
headed 0 in the tables. 

The experiments were all conducted in the main laboratory and were 
subject to the ordinary diurnal changes of temperature which oc_curred 
during the time of the observations, and as it was impracticable to 
record· the temperature of. the apparatus through which the air was 
passing at tl;le time, this has been ~mitted. 
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The values a::;signed to the pound marks on the dial of tbe Bourdon 
gage, from which the pressures were read, are the mean of five sepa
rate determinations. As these readings will serve to show what allow
ance should be made in considering the determinations of pressure for 
the several experiment8 which are recorded, they are given in the 
following table: 

Table showing 1·esults obtained in· calib1·ating the p1'6881We gage on the air resm·voi1·. 

I Ponud,. 1. i 2. 3. 4. 5. Mean. Logrucithm., i 

15 2.4685 2.4685 2.4695 2.4700 2.4690 2.4691 0.392509 

14 2.3125 2.3130 2.3120 2.3125 2.3120 . 2. 3124 . 364061 

13 . 2.1545 2.1575 2.1595 2.1530 2.1550 2.1559 . 333629 

12 1. 9555 1. 9605 1. 9625 1. 9627 1. 9640 1. 96104 . 292487 

11 1.7715 1. 7740 1. 7755 1. 7720 1. 7740 1. 7734 :248807 
. 10. 1.5830 1. 5850 1. fl870 1. 5870 1. 5815 1. 5847 .199947 

9 1. 4300 -1.4360 1. 4310 1. 4340 1. 4320 1.4326 I .156125 

8 1. 2770 1. 2710- 1. 2615 1. 2645 1. 2635 1. 2675 ' .102949 

7 1.1020 1.1040 1.1050 1.1065 1.1110 1.1057 . . 043637 

6 . 9255 . 9285 .9310 . 9315 . 9250 . 9283 I. 967688 

5 . 7895 . 7920 . 7855 . 788 . 7875 . 7885 . I. 896802 

4 .. 6105 . 6100 . 6105 . 611 .6105 . 6105 I. 785686 

I 3 .4370. .4430 .4400 .440 .4395 . 4399 I. 643354 

I 
2 .2555 .2550 . 2565. .2585 . 2475 .2546 1.405858 

In order to reduce to a m1mmum the errors in reading the gage 
which are due to the friction of the needle, it was the custom to jar the 
gage gently but continuously at the time when the finger was passing· 
the index mark. · 
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In the tables which follow, the first column contains the nominal pres· 
sures at which the times were re(1orded, and the second column contains 
the real pressures of the air in the reservoir. The values in the columns 
headed "Time" represent the time in seconds requJred for the pressure 
to fall from one point to another. The values in the columns headed 0 
should all be equal if the flow of air were proportional to the pressure. 

Table showing the ?'elati~n of pressm·e to flow of air· throngh porous rnedia. 

I 
. ~ ~· ~ ... .. Wire gauze. Dust shot . 

Pressure of Length, 1 foot. Length, 2 feet. Length, 2.9?5 feet. Length, 5.95 feet. 
Pressure. mercury. 

Time. 
i JPF2.4558. 

Time. 
p 2=2.464. T' ·~ P2=2.4375. . T' I p~2.4458. c. c. -=_!_c_._ Ime. C. 

I 

--/ 
Pounds. Feet. Sees. Sees. Sees. Sees. I 

15 2.4691 ~ .. -... -.. -..... -- .. --- .. . --- .. ................ . .. .. -- .. ................ .• · •••• I·.· ••.••••• 

14 2.3124 3 639.87 5 384.30 7 273.50 12 159.75 
13 2.1559 4 521.45 6 347.98 7 297.25 14 148.79 
12 1. 961 4 725.50 7 414.97 10 1289.56 16 ·178. 04 
11 1. 7734 5 634.48 71453.60 11 287.80 19 I 169.40 
10 1. 5847 5 724.50 9 403.57 13 278.70 :W 180.94 , 

9 3'72. 50 9 1. 4326 5 649.80 11 304.02 20 167.34 

~ 1. 2675 5 833.64 8 521.40 11 378.30 19 219.20 
7 1.1057 7 683.20 10 478.58 15 318.40 23 207.77 
6 .9283 9 701.10 13 485.10 13 370.27 30 210.19 
5 . 7885 9 670.50 13 465.Q2 19 317.66 29 207.97 
4 . 6105 11 884.90 17 562.80 21 463.09 38 256.02 

l 3 .4399 14 919.66 23 559.30 30 428.59 52 247.50 
2 .2546 20 1,110.67 30 711.50 42 528.83 73 304. 20' 
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Table sh(lwing the 1·elation of pn~ssm·e to flow o.f ni1· tlt?·ough sand. 

I p,e,.uce of 

No. 20 sand. No. 80 sand. No. 100 sand. 

Length, 2.975 feet. Length, 5.95 feet. Length. 5.95 fe.et. Length, 5.95 feet. I Pressure. mercury. 

Time. I p 2=2.484. Pz=2.484. . . IP2=2.4775. 1'ime I p,~~~7i5. c. ·Time. c. T1me. C. 
I 

I -~j--

Pounds. Feet. Sees. Sees. Sees. Sees. 

15 2.4691 .. .. .. -- . .................. . -- ... -. ................ ..... -... -........ -- .. .. .. -..... ... ................... 

14 2.3124 29 66.43 45 42.81 52 36.91 63 30.47 

13 2. 1559 36 58.14 47 44.53 60 35.01 73 28.78 

12 1. 961 43 67.71 62 46.96 69 42.12 86 33.80 

11 1. 7734 50 65.64 67 48.99 79 40.14 92 34.47 

10 1.5847 54 67.40 74 49.81 ·81 45.13 121 30.21 

l:1 1. 4326 52 64.59 69 48.68 76 43.56 85 38.95 

8 1. 2675 52 80.35 70 59.69 80 52.26 90 46.46 

7 1.1o57 I 64 74.89 88 54.47 94 50.91 116 41.26 

6 , 9283 I 82 77.01 100 63. 15 111 56.76 141 44.68 

5 . 7885 81 74.72 119 50.86 113 53.54 141 42.91 

4 .6105 102 95.56 128 76.31 134 72.72 170 57.32 

3 '.4399 140 92.01 180 71.56 183 70.37 228 56.44 

2 .2546 210 105.87 261 85.20 264 84.22 325 68.41 

I No. 60 saud. 

Pressttre. Pressuroof Length, 5.95 feet. Mean. 
mercury. 

Time. 
p2=2.4775. 

Time. 
P2=2.4775. 

Time. 
P2=2 4775 

Time. 
P2=2.4775. 

c. c. c. c. 

Po1mds.l 

---------------- ----
Feet. Sees. Sees. Sees. Sees. 

15 2.4691 ........... ................. ·----- ~ ......... -.... ............ ... ............... ····---- ...... -.......... 
14 2.3124 47 40.84 52 36.91 48 39.99 49 39.247 
13 2. 1559 60 35.01 59 35.61 64 32.83 61 34.843 
12 1.961 74 39.28 77 . 37.75 73 39.82 74.6 38.950 
11 1.7734 79 40.14 76 41.72 77 41.18 77.3 41.013 
10 1. 5847 87 42.01 89 41.07 84 43.51 86.7 42.197 
9 1. 4326 I 78 42.45 f105 31.53 81 40.88 79.5 41.665 
8 1. 2675 . 89 46.98 89 46.98 87 48.06 88.3 47.340 

7 1.1057,, 99 48.34 100 47.86 100 47.86 99.7 48.020 

6 . 92831 _122 51.64 121 52.07 122 51.64 121.7 51.783 

5 . 7885 124 48.79 121 50.00 122 49.59 '122.3 49.460 
I 

4 .6105 j 156 62.46 156 62.46 152 64.11 154.7 63.010 
I 

I 
3 . 43991 202 63.75 209 61.61 204 63.12 205 62.827 
2 .25461 283 78.56 276 80.56 279 79.69 279.3 79.603 

-· 
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From these tables it is very evident that in no case has the Poiseuille
Meyer law· been confirmed, the flow i_n every case being very much 
slower than is called for. Had the law been fulfil~ed, all values in the 
columns headed 0 would have been equal, or nearly so; bp.t"as it is, the 
flow has been too slow by large amounts. When comparison is made 
between the constants for the highest pressures ·and those for the low
est pressures, it will be found in each case that the flows under the high 
pressures have been too slow by the following percentage amounts: 

Tq.ble showing percentages of slowness of jfmb of air th1·o1.tgh different nwterials as com
pm·ed with 1·equirernents of Poiseuille-Meyer law. 

Highest-
1'hickness. pressure 

flow too Material. 
slow by-

Feet. Per cent. 

·Wire. gauze ................. -------- ... . 2 85.15 
Do ................... ; _____ ......•.. 1 I 72.57 

Dust shot ............................. . 5.95 90.43 
Do ......... __ .................. -·- .. 2.975 93.35 

No. 20 sand ............................ . 5.95 99.25 
Do ................................ . 2.975 59.37 

No. 60 sand ............................ . 5.95 . 102.-80 

No. 80 sand.---··· ...... --~--- .......•.• 5.95 128.2 
Lo.100 saud .......... : ..... · .....•.. _ ... . 5;95 124.5 

The pores formed by the elements which make up the different media 
through which we have measured the flows constitute long capillary 
tubes, which have a so~ewhat triangular section similar to those· 
formed by the knitting needles which have been considered. The pores, 
however, are not straight and are not of unif~rm diameter in all sec
tions, as Professor Slichter shows in his paper, page 314'. He has 
concluded that the mean effective {trea of the ·section of the pore for 
spherical grains of the same diameter, when they have the closest pack
ing possible, is about 0.1475 time the square of the radius of the grain. 

Assuming·that this espimate is correct, we may state the dimensions 
of the capillary pores through which the measured flows given in the 
table have taken place. The effective sizes of the grains have been 
determined by a method which will be described later, and using these 
values and that stated above we get the results given in the next table, 
in which has also been given the diameter of a circular tube having the 
same area of cross section. 
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·Table showi-ng dimensions of pores in the 'Wire gau~e, shot, and sands of the foregoing 
tables. 

I Medium. 
Effective Effective 

Lefu~:. of. diameter of . area of 
grain. pore. 

Diameter 
of circular 

pore of 
equal area. 

I 
Wire gauz«;): Om. .Mm. Sq.mm. Mm . 

i . ----. -. -- . ---- ~ . --...... -. . . 30. 48 
2. -.... - - - .......... - - - ... - -- . '. 60. 96 .... -----· 0.1316 0. 4093 

Dust shot: 

1. - - - . - .... - - - - .. - - - - .... - - - - . 90. 678 1 ........... --·.--· ---- ------ -··· 

2 ... - . - ... - - .. - - - - . - - - -... - - - . 181. 356 1 .0369 .2260 
• 

No. 20 sand: 

1.---. ---· -------- .... ---- ... . 90.678 . 4745 . 00831 .1028 

2.------ .... ·----· ·····: .... .. 181.356 .4745 . 00831 .1028 

181.356 .1551 . 000887. . 0336 

181.356 .1143 . 000482 . 0248 

181.356 .0826 . 000252 .017~ 
155.3 j··········· .1114 . 3766 

j No. 60 sand ........... ----···'····. 

I

I No. 80 sand ..................... .. 

No. 100 sand .... -----------· ..... : 
Meyer's Tube No. II ............. . 

In this table has been piaced the dimensions of l\ieyer's capillary 
• Tube No. II, which is one of" those used by him "in demonstrating that 

the law of Poiseuille holds for air. Below is gi"ven a set of his observa
tions with this tube to show how different the flow has been. 

'Table show·ing depm·tu?·es front constant logarithmic dijfvrences in observations of Meyer 
with Tube No. II. 

PressureB of mer-
cury. 

n 
I Exper 
iment. 

Millimeters. 

1 

2 

3 

4 

1,346.7 to 344.9 

1,326.7 to 392.8 

631. 7 to 152. 0 

662.4 to 386.6 

700.4 to 195.2 

619.0 to 131.0 'lj_ 
.. 

I 
Per cent of depar-

ture. 
Departures of flow from first logarithmic con· 

·stant. · 

s;::~u·l L."•"'' 
I 

0.0362 +3 -2 -9 -5 -7 -6 -9 0.5525 2.486 
I .0373 -3 -4 -5 -'-6 -5 -5 -··· .804 1. 609 I 

.0528 ~1 0 +5 +10 +13 ....... ..... 0 2.462 l 

.0205 +8 +2 +4 +5 +6 ........ ....... . 976 3. 9o3 I 

~ 
.0195, +1 +3 +2 +1 .f-2 ---- ---- .513 

.0552 -2 -6 -8 ........... .............. ---- ---- . 362 9 

The pressures used when expressed in millimeters ~f mercury ranged 
from 752.5 to 77.6, while Meyer's pressures ranged from 1,346.7 to 
131·mm., as given in the following table, yet the largest percentage 
departure from the law, as shown by his logarithmic differences, is 
3.903. But the length of his tube was 155.3 em., while the sand col-
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umns, when. the tube was full, had. a length o{ 181.3 em:, which is 
longer than his. Further than this, the diameter of his tube was 
0.3766 mm., which is longer than those of the coarsest, or No. 20, sand, 

. or 0.1028 mm., supposing the grains to be of uniform diameter and to 
possess the closest packing. possible. It is true, however, th}tt these 
grains are neither spherical nor uniform in diam13ter; neither did they 
possess the closest possible packing, and hence it follows that the 

·.actual pores through which the flow occurred in this sand may have 
been larger than the,dimension giyenin the. table, namely, O.i028 mm. 

But be this as it may, there can be no doubt that the effective diam
eters of the pores in sands Nos. 60, 80, and 100 are smaller than that 
of Meyer's tube. It would appear, therefore, that did the Poiseuille
Meyer law hold for sands under like pressures a closer agreement than 
has been observed should have been found. · 

FLOW OF AIR THROUGH SANDSTONES. 

Next will be given a series of similar observations O"l the flow of air 
through sandstones, where the same apparatus was used. These spec
imens of stone had been rendered. water free by drying in the oven 
before they were mounted in the cylinders, but remained exposed to 
t_he air after mounting, so they may have contained varying amounts 
of hygroscopic moisture. · 

Table showing. the relation of pressu1·e to jlow of air through Madison sandstone. 

Pomtds. 

15 
14 
13 
12 
11 
10 

9 

8 

7 

6 

5 

4 

U_ 

Pressur3 of 
mercury. 

Feet. 

2.4691 
2.3124 
2.1559 
1.1961 
1. 7734 
1.5847 
1.4326 
1. 2675 
1. 1057 
.9283 
. 7885 

.6105 
. 4399. 

.2546 

Sandstone No.2. 
Lengt,h, l. 71 inches 

(4.1!43 em.). 

Time. 
Pz=2.47. 

c. 

Seconds. 

·------- . ----- -- ... 
21 91.31 
25 83.95 
40 72.60 
32 99.Q2 
44 84. 9.4 
41 -· 81_. 91 
47 -. 8.8.90 
57 --- _83. 91 
70 89.96 .. 
77_ 78.54 
98 99.40 

138 93.29 . 

205 108.40 

Sandstone No.3. Sa.1dstones Nos. 2 and 
Length, 3.06 inches 3. Length, 4. 77 inches 

(7.772 em.). (12.115 cm.j. 

I 
Time. 

]Jz="2.47. 
Time. 

p 2=2.47. 
c. c. 

Seconds. Seconds. 

. ---.-- ...... - ------·· .................... 

38 "50.46 
I 

60 31.96 

~ 47. 44.66- - 70 -. 29.98 
57 50.95 83 3i.99 
64 49;51 92 34.44 
70 52.18 111 32.90 
70 47.98 101 33.25 
79 .. 52.89 121 34.53 
9(? 49.82. 146 02.76 

116 54.29 178 35;38 
130 46.52 195 3L01 
172· 56.63 271 35.94 --
258. 49.90 388 33.18 

I 
374 59.44 630 35.29 
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Table showi.ng the ?'elation ofp1·essn1·e to flow of ai1· throu.gh DnnnvHle sandstone. 

Sandstone No.3. 
I 

Sandstone No.1. Sandstone Nos. 1 an~ 
Length, 1.62 inches Length, 4.02 inches Length, 5.64 inches 

Pressure 
(4.115 centimeters). I (10.:!11 centimeters). (14.324 centimeters). 

ssure. of mercury. I Pre 

~ime. 
P2=2.47. 

Time. 
P2=2.47. 

Time. 
p 2=2.47. 

c . c. c. . ..-

Po unds. Feet. Seconds. Seconds. Seconds. 

15 2.4691 ..................... ----- .. - .. -- -------- ................. -... -.. -------- ......... -....... ---
14 2.3124 84 22.83 193 9.936 305 6.287 
13 -2.1559 95 22.09 220 9.54-0 335 6.265 
12 1.961 122 23.81 270 10.76 425 6.833 
11 1. 773! 12~ 24.56 310 10.22 470 6.741 
10 1. 5847 161 22.69 352 10.38 544- 6.714 
9 1. 4326 153 21.95 330 10. 18 541 6.208 
8 1.2675 173 24.15 391 8.590 580 7.204 
7 1.1057 209 22.88 467 10.24 732 6.534 
6 .9283 259 24.31 575 10.95 863 7.297 
5 .7885 301 20.09 648 9.333 1,080 5.600 
4 .6105 385 25.30 930 10.47 1,405 6.949 
3 .4399 550 23.41 1,193 10.79 1,940 6.636 

L 
2 '· 2546- 923 24.08 2,004 11.09 3,027 7.34~ 

In these cases it is plain that here also the flow has not conformed 
with the law, the amount passing through in a given time under the
different pressures being less than would be computed. 

If the percentage departures are computed in the same manner as 
with the sands the following results are obtained: 

Percentage departu1·e from Poiseuille-Meyer law in jlfad·ison and Dunnville sandstones. 

Sandstone. Length of 
sample. 

Highest
pressure 
flow too 

slow by-

Centimeters. Per cent. 

Madison .. ---- ....................... _. 4. 343 10. 44 
Do ............................... 7.772 17.80 
Do....... .. .. .. .. . .. .. . .. .. .. .. .. 12. 115 10. 42 

Dunnville. .. .. . . .. . .. .. . . . .. .. . .. . .. . 4. 115 5. 4 75 
' 

Do ..... __ .. __ ....... __ .... .. . .. .. 10. 211 ~~· = I 
, _____ D_o __ .. _._--_-_·_·-_-_-_-·_· __ -_-·_·_··_· __ --_-_·_--_-_--___ 1_4._3_2 ____ ~ 

Here are shown departures ranging from 5 to 16 per cent, and while 
these are very much smaller than those observed in the coarser sands, 
they are still too large and too persistent throughout the six series to 
be explained by errors of observation. 
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One of the samples of Dunnville stone was crushed in a mortar and 
separated into its constituent grains. The ·sand was filled into the 
aspirator trtbe and the rate of flow of air through this measured to 
determine the effective size of the individual grains. The size found· 
was 0.03635 millimeter, and using the equation, 

Area of pore= .1475 x R 2
, 

we get an area of cross section of the effective pore in this case amount
ing to 0.00004875 square millimeter, and from this the diameter of the 
pore is found to· be .007878 millimeter. This is a small capil1ary tube 
and one whose diameter is contained in the combined length of the two 
pie{(es which were used together for the results given in the table 
17,307 times. Meyer 'concludes from his experiments that with capil
lary tubes for air the proper ratio of length to diameter, in order that 
the law may hold, is about 1 to 6,000. As Professor Slichter's studies 
would make the lengths of these pores about 1.06 times the length of 
the stone measured straight, it is plain that the ratio of length of pore 
to diameter of pore is not such as would be expected to cause a depar
ture from the law of Poiseuille. 

It would therefore appear that if the law holds at all for these stones 
its range must be limited by far slower velocities than may obtain for 
straight capillary tubes with smooth walls. We have already shown 
that under pressures ranging from 1 rum. up to possibly 50 mm. the 
flow of air through thes~ particular specimens did increase a little faster 
than the pressure. The inference might naturally be made from these 
two sets of measurements with the sands and the stones that, since the 
flow increases more rapid,ly than the pressures under those which are 
·very low and does not increase so rapidly under pressures which are 
higher, there must be a range of pressures somewhere between these two 
limits where the rate of flow will be found to ·increase in accordanc~ 
with the Poiseuille-Meyer law. 

Still, if it is admitted that with a given capillary medium there are 
ranges of pressures under which the flow does increase faster than the 
pressure, and others where it is directly proportional to the pressures, 
while under still higher pressures the rate of increase becomes slower 
than the increase of pressure, it may also be assumed with as much 
apparent plausibility that we are here dealing with a set of phenomena 
which pass by insensible ·steps from one phase to the other and which 
can not be formulated by so rigid a law as that of Poiseuille. 

19 GEOL, P1' 2--· 12 . 
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FLOW OF AIR UNDER HIGH PRESSURE THROUGH CAPILLARY TUBE 
NO. II. 

The two pieces of thermometer tubes through which the flow of water 
was measured under high pressures, as already described, were also 
used for air, they being placed upon the large reservoir used for the 
experiments on tlie flow of air through sands and sandstones, and the 
method of securing the results was the same as described for those. 

The results which were secured with the longer of these tubes are 
given below. 

Table showing the ?'elation of p1·essu1·e to flow of ai1· th?'Ottgh capillary Tube No. II. 

Pressure of 
mercury. Time. ' Barometric 1

1

. ~ 
pressure. ~~ 

Feet. Inches. I 
2. 4691 J una 6, 9.58.10 a. m .................... .. 29.20 e ., ... - - ~ ., ., "" ., 

2. 3124 1 June 6, 11.22.45 a. m ____ .......... ____ .. . 29.10 .3760 

2. 1559 June 6, 3.01.10 p. m ........ __ .... __ .... .. 29.07 . 3534 
1. 961 June 6, 6.07.20 p . .m ........ __ ......... __ . 29.02 .2585 

1. 2675 June 7, 10.13.25 a. m .. -- .... __ .... -- .... . 29.01 . 2463 

1. 1057 June 7, 5.32.20 p. m ..................... . 28.93 .1808 

· . 7885 June 8, 9.58.25 a. m .................... .. 28.95 . 2082 

29.02 

~ 28.77 0 
I . =~~~ June 9, 3.38.00 p; m ..................... . 

~~-J_u_n_e_r_~_r_r_.4_5_.o_o_P_·~m __ .. _._-_·-_·_--_-_· __ ··_·_··_-_·_··~------~ 

In this case there is a surprisingly large departure from the Poiseuille
Meyer law in the direction opposite that shown to hold with the sands 
and sandstones, but coinciding with the flow of water through the 
same tube, namely, the flow increasing faster than the pressure. 

RESULTS OF OTHER INVESTIGATIONS RELATING TO THE FLOW 
OF WATER THROUGH SOILS. 

Results of Darcy.-The investigations of Darcy 1. concerning the per
meability of sand layers in water filters led him to the conclusion that 
the rate of flow through them was directly proportional to the pressure 
and inversely proportional to the thickness of the filter beds, and, fur
ther, that the·amount of the outflow varied with the diameter of the 
sand grains. · 

Results of Hagen.---..:Hagen's 2 investigations, however, failed to estab
lish any constant relation between the amount of discharge and the 
pressure under which it occurred. He was, however, led to agree with 
Darcy in that the flow was inversely proportional to the length or 
depth of the stratum penetrated. 

ILes fontaines publiques de la ville de Dijon, par Henri Darcy, Paris, 1856. 
2Handbuch der Wasserbaukunde, Berlin, 1869. 
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Results of Seelheint.-F. 
Seelheim 1 conducted a. se
ries of experiments relating 
to the flow of '''ater through 
sands and clay, in which he 
used the apparatus repre
sented in fig. 34. This con
sisted of a vessel for holding 
soils, whose form was varied, 
but was usually that shown 
in the engraving at A; a 
funnel, B,. into which the 
discharge took place and in 
which the temperature was 
measured; a tube, C, whose 
length could be varied and 
in which the water pressure 
qesired could be held con
stant by means of the siphon 
and Mariotte flask shown at 
D and E, F being a wadding 
:filter. 

The sands to be investi
gated were first subjected to 
thorough washing and di
gestion with concentrated 
hydrochloric acid, in order 
to remove calcium carbon
ates and soluble silicates. 
They were then washed, 
boiled with· soda soluti~n, 
and washed again. After 
being dried they were 
treated with fused potas
sium bisulphate to remove 
all clay, then washed, then 
boiled with potash lye, again 
washed, dried, and finally 
heated to remove all organic 
mateFial. 

The sands thus treated 
were then sorted by 
means of screens into four 
grades. 

'Methoden zur Bestimmungder Durch
lassigkeit des Bodens: Zeitschrift fiir 
analytische Chemie, Vol. XIX, p. 387. 

c 

FIG. 34.-Seelheim's apparatus for measuring flow of . 
of water through sands. A, U-formed tube; B, 
discharge funnel; C, pressure tube; D, Mar1otte 
bottle; E, siphon; F, filter. 
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The clay experimented with was treated in various ways to remove 
undesired materials until, ·when analyzed, it showed the following 
composition: 

Analysis of clay used by Seelllein~. 

Constituent. 

Silici~ acid ............. ___ ............ _ ....... ·1 
Alumina ........ ___ ........................... : .. 

Water .......................................... . 

Percen~ 

45.54 
38.77 
15.69 

I 
,---1 

L l 100.00 1, 

-------------------------~ 

The sand was first boiled under water to remove air, and tllen intro
duced into the holder, A., already filled witP. water, which was jarred 
until no further settling occurred and until the holder was entirely full. 

We shall now quote some of Seelheim's results so iar as they bear 
upon the relation of fiow to pressure. 

Table showing relation of p1'CS81We to flow th1·ough sand in U-fonnecl tnbe. 

~essure. Time. Tempera- Mean flo"] ture. 

Om. Minutes. 0 0. o.c. 
150 15 8.0 41.0 
101) 15 7.9 27.5 

\_ 
50 15 8.0 13.~ 

In this series the fiows are very nearly proportional to the pressure, 
the discharge under 100 em. being 3.328 per cent higher than would be 
computed from the fiow under the low pressure, while that under 150 
em. is 2.433 per cent too low. . 

In another experiment, in which chalk was used, where the ratio of 
chalk to water was as 3.5 grams to 1 gram, the following results were 
obtained by Seelheim: 

Table .showing ?'elation of pressure to flow thrattgh chalk. 

I p, .. ,, Time. Tempera-
M'"n flow. I ture. 

I 01n. Minutes. oo. O.c. I 

~ 
·60 12 

~ 0 60 12 4 

In this case the fiow under the higher pressure is 5.55 per cent greater 
than would be computed from the law. 
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With clay, where the -ratio of clay to water was 5 to 3.286, the 
results were: 

Tabie showing 1·elation of p1·esszwe to flow through clay. 

E e. Time. Tempera- M ture. ::3 
j Om. 

I ~~~ 
~ 

( 

Minutes. 0 c. 
60 12 
60 12 

C.c. I 
o.~~ I 
~ 

In this ease the flow·increases faster than the pressure by only 0.855 
per cent. 

In his work with clay, having sma1ler amounts of water, Seelheim 
found it impervious under the lower pressures, but under higher pres
sures flows did take place, and the results below are given for a mixture 
of 5 parts of clay to 1.505 parts water. · 

Table showing 1·elaUon of pressure io flow tlwough clay" 

I Pressure. Time. Tempera· Mean flow. I ture. 

Genii •1wt~1·s. Minutes. oc. c. c 

456 240 12 0.35 

L1, 150 240 12 .8~ 

In this case the flow under the higher pressure was 1.439 per cent 
faster than would be computed from the law. 

In these four sets of trials there are four cases where the flow has 
increased faster than the pressure and orie where the reverse was true. 
They stand as follows : · 

Percentage departh•,re of flow f1·om Poiseuille-Meyer law in foregoing experiments. 

I Material. Pressure. Percenta;l 
departure. 

Centimeters. 

Sand 1 ..... 50-150 -2.433 
Sand 2 ..... 50-100 +3.328 
Chalk ...... 100-150 +5. 555 
Clay 1 ... __ . 100-150 + .855 

Lla;r2 ...... 456-1, 150 I +1.43~ 

Judging from the form of Seelheim's apparatus, evaporation must 
have taken place from the surface of the water in the funnel in which 
the temperatures were taken, and this and whatever evaporation may 
have occurred in the dropping and the measqring cylinder would 
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diminish the percentage of flow under low pressures more than those 
under high pressures, and hence would tend to give results showing the 
relations which are found; that is, if evaporation did take place during 
the experiments and no corrections were applied for it, then an exact 
agreement with the law of Poiseuille shown by the figures would mean 
that the flow had not increased so rapidly as the pressure. 

In his three sets of experiments to determine the relation of length 
of columns of sand to flow, his flows were not exactly what would be 
computed from the lengths of the columns through which the flow took 
place, as the results he obtained, which are given below, sho.w. 

Relation of flow to length of colnmn. 

I 

Material. Lengths. Flows. Time. Percentage 
departure. 

---

O.c. Minute.~. 

I I Sand ............. __ . ____ . 2 to 1 8.3 to 16.8 30 +1. 205 

I 

:Clay.·------------·-----· 1. 5 to 1 .46.to .71 60 +2.899 
Chalk .. ____ ---_---- .. ---· 1. 5 to 1 .31 to .48 60 +3.226 

This comparison is made here by using the flow through the long 
column as the standard, because reducing the -length of the column is 
assumed by the law to be equivalent to increasing the pressure a like 
amount, and the percentage differences in the table show ho"w much 
larger the observed flows were than would be computed from the law; 
but differences in this direction should be found if the flow did really 
increase faster than the pressure. Seelheim's results stand 7 to 1 in 
favor of flow increasing faster than the pressure. 

Observations of Trautwine;~ln Bulletin 45 of the Colorado Agricul
tural Experiment Station, Prof. L. S. Carpenter quotes s.ome results 
obtained by John C. Trautwine, jr., chief of the bureau of water, Phil
adelphia, on the rate of seepage from the Queen Lane reservoir under 
different depths of water, from which it. appears that the rate of flow 
increases faster than the pressure increases. 

Carpenter gives the following table a~ showing the observed results: 

Table showing the rate of seepage f1·o,m Queen Lane reservoir, P.hiladelphia. 

I November, 1897 March, 1898 I 
(before .silting). (after silting). 

Depth. Loss per Depth. Loss per 
day. day. 

Feet. Inch. Feet. Inch. 

15 0.29 20 0.15 
20 .54 25 .24 

28 . 32 

L 
30 .4~ 
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It will be seen that these observations 
show seepage increasing very much more 
rapidly than the pressure. 

Carpenter, referring to his own observa
tions on the rate of se~page from canals, 
says that several cases "show that the loss 
increases with the depth of water in the 
canal, but the loss seems to be greater than 
shown from theoretical considerations." 

In such cases as these account must of 
course be taken of the increase in the sur
face through w,hich seepage may occur when 
the depth of the water in the canal or reser
voir is increased, and the data from Traut
tWine simply show the total seepage, and 
hence the seepage ought to appear to 
increase with depth, provided the sides of 
the reservoir are not wholly impervious to 
water. 

It might well happen, both in reservoirs 
and canals, that the new surface through 
which seepage could take place when the 
water level is raised might transmit the 
water relatively faster because of not being 
so thoroughly silted up, and if so, the seep
age in such cases would appear to increase 
faster than the depth even when directly 
proportional to it. 

We can not therefore accept these data 
as demonstrating that under the conditions 
of reservoirs and canals seepage increases 
faster than the pressure until correction has 
been made for the later_al seepage, which 
may become possible with the rise of the 
water. · 

Observations of Welitschkowsky.-Tbe ex
periments of Welitschkowsky1 and those of 
Wollny 2 were conducted with an appara
tus represented in fig.' 35, which consists, 
as W ollny used it,· of a cylinder, .A, 5 em. 
in diameter, in which the medium to be in
vestigated is. placed. This is ·provided at 
the bottom with a :fine wire screen to retain 
the sand and pe.rmit the escape of the water 

J.Archiv f'tir Hygiene, Vol. II, 1884, pp.499-512. 
2Forschungen auf dem Gebiete der .Agrikulturphysik, Vol. 

XIV, 1891, pp. 1-28. 

FIG. 35.-.A pparatus used by Wollny 
for measuring flow of water 
through soil. .A, soil tube; B, 
pressure tube; C, funnel; D, E, 
overflow; F, supply pipe. 
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into the funnel below. The pressure was varied by means of a tube 
which was provided with overflow tubes 10 em. apart and which 
could be coupled to the soil tube in a water-tight manner by means 
of a wide rubber band. o 

Below is given one of the tables of results reached by We1itschkow
sky, in which columns are introduced giving the :flows computed from 
the flow under the lowest pressure, assuming that the law ofPoiseuille 
holds true; but in computing thes~ results the pressure is taken equal 
to the length of the sand column plus that of the column of water above 
the sand. 

Table showing the 1·elation of pressure to flow of water th1·ough sand made up of g1·ains 
0. 33 1mn. to lmm. in diameter. • 

[Flow of water in cubic centimeters per minute.] 

100 em. 75 em. 50 em. 25cq hDepthof 
ater above 
the sand. Ob- Computed. Ob- Computed. Oh- I c d Ob-

served. served. served. ompute · served. Computed. 

10cm ... 96 ---------- 98 .. - .. -- .. -- ..... 106 .. ---- ... -.... - 131 ............ ---· 
20cm ... 105 104.7 109 108.5 123 123.6 175 168.4 

30cm ... 112 113.5 121 121.1 141 141.3 216 205.9 

40cm ... 1l9 122.2 133 132.6 160 158.9 259 243.3 

50cm ... 126 130.9 144 144.1 179 176.7 306 280.7 

60cm ... 135 139.6 155 155.7 198 194.3 348 318. 1 

70cm ... 143 148.4 167 167.2 218 211.9 390 355.6 
80cm. __ 151 157. 1 178 178.7 237 229.3 435 393.0 

lE:-- 159 165.8 189 189.2 255 247.2 477 

~ m .. 167 174.5 201 201.8 273 264.9 521 9 

We have here a set of extremely interesting and instructive results. 
It is to be observed, in the :first place, that the column ~f sand 25 em. long 
gives a flow under each of the ten different pressures, increasing faster 
than the pressure by amounts ranging from 3.9 per cent under a pressure 
of 45 em. of water to 11.3 per. cent when the pressure becomes 125 em. 
When the column has its length doubled, or made 50 em. high, there is 
under the lowest pressures, 70 and 80 em., a nearly complete agreement 
with the law; but as the pressure is increased the flow becomes faster 
than is required until, under a pressure of 150 em., it exceeds the, 
computed amount by 3 per cent. Then when this column was given a 
length of 75 em. there became practically an almost complete agree
ment of observation with theory, the percentage departure in no case 
reaching as. much as 0.5 of 1 per cent. It must be conceded, however, 
that this percentage departure is real rather than apparent, for were it 
due to the chance irregularitieR of errors of observatio:n the departures 
~ould not be persistently in one directio11, as fhey are with but two 
exceptions. 
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In the case of the :-;and column 100 em. long the agreement with the 
law is very close under the lowest velocities, but as the velocity increases 
the departure changes phase a,nu becomes l~rger and larger untilpne of 
4.3 per cent is reaehed where the trials end. It is seen, therefore, that 
in this series of observations with one and the same sand, varied only 
in length of column and pressure under wllieh the flow takes place, 

25cm . 

... 
500 cc. 

400 

50 em. 

-300 

FIG; 36.-Diagram showing the relation of pressure to flow of water through sands, by Welitsch· 
kowsky. Straight lines show theoretical flow through sand columns of different specified deptils; 
+dots, flow increasing faster than pressure; -dot!;, fiowincreasingslowerthan pressure. .Abscissas 
indicatfl pressure and ordinates flow. 

there is a passage from a rate of discharge increasing faster than the 
pressure increases through a flow almost exactly proportional to the 
pressure and then on to one where the flow increases less rapidly than 
the pressure. Taking the whole s~ries together, there is a departure 
ranging from plus 11.3 per cent on one side to minus 4.3 per cent on-the 
other, or a total of 15.6 per cent. The results of the table are shown 
graphically in fig. 36. 
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In a still finer sand, having a diameter less than 0.33 mm., the same 
investigator found the following relations of flow to pressure where the 
length of the column was 50 em.: 

Relation of flow to pressu1·e in fine sand. , 

I Pressures in centimeters. I 
60. 70. 80. 90. 100. 110. 120. I 130. 140. 150. 

-------- ~.c.~~~~~ 
---

O.c. O.c. O.c. O.c. O.c. 

Observed flow. 0.13 0.14 0.17 0.19 0. 22 10. 24 0. 25 10. 28 f 30 0.31 
[ Computed flow . 13 .142 .173 .195 .217 .. 238 .260 .281 .302 .3~ 

In this set the observed flows very nearly coincide with the computed 
flows. . 

Observations of Wollny.-Wollny followed Welitschkowsky, making 
a longer series of observations with essentially the same kind of appa
ratus, using finer materials and a greater variety of them, but it is very 
unfortunate for the purposes here that in tabulating his results small 
variations in flow have been set aside by interpolation and the flows 
under the pressures resulting from 10, 30, 50, 70, a.nd 90 em. of water 
above the sand have been computed from the others rather than 

·observed. 
It is further to be noted that Wollny appears to have considered 

only the column of water above the sample as effective in producing 
pressure instead of the height of the ·column of water plus that of the 
sand which must be taken with the form of apparatus used by him. 

The table below shows the results of two series of Wollny's experi
ments with the data presented as he gives them, and the following 
table presents the same data in the form in which those of Welitsch~ 
kowsky have been given; that is, as they must stand with the pressure 
equal to the length of the column of sand plus that of the water above . 
the sand. · · · 
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Table showing the 1·elation of p1·essu1·e to flow of water th1·ough sand as presented by 
Wollny. 1 

Discharge in 10 hours, in liters. 

I Size of Water 
grains. pressure. Soil 10 em. Soil 20 em. Soil 30 em. 

thick. thick. thick. 

G 
Millimeters. Centimeters. 

IV .. 0.171 to 10 29.570 23.779 20.678 

0.250 20 45.380 32. 192 26.111 

30 61.190 40.605 31.544 

40 77.000 49.018 36.977 
50 92.810 57.431 42.410 

60 108.620 65.844 47.843 

70 -124.430 74.257 53.276 

80 140.240 82.670 I 58.709 
90 156.050 91.083 64.142 

100 I' 171.860 99.496 69.575 

VII .. 1 to 2 10 1 311.41.12 256.777 237.757 
20 444.799 361.402 331.299 

30 578.136 466.027 . 424.841 

40 711.473 570.652 218.383 
50 844.810 675.277 611.925 

60 978.147 779.902 705.467 

70 i, 111.484 884.527 799.009 

80 1,24~.821 989.152 892.551 

90 1,378.158 1,093.777 986.093 
100 1, 511.495 1,198.402 1,079.'639 L 

IForsehungen aufdem Gebiete der .d..grikulturphysik, Vol. XIV, pp. 13-14. 
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Since the values given under the pressures 10, 30, 50, 70, DO ha,ye -
been computed rather than observed, they are omitted from tbe table 
which follows. · 

-Table showing the 1·elation of pressu1·e to flow of :wa.ter through sands. 
(F1·om the la.st table.) 

[Flow during 10 hours, in cubic centimeters.] 

Kind of sand. 

No.IV; size,0.171 to 
0.25 millimeters .... 

Pressure. 

Centimete1·s. 
( 30 

l 60 
\ 70 

!l' 90 
110 

S'oillO centimeters thick. 

Observed fiow. 

C. c. 

45,380 
77,000 

108,620 
140,240 
171,860 

Computed 
fiow. 

C. c. 

75,633 
105,886 
136,139 
166,393 

+1.84 
+2.58 
+3.01 
+3.29 

30 ( 444, 799 
No. VII; size, 1 to 2 I 50 711, 4i3 741,332 -4.03 

I 

millimeters.--·----- )!
1 

70 978, 147 11,037,864 -5 75 1 

90 I 1, 244, 821 1, 33-i, 397 -6: 72 I 

1 '- 1_10 1, 511, 495 : 1, 630,930 -7.32 
======o===========~====================l==================== 

I Soil 20 centimeters thick. ------1 
Kind of sand. 1 I Pressure. Observed fiow. Computed Percentage 

flow. departure. 

Centimeters. 

No. IV; ·size, 0.171 to I 
0.25 millimeters . _ .. ) 

I 
l 

No. VII; size, 1 to 2 r 

I 

millimeters. ________ ~ 

. ~ I 

-- IL 

40 
60 
80 

100 
120 
40 
60 
80 

100 
120 

C. c. 
32, 192 
49, OJ8 
65,844 
82,670 
99,496 

361;402 
570,652 
779,902 
989,152 

1,198,402 

-----r------
C.c. 

48,288 
6-1,384 
80,480 
96,576 

542,103 
7.22,804 

I 
903,505 

1,084,206 

5 

+ 1. 51 
+ 2.27 
+ 2.72 
+ 3.02 

+ 5.27 

+iliU.90 + 9 .. 48 
+10.54-

Kin~ of sand. I Comrmted Percenta"'e 
Pressure Observed flow. '"' 

I----------I-----·· ______ 
1 
___ flo_w_. __ 

1
_d_ep_a_r_tu_r_e._

1 

Soil30 centimeters thick. 

Centimeters. 
( 50 

No. IV; size, 0.171 to 
0.25 millimeters _. _. l

l 70 
90 

110 
130 

( 
No. VII; size, 1 to 2 I Limete'8 ......... 1 

50 
70 
90 

110 
130 

C. c. 
26, 111 
36,977 
47,843 
58,709 
69,575 

331,299 
518,383 
705,467 
892,551 

1,079,639 

C. c. 

36, 555 + 1. 15 
47,000 + 1.79 

-- .. ~~: ~u---~ ~: ~~--
463,819 
596,338 
728,858 
861,377 +25. 34 

+11. 76 

+18. 30 I 
+22. 46 

-------'----
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It will l)e seen that these results, when considered in their proper 
relation, show in one series an increase of flow faster than the increase 
of pressure, while in the other series the same thing is true, except for 
the shortest column, where the flow does not increase a.s rapidly as the 
pressure. The results of these tables ·are shown graphically in fig. 37. 

20,000 . 

20,000 

FIG. 37.-Diagram !;lhowing relation of pressure to flow of water through sands, by Wollny. Straight 
lines show theoretical flow through column lengths of 10, 20, and 30 centimeters; + clots, flow 
increasing faster than pressure; ~dots. flow increasing slower than pressure. Abscissas indicate 
pressure in centimeters and ordinates flow in cuhic centimeters. 

In his three finest grades of quartz sand, Nos. I, II, and III, the flow 
increases less rapidly than the pressure, while with Nos. V and VI the 
reverse again is true. It should be noted that, as in the cases cited, 
the observations sQ. ow a flow persistently, either increasing faster than 

'the pressure or else not so rapidly as the pressure, for each particular 
sample and length of column. · 
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RESULTS OF OTHER INVESTIGATIONS ON THE FLOW OF AIR 
THROUGH SOILS. 

Theobservations made in this inquiry on the relation of pressure to 
:flow of air through various porous media have already been presented. 
It is the purpose here to refer to some of the results of others in the 
same line. 

Wollny 1 bas presented the latest results bearing upon this subject, and 
in reviewing the matter preparatory to his own discussion be refers to the 
experimentsofH.Fleck,2 F. Renk,3 G.Ammon,4 andD. Welitschkowsky 5 

on the permeability of soil for air as givJng results which are in many 
respects discordant and contradictory. 

Obsen,ations of Fleck.-While Fleck concludes that the quantity of 
air :flowing through soil is inversely proportional to the pressure, Renk 
holds that this relation exists only within narrow limits, or only so long 
as the actual velocity of the air does not exceed 0.062 meter per second, 
and then only for the finer soils, unless the columns are long. 

Observations of Welitschkowsky.-W elitschkowsky, working with a 
Munich pebbly soil· having grains (rom 1 mm. to 2 mm. in diameter, 
secured the following relations of :flow to pressure when the length of 
column was 49.6 em. and the pore space 37.38: 

Pressure Observed Computed Perce~tage I Pressure Observed Computed Percentage . ftow 1iow ftow ftow of water. per minute. per minute. departure. of water. per minute. per minute. departure. 

I 
Mm. Oubic em. Oubic em. Mm. Oubie em. Ottbie em. 

10 1,628 .. -........... .. --- - .... -.... 90 12,985 14,652 -11.38 
20 3,118 3,356 - 7.09 100 14,202 16;280 -i2.76 
30 4,5671 4,884 - 6.49 110 15,410 17,908 -13.95 
40 5,996 6,512 - 7.9~ 120 16,826 19,639 -14.32 
50 7,399 8,140 -9.10 130 18,088 21, 164 -14.54 
60 8,802 9, 768 - 9.889 140 19,647 22,792 -13.80 

L£ 10,212 11,396 -10.39 150 20,803 24,420 -14.81 I 
11,490 13,024 -11,77 160 22,061 26,048 -15.26 . 

The material here used is coarser than the coarsest reported on by the 
writer, and the percentage departures from the Poiseuille-Meyer law are 
higher than shown by the low-pressure results, but not nearly so high 
as shown by the high··pressure results given in this paper. 

Observations of Renk.-F. Renk,6 working with medium gravel, fine 
gravel, coarse sand, medium sand, and fine sand, with diameters greater 
than 7 mm., smaller than 7 mm., smaller than 4 mm., smaller than ~ mm., 

1Forschungen auf dem Gebiete der .A.grikultur-Physik, Vol. XVI, 1893, pp.193-222. 
2 H. Fleck, Zeitschrift fur Biologie, Vol. XVI, No. 1, 1880, pp. 42-54. 
sF. Renk, Zeitschrift fiir Biologie, Vol. XV, 1879. 
4Q, .A.mmon, Forschungen auf dem Gebiete der .A.grikulturphysik, Vol. III, 1880, pp. 209-241. 
5 D. Welitschkowsky, .A.rchiv fiir Hygiene, Vol. II, 1883. 
&Forschungen auf dem·Gebiete der .A.grikulturphysik, Vol.ll, 1879, pp. 339-347. 



KING.) RESULTS OF AMMON. 191 

S?J.aller than 1 mm., and smaller than 0.33 mm. to 0.25 mm., respectively, 
and using lengths of column ranging from 25 em. to 300 cin., having 
a diameter of 5 em., obtained results some of· which conformed to the 
Poiseuille-Meyer law, while others did not. · 

In the case of his coarse sand having a diameter of grain of less than· 
2 mm., his measured flows conformed to the law until a pressure gradient 
of 250 to 32, or nearly 8 to 1, was reached; with steeper gradients the 
flow increased less rapidly than the pressure. In his medium sand the 
flow was still proportional to pressure at the highest limit of his experi
ment, when the pressure gradient was ~,000 to 180, or very nearly 11 to 
1. His largest percentage departure from the law with the coarse sand 
was 13.63, and occurred when the length of the column was 50 em. and 
the pressure 150 mm., or with a pressure gra<;Iient of 10 to 3. 

Observations of .Ammon.-G. Ammon 1 worked with a siliceous sandy 
soil, 57.02 per cent of which passed a. screen of 0.3 mm. diameter; a 
quartz sand 1 to 2 mm. in diameter; a pure calcareous sand, 87.723 per 
cent of which passed a screen of 0._3 mm. diameter; and a loam powder, 
92.468 per cent of which passed a screen of 0.3 mm. diameter, using for 
his soil receptacle a brass tube .125 em. long and 5 em. in diameter, 
carrying a manometer near its upper end. His results on the influence 
of pressure are given in the table below: 

Table showing the relation of pressure to flow of ai1· thr·ough soil, by ..Armnon. 

1- Kind of soil. Pressure 
ofwater. 

Observed 
flow 

per hour. 

Computed Percentage 
flow . d per hour. eparture. 

!. 
I 

Mm. 

r 
20 

40 
Sandy soiL. •••.••••.....•••....•• ·t :~ 

Cubic em. 

25,880 

48,040 

72,400 

95,320 

( 20 8, 850 

I 40 17, no 
Quartz sand ..••••...•. o •••••• o. • • • • ) 

8600 
26

, 
460 

l 35,280 

Cubic em. 

51, 760 - 7. 744 

77,640 - 6. 749 

103, 520 - 7. 923 

. -.. -.. -- ., .. -... ----
17,700 + 0. 057 
26, 550 ,_ . 339 

35, 400 - . 339 

J 
20 2, 040 

40 3, 900. 4, 080 - 4.142 
Calcareous sand .•••••..•.•......... I .

60 5,100 6, 120 -16.67 

~ : ~::~ <:~:--~=~:~~---/ 
I Loam powder n- n- -.- m p n n- n- 1- --86_0o_l __ 1,_8-20 ___ 3_, 6_3_o_·l--49. 86 II l 2, 140 4, 840 -55.79 

__j 
1 Forschungen auf dem Gebiete der Agrikultur·Physik, Vol. III, 1880, pp. 209-241. 
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In these cases we have comparatively low pressures and a length 
of soil column of 100 em., and yet a very wide departure 'from the Poi~ .,. 
seuille-Meyer law. In the so!'ted quartz sand only is there a fair 
approximation to it. 

Observations of Wollny.-E. Wollny 1 bas followed the foregoing 
experimenters with a long series of observations on the flow of air 
through sands and soils under different pressures. His appar~tus 
consisted of a soil i·ecept.acle in the form of a vertical tube 125 em. 
long and 5 em. in diameter, provided. with a water manometer near its 
upper end, and arranged with .a water jacket under the control of two 
thermostats, for the purpose of maintaining a constant temperature 
when desired. · · 

The air pressure was generated by a bellows, that passed the air 
first through a ,gas meter, which permitted the reading of the volume 
to 10 c. c. The desired pressure was secured by opening or closing the 
stopcocks leading to and from the gas meter. 

One sand which he used was made up almost excltisively of quartz 
grains, which bad. been cleaned with hot hydrochloric acid, washed 
with distilled water, and then sorted by means of sieves into seven 
grades. These were used separately and in a mixture of equal parts 
by volume of each grade. 

It is· here unfortunate for our purposes, as it was with his experiments 
with water, that Wollny has eliminated what have appeared to be small 
irregularities in his measured flows in order to show more clearly such 
a regular gradation as might reasonably be expected. It is further to 
be noted that in his Table III, dealing with the relation of pressure 
to flow of air through quartz sand, only the results with pressures of 
20, 40, 60, 80, and 100 mm. were obtained by experiment, the others 
being computed. · 

The diameters of grains used by him were as follows:-

I 

I 

I. II.. III. IV. V. VI. VII. 

Mm. Mm. :Jfm. · Mm.· Mn-i. Mm. Mm. 

0.01-0.071 0.071-0.114 0.114-0.171 0.171-0.25 0.25-0.5 0.5-1 1-2 

----

I 

I 
::J 

The lengths of his columns were varied from 25 em. to 100 em., while 
his pressures ranged from lO to 100 mm. of water. 

With his Nos. I to V inclusive his table~ show a complete agreement 
with the Poiseuille-Meyer law both as regards pressure and length ot 
column. In his mixed Rample, containing equal parts by volume of the 
several sizes, his tables also show a complete agreement with the law, 
as do his clay and humus samples. Only his Nos. VI and VII show a 
marked departure from th~ law. 

I E. Wollny, Forschungen auf dem Gebiete cler Agrikultur·Physik, Vol. X VI, 1893, pp.193-222. 
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Below are given W 6llny's results with the samples VI and VII, 
together with the percentage departures which have been computed 
from tbe flow under the lowest pressure in each case. Only the values 
wh~ch were observed have been presented for consideration. 

Table showing the t·elation of pressure to flow of air throngh sand, in cubic centirneters per 
hour, by Wollny. 

1-:.r,.nrl. 

Soil 25 centimeters thick. SoH 50 oentimete"' thiok. ·I 
Pres-

sure of Percent-water. Observed Computed age de-
Observed Computed Percent-

flow. flow. flow. flow. age de-
parture. parture. 

Mm. Cubic em. Cubic em. Cubic em. Cubic em. 

( 20 57,040 ...... - ..... ---. ---. -- ..... 28, 510 
1 

•... _. ___ ... ................... 

Quartz sand N (1. I· 40 114,080 114,080 0.00 57, 040 57, 040 0.00 
VI, diameter 

< 60 169,410 171,120 - 1.00 85,560 85,560 0 00 0.5 to 1 mm .... 

I 80 222,460 228,160 - 2.50 114,080 114,080 .00 

l100 273,220 285,200 -4.20 142,030 142,600 - .40 

ro 233,580 .. .. ---- ... - ... - ................. 120,400 ........................ --------

Quartz sand No. 40 452,700 467, 160 - 3.10 234,780 240,800 -2.50 

VII, diameter 60 662,200 700, 740 - 5.50 344,340 361,200 -4.67 
1 to 2 mm .•... l 80 862,060 934,320. ~ 7.73 I 449,090 481,600 -6.75 

100 1,052,BOO 1, 167,900 --10.59 549,020 602,000 -8.80 

Soil 75 centimeters tl!ick. SoillOO centimeters thick. 

Pres-
Kim1 of sand. sure of I 

water. Observed Computed Percent- Observed Computed Percent. 
flow. flow. age de- flow. flow. age de-

parture. partnre. 

---

Mm.l Cubic em. Cubic em. Cubic em. Cubic em. 

( 20 19,010 ... -.. -.. --- .. .................... 14,260 .. ................. ·------· 
Quartz san<l No. j 40 38,030 38,020 + .03 28,520 28,520 0.00 

VI, diameter 60 57,040 57,030 + .02 42,780 42,780 0 00 0.5 to 1 rum_ ... 
80 76,060 76,040 + 0 03 57,040 57,040 .00 

l100 95,070 95,050 + .02 71,300 71,300 . 00 

r 
20 80,200 ...................... .. - ... - -.. -- 60,200 -- - -..... -- .. ---- -- -.. 

Quartz sand No. 40 159,200 160,400 -.75 120,400 120,400 .00 

VII, diameter < 60 233,380 240,600 -3.00 1?8,790 180,600 -1.00 
lto2mm ..... l 80 302,750 320,800 -5.63 234,780 240,800 

~ 100 367,320 401,000 -8.40 288.360 301,000 -4.20 

19 GEOL, Pi' 2--10 • 
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In another experi~ent Wollny compares the flow of air through finely 
pulverized loam when filled into the apparatus loosely, and that 
through similar loam wh~n firmly packed, and the results are given in 
the table below : 

Table showing the relation of preBSU1'e to flow of ai1· through loosely and firmly packed 
· loam, by Wollny. 

[Flow of air per hour in cubic centimeters.] 

\ 

ition of soil. Wate' I Soil 25 em. 
}lressure. thick. 

( 

rized loam I Pulve 
loos 
(0.0 

ely packed, 1 
to 0. 25 mm.). 

l 
( 

rized loam I Pulve 
firm 

L 
to 0. 25mm.). 

ly packed l 

Mm. 

20 2.040 
40 3.3~0 

60 4.720 
. 80 6.060 
100 7.400 

20 .190 
40 . 380 
60 . 570 

80 . 760 
100 .950 

Soil 50 em. Soi175 em. 
thick. thick. 

2.000 1. 960 
3.330 3.280 
4.670 4.610 
6.000 5.940 
7.330 7.260 

.095 .063 

.190 .127 

.285 .190 

.380 . 253· 

.475 .317 

SoillOO em. 
thick. 

1. 920 

3.240 
4.560 
5.880 
7.200 

. 047 

. 095 
.143 

~ .237 

In this table we have results which are, in some respects, quite 
peculiar. It will be noted that in the loosely packed loam there is a 
very wide departure from the Poiseuille-Meyer law, both as regards 
pressure and as regards length of column. The flow does not increase 
nearly so rapidly as the pressure increases, and yet it does not decrease 
with the length of the column to anything like the extent which is 
called for by the law. Takipg the flow through the column 100 em. 
long and under a pressure of 100 em., the observed flow is 7,200 c. c. per 
hour, while the flow which would be computed from the observed flow 
through the 25 em. column under a pressure of 20 mm. is 2,550 c. c., 
an amount only a little more than one-third as large. Indeed, it will 
be seen that while the flow bas decreased rapidly with the pressure 
from what should be expected, it has lost but little in increasing the 
length of the column. 

Referring now to the closely packed samples, it will be observed that 
the Poiseuille-Meyer law is much more nearly obeyed, both as regards 
length and pressure. It will be seen that in the case of the columns 
having lengths of 75 em. and 100 em., respectively, the flow has even 
increased faster than the pressure by amounts equal to about 1 per 
cent in the largest column and· in the shorter column nearly 0.6 per 
cent, as the writer has found in so many of his own observations. In 
the case of the columns 25 and 50 em. long the law is exactly fulfilled, 
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both as regards length and pressure, as is indicated by the results 
given in the table. 

It is plain, therefore, that W ollny's results show some radical depar
tures from the Poiseuillean law when an attempt is made to apply them 
generally to the :flow of air and water through sands and soils. It i~ 
of course true that his tables show a remarkable agreement with the 
law in many portions, both for air and for water, but he expressly states 
that he has set aside what have appeared to be irregularities, and hence 
it should be remembered that the agreement may possibly not have 
been so close as his tables indicate. 

DEPARTURES FROM THE POISEUI,LLE-MEYER LAW OBSERVED 
WITH CAPILLARY TUBES. 

In considering the concordance of observed :flow of fluids through 
porous media with the :flow through capillary tubes, it is a matter of 
supreme importance to note what agreements and what discrepancies 
are found to exist among the experimental data which have led to the 
acceptance of the Poiseuille-Meyer law. 

Results of Poiseuille.1-In referring to the results of this investi
gator it is the purpose to show here chiefly the closeness of agreement 
which he was able to secure in some of his experiments and the per
centage departures which he observed in others where the agreement 
was not so close. With his tube A, 100.5 mm. long, having a diameter 
of about .14:15 mm., the :flow under pressures of 385.78 mm., 739.114 mm., 
and 773.443 mm. of mercury increased faster· than the pressure,. but 
only 0.04 and 0.06 per cent when· the second and third are computed 
from his first. With his tube Ai, which was a portion of A, 75.8 mm. 
long, the pressures ranged from about 51 mm. up to 775 mm., and in a 
series of seven trials there was an agreement to less than 0.1 per cent 
in every case but one, where the departure was -1.244 per cent. Two 
of the departures were plus, four were minus. 

With a still shorter piece, Au, of the same tube, 51.1 mm. long, and 
with pressures of 98 to 775 mm;, three of the departures were plus and 
one minus, but all were less than 0.2 per cent. 

With his tube Aiii, 25.55 mm. long and about 0.1425 mm. in diameter, 
a pressure of 774.895 mm. gave a flow increasing faster than the pres
sure by 1. 798 per cent when compared with that which occurred under 
a pressure of 387.52 mm. · 

I See report in Comptes rend us, meeting of December 26, 1842. 
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With tube Aiv, 15.75 mm. long and 0.1415 mm. in diameter, the per
centage departures were as follows: 

Percentage of departure of flow front Poiseuille-Meyer law in capillar!J tube 15.75 ntnt. 
long and 0.1415 in diamete1'. 

I Pre""'"· I Depa<tu'"·l 

Millimeters. Per cent. 

24.661 
49.591 
98.233 

148.233 

--1.286 
--1.094 
-1.169 

194.257 --1.702 

I ~~· 000 -3. 853 I 
~60 --7.718 

With Tube A_v, 9.55 mm. long and 0.1415 mm. in diameter; the per
centage departures were as follows: 

Percentage of departure of flow f1·ont Poiseuille-Meyer law in capillary tube 9.55 mnt. 
long and 0.1415 ntm. in diameter. 

~re [nep~ 
~~ers. Per cent. 

23.638 
49.185 
99.221 

148.623 

-- 0.8256 
- 2.489. 

-- 3.681 
193.315 --5.421 

1 ~~7. 737 --~~- =~ 1 

~.62 --~ 

With Tube B, 100.05 mm.long and wjth a diameter about 0.1135 mm., 
the agreement was within less than 0.06 per cent for three trials, the 
departures being minus. Tube Bi, which was a piece of B, also gave 
very close agreement with the law in seven trials, the flows all being a 
little too fast. Tubes Bii and Bm, still shorter pieces of B, also satis
fied the law quite closely, the departures being five plus and three minus. 

With the Tube C, 100.325 mm. long and having a diameter of about 
0.085 mm., and also its pieces Ci, Oii, Cin, and Ci'~ down to a length of 
10 mm .. , all agree with the law within narrow limits, the flow increas
ing faster than the pressures with C, 0 1, and Ciii' but slower with CH, 
except the last, and faster with all of Qiv but the two under the high
est pressures. 

With his TubeD, having a length of 100.3 mm. and a diameter about 
0.044 mm., and his pieces of the same tube, Di, DH, and nm, down to a 
length of 9.95 mm., all under rather high pressures, there was a close 
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agreement with the law, the departures being nearly equally divided, 
eleven plus and six minus. , 

With Tube E, 23.1 mm. long, having a diameter of 0.029 mm., and Ei 
and EH, the agreement of the law is as close as about 0.1 per cent, there 
being eight cases with the flow a little too fast and four too slow. 

With his Tube F, having a length of 383.825 mm. and a diameter at 
the two ends of 0.616 mm. and 0.6932 mm., he used water pressures 
ranging from 126.92 mm. to 10462.08 mm.,,and secured an agreement of 
about + .25 per cent at the lowest pressure ~nd -1.6 per cent under the 
highest. 

Then with a piece of the same tube, Fi, 200 mm. long, he obtained 
the following results: 

Relation of flow to pressure 1Vith capillary tube 200 mm. long and 0.616 mm. to .6932 mm. 
in diameter. 

1 

2 

3 

4 

5 

6 

7 

8 

Pressure of 
water. 

Millimeters. 

83.36 
127.60 
163.71 
328.82 
661.29 

1, 321.87 
1, 981.76 
2,626.58 
5,210.27 
0,459.10 8 

!observed tlow 
per second. 

Cubic em. 

0.01356 
. 02096 
. 02673 
. 05388 
. 10840 
. 21550 
. 31220 
. 41820 
.78070 

1.40500 

Computed flow Percentage 
per second. departure. 

Cubic em. 

.. - ... - ...... ---- ... ... ---- .... - .. -- .. 
0.02076 + . 9632 
. 02664 + .3386 
. 05350. + . 7102 
.10510 + 3.1380 
. 21070 + 2.2310 
.32240 - 3. 164 
. 42750 -2.176 
. 84780 -~ 1. 70200 ,-17 .. 450 

With a still shorter piece of the same tube, FH, 99.725 mm. long, he 
found the following results: 

Relation of flow to pressure in capillcwy tube 99.725 nun. long and 0.616 mm. to .6932 mm. 
in dia·meter. 

1 

2 

3 

4 

5 

6 

7 

Pressure of 
;water. 

Millimeters. 

81.83 
163.97 
331.51 
664.36 

1,323.58 
1,984.95 
2,585.33 
5,207.73 8 10,454.54 

I 
Observed flow Computed flow 

per second. per second. 
Percentage 
departure. 

Cubic em. Cubic em. 

0. 02638 . --- .. - .. ---- . .. ---- .. ---.-
.053555 0.05286 + 1. 314 
.10650 .1068 - .2808 
. 20790 . 21415 - 2.919 
. 39040 .42675 - 8.518 
. 56660 . 63980 -11.44 
. 70260 .83320 -15.68 

1.17100 1.17900 -30.26 
1. 9520 3.36800 -42.04 
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The relations of the observed to the computed flows in this table and 
in the one preceding are represented graphically in fig. 38. 

FIG. 38.-Diagram showing relation of pressure to flow through Poiseuille's capillary tubes F and Fi, 
Straight. lines show theoretical flow; +dots, observed flow increasing faster than pressure; -dots, 
flow increasing slower than pressure. .Abscissas indicate pressure and ordinates flow. 

It is quite remarkable that in Poiseuille's Tube I, 258 mm. long and 
with a diameter of about 0.09 mm., the fiow increased faster than the 
pressure by amounts ranging from 1J>52 per cent to 4.182 per cent,· 
even under such. high pressures as 3,8.">0.16 mm. up to 6,130.08 mm. of 
mercury. This departure from the law appears to be entirely analagous. 
to those cases which have been cited for sands, soils, and rock where 
the flow increases faster than the pressure. 

It has been shown that in the case of wire gauze the fiow of water 
throughit was at first a little too slow to conform with the law; then, 
.as the pressures were- made larger, it increased faster than the pres
sure, but finally came to increase less rapidly than the pressures as the 
head was augmented. And in Poiseuille's tube K he observed the same 
phenomena, the fiow being at first too slow, then too fast, and finally 
too slow to conform with his law, the departures from the law, when 
expressed in percentages, standing as follows: - 0.09565, - 0.01688, 
+ 0.0513, + 1.618, + 2.237, . -0.9306, - 0.4409, -3.851, -0.4553, 
- 0.6886, - 0.6366. This tube, too,' had a length of 364 mm. and a 
diameter of 0.1316 mm., while the pressures ranged from 5 mm. to 
6,136 mm. 

The similarity of Poiseuille's results to those which have been cited 
for porous media is further shown when it is stated that of thirty-nine 
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tubes used by him, having lengths greater than 1 mm., twenty-three 
gave flows increasing faster than the pressure throughout the experi
ment, or through the lowest pressures. Of the seventeen tubes which 
are longer than 51 mm., all but. ·two have the flow increasing faster 
than the pressure for the lowest heads. Of the seventeen tubes less 
than 27 mm. long, there are seven in which the flow increased faster 
than the pressure under the lowest heads, and of these seven there 
are four in which the flow in_creases fa~ter than the pressure throughout 
the range of the experiment. The shortest tube used by Poiseuille, 
in which the flow increased faster than the pressure throughout the 
range, was only 8.5 mm., while a still shorter piece ~f the same tube, 
2.1 mm., gave a flow increasing faster than the pressure in all but the 
highest, yet the pressures ranged from 24 mm. to 773 mm. of mercury. 
The diameter of these two pieces of tub~s was about 0.0297 mm. 

Res~tlts of Oohen.1-Investigations made by R. Cohen on the influence 
of pressure on the viscosity of fluids appear also to indicate that under 
even very high pressures the flow of water increases faster than the 
pressure. This author states that the experiments of Rontgen and of 
Warburg and Sachs show that the viscosity of water is decreased by 
pressure, which is equivalent to saying that the flow increases faster 
than the pressure. 

Cohen made his experiments with water, with salt solutions, and 
with turpentine, measuring the flow through capillary tubes under 
pressures as high as 100, 200, 300, 400, 500, GOO, 900 atmospheres. One 
of his tubes bad a length of 20 em. and a diameter of 0.24 mm. 

It should also be noted that Cohen used both air-free water and that 
which contained the normal amount, and found practically no difference 
between his results. 

The quantity of water flowing through the capillary tube with each 
experiment is not given, but the results are expressed in the mean time 
of flow in seconds computed for one atmosphere, and these for pure water, 
with the percentage departures, are given in the table which follows: 

Table ahowing the 1·elation of pressure to .flow of air tlwough capillaTy tubeB under wide 
·variations of p1·essure, by Cohen. 

I 
'\ 

Pressure Time of flow Time of flow Time of flow 
in atmos- in seconds, Porcentage in seconds, Percentage in seconds, Percentage 
pheres. computed to 1 departure. computed to 1 departure. computed to 1 departure. 

atmosphere. atmosphere. atmosphere. 

1 2,836.25 .......... -- .... 2,600.62 . ..... --- ... 3,147.40 .. -.......... -.... 
100 2,816.00 + .71 2,587.50 + .51 3,132.5 + . 47 
200 2,800.58 +1.26 2,568.25 +1.25 ------------ --- .. ---- .... 
300 2,794.42 +1.47 2,559.50 +1.60 3,100.30 +1. 49 
400 2,775.50 +2.14 2,544.17 +2.17 -- .. ---- .. --. -......... -----
500 2,778.50 +2.03 2,535.50 +2.50 .. -... -- ........ -..... .. .. ... ... ... .. ----
600 ----~- ·----· ... --- ... -... ·----- ·----· .. -- ..... ---. 3, 073 .. 83 +2 .. 33 

l£ 2,772.50 +2.24 2,538.50 +2.40 ············ --~ 
2, 761.75 +2.63 .......................... .. .. --- ... - .... 3,060.50 4-2.76 0 

1 Annalen der Physik und Chemie, new series, Vol. XLV, 1892, p. 666. 
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These three sets of experiments are closely concordant in showing 
that the time becomes shorter relatively as the pressures are increased, 
and hence that the flow increases faster than the pressure. These flows 
are either all at a temperature of 15° or else they have been reduced 
to that temperature. 

Cohen shows, both from his own observations and from those of 
Rontgen and of War burg and Sachs, that the viscosity decreases faster 
under low pressures than it does under high pressures~ and that it also 
decreases faster under high temperatures than it does under low t.em
peratures up to 40° at least. 

These observations, therefore, appear to be in accord with what bas 
been. cited from the observations both of the writer and of others 
regarding the flo'w of water through porous media, and they are cer
tainly not contradicted by the observations of Poiseuille, fo~ it has 
been show11 that there was a marked tendency for the flow to increase 
faster than the pressure, especially under his lower heads. . 

Cohen further concludes from. his observations that with strong salt 
solutions (25. 7 per cent of N aCl to 13.8 per cent, and 26 per cent of 
NH4Cl) the viscosity increases with the pressure, but that when these 
solutions are not. so strong, as for example 4 per cent to 8 per cent of 
NaCl, the viscosity again decreases with the pressure, as he found it 
with pure water; but when the viscosity decr,eased with increase of 
pressure in these dilute solutions· at 2° there came a reversal again at 
14.50 for the 8 per cent soluti9n of N aCI. 

These data indicate that there is a certain strength of solution and 
pressure where Poiseuille's law may h_old, while with weaker solutions 
the flow would increase faster than the pressure, and with stronger solu
tions the flow would not increase so fast as the pressure. 

Or, further, a given strength of solution may obey Poiseuille's law at 
one temperature, while at a lower temperature the flow will increase 
faster than the pressure, and above the same temperature the flow will 
not increase so fast as the pressure; thus, Cohen found that with an 8 
per cent solution of N aCI under pressures o.f 1 and 600 atmospheres the 
flow was proportional to the pressure at 11° C., but greater below 
11 o C., and less above. 

It follows, therefore, from these considerations, if the conclusions 
stated are true, that it is only when a fortunate combinati<m of various 
conditions occur that a set of observed flows of a fluid through either 
capillary tubes or porous media will be found to be exactly proportional 
to the pressure, and that it is much more likely to be true that the flow 
will be either too fast or too slow to conform with the law. 

Results of JJfeyer 1 with air.-lf we now refer to some of those resuits 
of 0. E. 1\ieyer which are held as establishing the law of Poiseuille 
for air, we shaH find that while under certain conditions of length and 
~iameter of tube and of pressure there is a close agreement with the 

1 Annalen der Physik und Chemie, Vol. CXL VIII, 1873, pp. 1-44. 
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law, yet there are real departures which are of the same general char
acter as those shown by these observations for air, while at the same 
time they are in essential agreement with those cited for water. 

Taking the observations which Meyer made with his Tube II, having 
a mean area of cross section of .001114 sq. em., we get the results 
given in the table below, where his logarithmic differences have been 
used and departures found from the constant giv·en by the flow under 
the highest pressure expressing the variations _from the standard as 
( +) or (- ), according as the flow increased faster than the pressure 
or not so fast. As there was a leak in the apparatus during experi-
ment 6, these data are omitted from the table. · 

Table showing the ?'elations of p1·essure to flow of ai1· in capillary Tube II, by Meyer. 

· Expedment- I 
1 2 3 4 5 1 7 · 14 

----------1---- ---- ---- -------- ---- ----

Length of tube ....... em.. 155.3 

p::~~~~.- ~~--. --~-~1~~~~~: { t~! :~~: ~ 
First logarithmic differ-

ences...... . . . . . . . . . . . . . . . 0362 

Departures from the first 

logarithmic differences. 

+3 
-2 
-9 

-5 
-7 

-6 

155.3 155.3 155.3 

1, 326. 7 631. 7 663. 4 

to 392. 8 to 152. 0 to 386. 6 

.0373 . 0528 . 0205 

-3 - 1 +8 
-4 0 +2 
-5 + 5 +4 
-6 +10 +5 
-5 +13 +6 
-5 .................. .................. 

155.3 

700.4 

to 195.2 

. 0195 

+1 

+3 

+2 

+1 

+2 
................. 

155.3 41. 2 

619.0 1,395. 9 

to 131. 0 to 353. 5 

. 0552 . 0706 

-2 -16 

-6 -31 

1 ...... ~~- -32 

·--------· 
................ ............... 

............... .. ................... 
-9 ........................................................... . 

Percentage de-{largest ... 
partures ..... smallest .. 

2.486 

.553 

1. 609 

. 804 

2.462 

. 000 

3. 903 . 1. 538 

. 976 . 513 

Experiment-

1. 449 4. 533 

. 362 2. 266 

16 19 20 21 1 22 23 24 1 25 
1

_L_e_n_g-th_o_f_t_u_b_e __________ c-m-.-.
1

--6-6-.4-~ ~ ~ -~ ~ ~~~ 

Pressures of . mercury,{ 1, 410.7 1, 422.7 862.7 441.1 822.9 700. 9 728. 6 767. 2 
mm .................... to475.3 to262.2 to140.1 toll5.J to123.1 to153.7 to188.3 to187.4 

First logarithmic differ-

ences.... .•...... .. . . . . . . 0756 .136 

-3 

Departures from the first 

logarithmic differences. 

-15 

-22 -6 

-8 
-9 

. 0975 . 0853 

-17 +6 
-27 +16 

-18 +13 
-24 + 9 
-25 +18 
-25 +20 
-12 .............. 

.198 . 0751 
-2 -10 

-5 -17 

-6 -21 

-26 

-23 

-16 
............. ---·---· 

'. 0812 

+9 

+4 

+3 
+9 

-2 

0 

. 0773 

-24 

-26 

-24 

-24 

-27 

-27 

-22 

-25 
. -25 

Percentage de-{largest ... ---;~ ~~~ ... -~--~~~- . - -~-- ;~~. ---~~ ~~~ ... ~-· ~~~. --~--~~~. - ----~~;-~ :· ~~: I 
L--l-la_r_tu~r--es_ .. _._._sm __ ai_Ie_s_t ___ ~_1._9_84~-2-.2-06~-1-.2-3_1~--·~_,o_3~-1.-0-10~-l-.3-3-2~-·-o_oo~-~ 
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Tabl~J showi.ng the ?'elations of preastwe to flow of ai1· in capillai'y Tnbe I, by Meye1'. 

~ Experiment- ~ 

1-------l----__ 9 __ 1_0_1 __ 12 __ 1_3_r-_1_7_ -~-18-1 
Length of tube._-- __ .em .. 156. 2 156. 2 156. 2 76. 7 79. 75 49. 45 26. 85 

Pr~:u_r_e_~ __ ~~-- -~-~~~~~:: { t~' ::::: 
First logarithmic differ-

ences.................... .0408 

Departures from t-he first 
logarithmic differences. 

Percentage de-f largest ... 
partures ..... tsmallest .. 

+1 
-1 

-1 

. 25 

0 

1. 379.4 

to 512.8 

. 0409 

+18 

+13 

+14 

+13 

+13 

+lA 
+14 

+15 

+15 

+13 
4. 401 

3.179 

1, 399.6 

to 472.5 

.0439 

+6 

+5 

+4 

+4 

+4 

+6 

+5 

+4 

+4 

+3 
1. 367 

. 633 

1, 398.6 

to 581.8 

. 0375 

-2 

-1 

-3 

-2 

. 800 

. 266 

1, 414.7 

to 608.4 

. 0365 

+4 

+2 

+2 

+1 

1. 096 

. 274 

1, 424. 4 1, 399. 6 

to 399. 0 to 364. 2 

.0541 .0890 

+7 -4 

__; 1--- ~'--
-6 ----------

1. 295 7. 865 

.000 4. 494 

It will be seen from these tables that there is a marked tendency for 
the :flows to be either too rapid or too slow to conform with the law, 
the largest percentage departures in the :first table ranging from 1 per 
cent to 4.5 per cent and the smallest departures from 0 to 2.85 per cent. 

Referring now to his whole seri_es of experiments the following state
ments are true. - With his longest tubes there were 37 cases where the 
flow increased fastel;' than the pressure and 19 where it increased less 
rapidly, a ratio of nearly 2 to 1; but with his medium and short tubes 
there were but 15 eases where the flow increased faster than the pres-

. sure, while there were 45 in which the flow increased less rapidly than 
the pressure. 

These relations would appear to show that under certain conditions 
there .is a tendency for the flow of air to increase faster than the pres
sure, while tinder others the tendency is in the opposite direction, and 
that the observations of ·l\ieyer are qualitatively in aecord with those· 
cited relating to the :flow through various porous media, both of water 
and of air. 

SUMMARY OF OBSERVATIONS ON THE RELATION OF PRESSURE 
TO FLOW Q:f_FLUIDS THROUGH POROUS MEDIA. 

1. Reference has been made to 222 comparisons of observed and eom
puted flows of .water through capillary tubes,_ obtained from the use of 
44 different tubes. Of these 44 tubes there were 16 in which the entire 
series of observations gave :flows increasing faster than the pressure. 

2. Of the 44 tubes used there were 22 longer than 5.1 em., and of 
these 20 gave :flows increasing faster than the pressure for the lowest 
beads used. 

3. Of the 44 tubes used 17 did not exceed a length of 2. 7 em., and 
of these there were 7 in which the flow increased faster than _the pres-
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sure under the lowest heads, while of these 7 ·there were 4 in which· the 
flow increased faster than the pressure throughout the range of the 
experiment. 

4. The shortest tube used by Poiseuille in which the flow increased 
faster than the pressure throughout the range of the experiment was 
only 0.85 em., while a still shorter piece of the same tube, only 0.21 em., 
gave a flow increasing faster than the pressure in all but the highest 
head. 

5. Of 55 comparisons of flow of water thro.ugh wire gauze under 
pressures of 1 em. to 30 c~., in all but 5 the flow increased faster than 
the pressure; while in 25 other cases, under pressures of 88 to 916 em., 
there were 18 in which the flow did not increase as fast as the pressure. 

6. Of 75 comparisons by Ne-yvell of the flow of water through rock 
0.5 inch thick or less and under preRsures of 69 to 2, 758 em. of water, 
there are 44 cases where the flow increased faster than the pressure. 

7 .. Of 147 comparisons of the flow of water through rock from 1.5 
inches to 6 inches thick under pressures of 21 to 1,055 em. of water, in 
all but 3 cases the flow bas increased faster than the pressure. 

8. Of 132 comparisons of the flow of water through columns of sand 
from 105.4 to 1,022 em. long under pressures from 1 em. to 1,150 em. of 
water, in all but 32 cases the flow increased faster than the pressure. 

9. The flow of water has increased faster than the pressure by 
amounts varying with the sands from 0 to 45.79 per cent; with rock 
from 0 to 85.9 per cent; with capillary·tubes fro~ 0 to 20.9 per cent. 

10. Of 59 comparisons made by the writer of the flow of air through 
sand, sandstone, dust, shot, bundles of knitting needles, and capillary 
tubes, under pressures from 1 mm. to 50 mm. of wn,ter, in all cases but 
10 the flow has increased faster than the pressure. 

11. Of 84 comparisons made by the writer of the flow of air through 
columns of sand and dust shot from 175.26 em. to 87.63 em. long, under 
pressures of 105.4 em. of water to 1,022 em.,. the flow failed to increase 
as fast as the pressure by amounts ranging from 59 to 128 per cent. 

12. Of 84 comparisons made by the writer of the flow of air through 
sandstones from 4.1 em. to 14.3 em. long, under pressures of 105.4 to 
1,022 ern. of water, the flow failed to increase as fast as the pressure by 
amounts ranging from 5.5 per cent to 17 .. 8 per cent. 

13. Of 160 comparisons of the flow of air through sands. and soils 
under pressures of 2 to 10 em. and through lengths of columns of 25 
to 100 em., W ollny finds the flow directly proportional to the pressure 
in all but 20 cases, of which 4 are faster and 16 slower. 

14 .. Of 124 comparisons of the flow of air through sands and soils 
under pressures of 2 to 18 em. of water and through lengths of 20 to 
300 em., Welitschkowsky, Renk, and Ammon found the flow not increas
ing as fast as the pressure in all·cases but 12, of which l-1 agreed with 
the law and 1 was too fast. 

15. Of 121 comparisons ·Of the flow ·of air through capillary tubes 
26.8 to 156 em. long and under pressures of 149 to 1,548 em. of water, 
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Meyer found 64 cases of the flow increasing faster than the pressure, 
52 where it was not so fast, and 5 agreements with the law. 

16. Of 58 comparisons with his tubes about 150 em. long the flow of 
air increased faster than the pressure in 37, or about two-thirds of the 
cases; but with his ~horter tubes the flow increased faster than the 
pressure in only 15 out of 63 cases. 

17. With all the observations of all of the observers, whether with 
sands, rock, or capillary tubes, whether with high or low pressures, and 
whether with long or short tubes or columns, the departures from the 
Poiseuille-Meyer law have been systematically either plus or minus 
instead of first one side and then the other, as should be expected if 
the departures were due to errors of observation, unless indeed some 
peculiarity in the many forms of apparatus is responsible for the sys
tematic departures which have been so persistently found by nearly 
every observer. 

SIGNIFICANCE OF THE DIFFERENCES IN THE VALUE OF THE 
COEFFICIENT OF VISCOSITY AS DETERMINED BY DIFFERENT 
METHODS. 

The evidence which has been presented regarding the flow of water 
through rock and through sands demonstrates beyond question that it 
does, under certain conditions, increase faster than the pressure. The 
magnitude of the observed departures from the Poiseuille-Meyer law 
and the persistency with which the results have recurred are too great 
to be explained by errors of observation. So, too, regarding the flow 
of water through capillary tubes, the results which have been reviewed 
have been obtained by such careful methods and with such acknowl
edged skill that there is left little room for doubt that under certain 
eonditions the flow of water through capillary tubes does increase 
faster than the pressure. Likewise regarding the flow of air through 
porous media, the large number of cases which have been cited, the 
magnitude of the departures and the persistency with which like
results have recurred, together with the acknowledged care and skill 
under which some of the results were obtained, appear to leave little 
room to doubt that with air also the flow may increase faster than the 
pressure when conditions are favorable. 

It has from the first been recognized that under certain relations of 
length and diameter of tube to velocity of flow the Poiseuille-Meyer 
law did not hold and that the discharge fell below the amount which 
would be computed. This falling away in the amount of visible work 
done has been explained by the absorption of energy at the ends and 
within the body of the tube through the setting up of vortex or other 
movements of the water more or less transverse to the axis of the main 
stream, which necessarily absorbed more or less of the energy, tending 
to produce flow and thus to diminish the amount discharged in a unit 
of time. But the fact that the flow may increase faster than the pres
sure does not appear to have been generallyrecognized, and the writer 
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has nowhere seen it explicitly stated in any discussion of the laws of· 
capillary flow. 

It is true that a flow increasing more rapidly than the pressure could 
occur only under conditions where the resistance to the flow became less 
as the pressure became greater, and as the earlier theoretical investiga
tions of Maxwell led to the deduction that the viscosity of gases must 
be independent of pressure there was no apparent.means of explaining 
a flow which increased more rapidly than the pressure. 

The later .experimental investigations of R6ntgen,1 Warburg and 
Kundt,Z Warburg and Sachs,I and Cohen 3 appear to have established 
the fact that the viscosity of both water and air does change with pres
sure, that of water appearing to decrease in some ratio or amount with 
tp.e increase of pressure. .At any rate their observations indicate that 
for water t]?.e flow through capillary tubes increases faster than the 
pressure, even when that pressure is very great, and th1s has been 
interpreted as meaning that the viscosity has decreased with increased 
pressure. 

It is a significant fact in this connection that all determinations of the 
·viscosity of water and of air by the capillary or transpiration method 
have given results which are lower than those derived from observa
tions of oscillating disks or spheres or swinging pendulums. And 
while various corrections have been· applied from time to time which 
have tended to bring the r_esults of the different methods into closer 
agreement, it is still true that those derived from flows through capil
lary tubes are smaller than those obtained by other methods. But this 
relation of determined values is what should be expected did the flow 
of fluids through capillary tubes and porous media increase faster than 
the pressure. The extremely careful work, therefore, which has been 
done ·to determine the viscosity of fluids, it appears, may be legiti-

~ mately placed in evidence in support of the view that the flow of air 
~nd of water through capillary tubes and through sands, soils, and 
rock may increase more rapidly than the pressure. 
· It is difficult to see, however, on the principles of the conservation of 
energy, how it is possible for the flow to increase faster than the pres
sure, and except for the .observations which have been presented the 
proposition would appear absurd. 

It has already been pointed out, in connection with the flow of water 
through wire gauze, that if entangled air were present its reduction 
in volume with increase of pressure might increase the effective cross 
sections of tLe pore~ so far as to permit a series of increasing flows to · 
take place; but the amount of entangled air which would be required 
under those pressures to explain the observed increase in flow is greater 
than could probably be present. 

Even if it is admitted tliat in some manner entangled air in porous 

I Annalen der Physik und Chemie, Vol. XXII, 1884, pp. 510, 518. 
2 Annalen der Physik, Vol. CL V, 18i5, p. 33i. 
a Annalen der Physik und Chemie, Vol. XLV, 1892,_ p. 666. 
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media is responsible for the increase of flow faster than the increase of 
pressure which has been observed, it is not easy to see how the same 
explanation is applicable to the cases which have been observed with• 
the straight capillary tubes, for here the .air should be easily swept 
forward and out by the moving stream. Were it possible for a small 
bubble or series of bubbles of air to remain fixed to the walls of the 
capillary tube through which the water was flowing, an increase of 
pressure would, by compressing the air, increase the cross section 
of the tube and thus permit the augmented flow observed. 

But, admitting that this explanation is applicable to the flow of water 
through the capillary tubes, we are still confronted with the cases where 
the flow of air tl!rough the sands, dust shot, sandstones, bundles of 
knitting needles, and even the capillary tubes under the manipulation . 
of J\feyer, has been too rapid to conform with the law,. by amounts 
as great as 3.1 to 4.4 per cent in his series 9, Tube I, while in these 
experiments the dust shot gave flows increasing faster than the pres
sure by as much as 11 per cent, and the longest piece of- thermometer 
tubing used gave a departure in the same direction larger than this. 

Were it admissible to suppose that the stationary or comparatively· 
stationary film of fluid adhering to the walls of the tube through 
which the water or air is flowing could itself become thinner as the 
pressure is increased, then this change would have the effect of 
increasing the effective diameter of the tube or pore and thus of allow
ing the flow to.increase faster than the pressure, while at the same 
time the viscosity might remain unchanged and yet appear to decrease 
with the pressure. 

It is a common experience that if a vessel filled with water is turned 
bottom up and held for a second for the water to run out, and is then 
set down to rest fo:r a short interval, the water left adhering to the 
sido will drain to the bottom in such amount that a very perceptible 
quantity may be poured out on again inverting the ·vessel. This 
demonstrate8 that there is a film of water of some thickness which 
moves quite slowly along the walls when urged under the influence of 
its full weight, while the balance of the water in the vessel, when urged 
by the same intensity of force, much more quickly leaves the vessel. 

We have found the first drainage from a bright tin vessel under 
these conditions to be 2.63 c. c. from 986 sq. em. of surface, and the 
second drainage, after standing a second interval, to be 0.257 c. c., the 
first representing a thickness of film of about 0.026 mm. and the second 
about one-tenth this amount. These results are only roughly approxi
mate, and are cited only as giving some basis for judgment. 

If it could be shown that this slowly moving film has its velocity 
accelerated at a rate which increases more rapidly than the pressure 
increases, then the ph~nomena which have been observed could be 
accounted for, provided the quantitative relations were right. It is 
not clear, however, that sure grounds can be assigned for thinking that. 
such a relation exists. 



CHAPTER III. 

RATE OF FLO'V OF V\r .ATER THROUGH SAND .AND ROCK. 

In the preceding chapter an attempt has been made to show how the 
observed flows of both water and air through sand and rock, as well as 
other porous media, are related to the pressure, and at th<e same time to 
show in how far these observed relations conform ~o the Poiseuille
Meyer law. It is the purpose in this chapter to deal with the results 
from the ·standpoint of quantity of flow per unit of time as it is related 
to various factors. 

INFUENCE OF THE FORM, DIAMETER, AND ARRANGEMENT OF 
SOIL AND SAND GRAINS ON THE AMOUNT OF FLOW. 

It has become sufficiently evident from the data and discussion 
.already presented that both the diameter of the sand or soil graius and 
the amount of pore space which has resulted from the massing of the 
grains together are factors of fundamental importance in determining 
_the amount of water which may pass a given section of any stratum in 
a unit of time.. It is not enough to· know the percentage volume of 
empty space in a given medium when the possible amount of flow under 
stated conditions is to be determined from theoretical considerations; 
but the extent of subdivision and the form of the pores must also be 
known. 

In his paper in this volume Professor Slichter has considered the 
mathematical relations of spherical soil grains of uniform diameter. to 
the pore space, and he finds that the minimum value for such a case is 
25.95 per cent. This occurs when each sphere touches adjacent spheres 
in twelve points and forms an element of volame which is a rhombohe
dron, having face angles equal to 60° and 120°. On the othm: hand, 
when the spheres touch one another in but eight points and form an 
element ofvolume which is the cube, then the pore space has its maxi
mum value of 47.64 per cent. In the former condition of packing, a 
cubic foot of sand made up of such grains will contain 25.95 per cent of 
its volume into which water may be poured and through which it may 
flow, while in the second arrangement nearly one-half of the space will 
be unoccupied and may take part in the transmission of fluids through 
it. Between these two extremes of packing there may result all vari
ations in the value of the pore space b~tween 25.95 per cent and 47.64 
per cent. 

It is evident that the value of the pore space for spherical grains is 
in no way altered by their diameters so long as all have the same value 

207 
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and are packed in like manner; quite the opposite, however, is true 
with the dian~eter of the pore through which fluids may move, for 
doubling the diameter of the grain or sphere increases the area of 
cross section fourfold, and hence permits an increase of flow which is 
more rapid than the increase in diameter. 

But as the grains of soil and of sand are, as a rule, neither spherical 
in form nor uniform in diameter, and as no one has yet investigated . 
the properties of the pores of masses bqilt out of units of irregular form 
and size, it 'is a matter of fundamental importance to kno~ in how far 
the actual pores through which the movements of water take place 
may conform with those which have been assigned to grains spherical 
in form. 

OBSERVED PORE SPACE IN SOIL AND ROCK. 

The method used in determining the pore space of soils and sands 
consists in filling a cyliildrical vessel of known capacity with the 
medium whose pore space is to be determined and then computing the 
pore space from the weight of the material used and its specific gravity. 

In undertaking this work it was early found that quite widely differ
ent arrangements of the grains resulted from different methods of fill
ing the vessel. To pour the. material into the receptacle rapidly or 
to put it in in considerable quantities at· a time usually resulted in a 
larg~ pore space. On the other hand, in the case of sands, if they 
were allowed to fall into the receptacle .in a fine, steady stream, a 
uniform packing would result which was much closer than could be 
secured by the other method. The closest packing and the most uni
form results were obtained by adding the material in small lots at a 
time and gently tamping with a broad, flat-faced pestle until the vessel 
was filled. But by whatever method the material was introduced it was 
found that a still closer packing could be obtained by gently j~rring at 
the close. The vessel, after being filled by tamping, was "struck off'' 
with a piece of plate glass, then held :firmly while, with light blows, 
the walls of the tube were struck gently but repeatedly as long as any 
reduction in volume could be produc~d. If the cylinder was not held 
rigidly, or if severe blows were resorted to, the pore space was usually 
increased. If the material had been put in rapidly or in considerable 
quantities at a time, it was seldom possib~e by any amount of careful 
jarring to secure the minimum pore space. 

The receptacles used for most of the work were brass cylinders hold
ing nearly either 100 cc. or 200 cc. and having a length of 8.678 em. for 
the shorter one and 16.7 em. for the longer, their diameters being 3.817 
and 3.812 em., respectively. 

The per _cent of pore space is given by the formula, 

Vd-W 
100 Vd P. 

Where Vis the volume of the vessel in cubic centimeters, d is the 
specific gravit~ of the sand, and W is the weight of ihe sand in grams. 
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.All determinations have been made with the material in the air-dry 
condition, and no correction has been applied for hygroscopic moisture. 
The presence of hygroscopic moisture would increase the weight of the 
sample beyond its due value, and hence when a correction is made for 
it the per cent of pore space would be increased. .As the hygroscopic 
moisture is found in greater percentage in fine-grained media. than in 
those which are coarser, the general tendency would be for the values 
found for the pore space of the finer grained materials to be ~ost in 
error. 

In the following table are given the observed pore spaces of anum
ber of sands, soils, and rocks, together with the time required for 5,000 
c. c. of air to pass through them under the conditions there stated. In 
this table ·is given the data needed for computing the effective ctiameter 
of grain from Professor Stichter's formula-

\ 

d 2=k ~ [8.9434--lOJ, 
spt 

where d =diameter of soil grain, 
h =length pf aspirator or sand column, 
s = area of aspirator or sand column, 
p =pressure in centimeters of water at 20° C.,' 
t =time in seconds tor 5,000 c. c., 
[8.9434- 101 =logarithm of a constant. 

The values of h and s for the several aspirators used are given 
below: 

I 1 3 A B c 

I h ·_ 11.69 15.8 8.674 8.678 16,7 

~ 4.47812 6.3291 11.3903 11.4427 11.4 
I 

Table showing e.ffectit•e diameters of sands and Boils 1Vith obse1·ved pore space and rate of 
air movement through tlumr. 

I 
Num- As- Time for Per cent Approxi-

Material used. ber of pira- Pressure Tempera- flow of 5.000 of pore mate effect-
sam- tor of water. ture. ive diam-
ple. tube. c. c. space. eter. 

- ---

Om. 0 0. Seconds. Mm. 

No. 20 quartz sand ...... 1 3 2.835 -- ... --- 1,275 32.92 0.4830 
No. 20 quartz sanu ...... 2 3 2.860 .... ---. 1,245 33.43 . 4743 
No. 20 quartz sand ...... 3 3 2.865 -- .. ---. 1,540 32.94. . 4371 
No.20 after washing .... 4 B 2.300 19.8 230 37.68 .5128 
No. 20 after washing 

with HCl ............ 5 B 2.400 18.9 350 34.26 .5248 

I No. 20 after rescreening. 6 B 2.300 20.1 270 35.33 .5819 
after third screen- I 

·--· ···--- --·- ...... 71 B 2.200 24.6 260 35.25 . 6112 
.I 

. }!) GEOL, P1' 2--14 
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Table showing effective dia'ntetel's of sands a.nd soils with observed por·e space and mte of 
ai1· rnorement thTough them-Continued. 

Num- As- T' ~ \ p .Approxi-
ber of pira- Pressure Tempera- lm~ or . e.r cent mate effect-
sam- tor of water. ture. tlow of S,OOO ot pore ive diam-
ple. tube. c. c. space. eter. 

---- --- ---1----

No. 20, used in well 
point No. 50 and in 
pP-rcolation experi-
ment,p.86 .......•.•.. 8 A 

No. 40 quartz saud...... 9 1 

No. 40 quartz saud .... __ 10 1 

No. 40 quartz sand ... __ . 11 3 

No. 40 quartz sand, used 
in well point No. 80 
and percolation ex
periment,p.86 ..••••.. 12 B 

No.60 quartz sand...... 13 1 

Om. 

2.330 

3.01 

2.975 

2.820 

2.380 

3.010 

o o.· 
13 

23.3 

13 

No. 60 quartz sand (du
plicate) ..•••......... 

No. 60 quartz sand (du-
plicate)------ ....... . 

1411 

15 3 

2. 6881 .• -. ----

2. 845 ---- ----
No. 60 quartz sand (dn-

·phcate) .. • ••• . . . . . . . . 16 B 2. 50 

No. 60 quartz sand (du-
plicate) . • . • • . . . . . .. . . 17 B 2. 45 

No.60 quartz sand (du-
plicate).............. 18 B 2. 55 

No. 60 quartz sand (du-
:plicate) ..••....... __ . 19 B 2. 55 

No. 60 quartz sand ( du-
plicate) .. . . .. .. . . . . .. 20 B · 2. 55 

No. 60 quartz saud (du-
plicate) .. . . .. . . . . . . .. 21 B -2. 55 

N~l1~a1~)~~~-~~~~-~~~~-~ 22 

No. 80 quartz sand.. . . . . 23 

No. 80 quartz sand...... 24 

No. 80 quartz sand ...... 

1 

25 

No. 80 quartz sand, used 
. in percolation experi-
ment, p.86 ............ 

1 

26 

No. 100 quartz sand .... ·1 27 

~I 
1 

3 

A 

1 

1 

3 

3 

3 

B 

2.55 

3.15 

2.80 

2.91 

2.65 

3.37 

2.863 

2.94 

3.055 

3.030 

2.325 

20.2 

19.5 

19.9 

20 

20.1 

20.2 

20.3 

20 

------·
... --·--

13 

19.9 

Seconds. 

1,485 

6,105 

5,945 

6,353 

3,300 

8,710 

31.46 

36.60 

36.56 

32.25 

33.92 

36.45 

Mm. 

.2941 

.1848 

.1886 

. 2274 

.1717 

.1551 

9, 1751 36.98 

8, 452 34.20 

.1562 

.1777 

2,900 34.97 . 1708 

2, 925 34. 97, . 1758 

3, 125 35.14 .1627 

3,120 35.14 .1628 

3,240 34.87 .1603 

3,230 34.87 .1601 

3,235 

14,565 

14,555 

16,195 

11,200 

16,420 

21,619 

24,845 

H3,635 

32,540 

9,966 

I 
35. 061 . 1600 
37.25 . 1143 

37.81 .1165 

34.91 .1213 

32.58 

38.68 

39.49 

35.32 

35.32 

35.51 

39.10 

. 09513 

. 09593 

. 08856 

.09714 

. 08191 

. 08188 

. 07963 

No.lOO quartz sand..... 28 

No.100 quartz sand..... 29 

No.100 quartz sand..... 30 

No.100 quartz sand..... 31 

No.100 quartz sand..... 32 

No. 100 quartz sand, I 
washed .......... __ .. 

1 

33 .B 2. 300 8, 450 35. 63 . 1018 

L::::_
0

:_.~_-q_-f--~-~-~-~ c __ ~-~-~:_; __ ~_-.:...I_34__:__B_:..__2_._5_5__..!...- __ 18_._7_,:...· ___ 6_, a_5_o__2__3_5_._7_5-'--~ 
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Table showing effective diameters of sands and soils with observed pore space and 1·ate of 
ai1· movement-Continued. 

Num-j.As-
Pressure Time for Per.cent .A.pproxi-

::liatel'ial used. l.Jer of pira- Tempera ·flow of 5,000 of,pore mate eti'ect-
sam- tor of water. ture. ive !liam-
ple. tube 

c. c. space. eter. 

- ------

No. 100 rescreened from Cm. 0 c. Seconds. JJim. 

No. 80 ................ 35 B 2.575 24.7 2,9~5 38.81 .1521 

No.8 quartz sand a ...... 36 c 1.000 16.5 -o I 37.60 2.54 

No.7 qua.rtz sand a ...... 37 c 1. 090 16.5 ;3.33 38.44 1.808 

No.6 quartz sand a ...... 38 c 1. 120 16.5 12o.8 I 38. 85. 1. 451 

No. 5t quartz sand a ..... 39 c 1. 150 16.5 163.3 39.26 1. 217 

No.5 quartz sand. a ..•... 40· c 1. 180 I 16.5 211.6 39.88 1. 095 

No.4 quartz sand a ...... 41 I c 1. 180 16.5 300 38.53 . 9149 

No.3 quartz sand a ..•... 42 c 1.190 16.5 475 36.26 . 7988 

No.2 quartz sand a ..•••. 43 c 1. 200 16.5 693.3 34.66 . 7146 

No.1 quartz sand a ...... 44 c 1.210 I 16.5 976.67 34.43 . 6006 

No. 0 quartz sailda .•.... 45 c 1. 220 16.5 1,308 34,42 . 5169 

Sorted sands mixed 20 
per cent each of 1, 9, 
13, 23, and27 ... ~ ...... 46 3 3.050 17,300 30.09 .1399 

90 per cent of 1+10 per 
cent of 27 _ ..•........ 47 3 2.900 4,605 30.00 . 2934 

80 per cent of 1+20 per 
centof27. ------ ...... 48 3 3 7,249 27.81 .. 2567 

70 per cent of 1+30 per 
cent of27 ------ ...... 49 3 2.950 14,960 25.55 .2084 

60 per cent of 1+40 per 
cent of 27 ............ 50 3 3.060 23,980 25.43 .1670 

50 per cent of 1+50 per 
cent of27 ............ 51 3 3.060 35,350 26.91 .1223' 

40 per ceut of 1+60 per 
cent of27 -----· ..•... 52 3 3.075 42,010 27.66 .1085 

30 per cent of 1+70 per 
cent of 27 ... _. _ .•.... 53 3 3.075 45,010 28.79 . 09!346 

20 per cent of 1+80 per 
cent of27 .•.•........ 54 3 3.060 40,225 31.17 . 09148 

10 per cent of 1+90 per 
cent of 27 ..•.... _ .... 55 3 3.070 44,760 31. G2 . 08147 

95 per cent of 7+5 per 
cent of 35 ..•......... 56 B 2.400 24.7 335 3L23 . 5336 

90 per cent of 7 +10 per 
cent of35 ·----· ·----· 57 B 2.400 24.9 410 32.93 . 5112 

85 per cent of 7+15 per 
cent of35 ...•.. -----· 58 B 2.500 25 655 31.95 .4164 

80 per cent of 7+20 per 
cent of 35 ... - - ..... - . 59 B 2.45 25 680 31.79 . 4133 

75 per cent of 7 +25 per 
60 B 2.55 24.9 780 31.87 ·:;_j ~::.~0~·;;~-~~;· 
61 B 2.50 24.9 840 31.79 . 3681 t of 3o .•• -- ..... -. 

a Sorted sands used in experiments on pp. 231-240. 



212 MOVEMENTS OF. GROUND -WATER. 

Table showing effective diameters pf sands and soils, ·with observed pore space and mte of 
ai1' movement-Continued. 

Num-14-s· · Time for Per cent I Approxi-
ber. of•lp1ra- Pressure Tempera- flow of 5,000 of pore lll:ate effect-
sam- tor of water. ture. c c space 1ve diarn-
ple. tube. · · · eter. 

1

_ 6_5_f_e e-nr-t c-~-f-~-~-=-.7-. :-.-~-~ --~-~-~-.
1 

-6-21-:- :.;; -02~: 9 . :~~=~· 31. 34 -:~; 
60 per cent of 7 + 40 per 1 

centof35 ...•........ 63 · B 2.55 24.9 1,800 30.29 2760 

55 per cent of 8 + 45 per 
cent of 35 ··---· ...... 64 B 

50 per cent of7 +50 per 
cent of 35 ...... ···--· 65 B 

45 per cent of 7 +55 per 
centof35 ............ 66 B 

40 per cent of 7 + 60 per 
cent of 35 --·· .... .... 67 B 

35 per cent of 7 +65 per 
cent of 35 ·----· -·-·-· 68 B 

30 per cent of 7 + 70 per 
cent of 35 .. _. _ ~...... 69 B 

25 per cent of 7 + 75 per 
cent of 35...... . . . . . . 70 B 

20 per cent of 7 + 80 per 
cent of 35 . . . . . . . . . . . . 71 B 

15 })er cent of 7 + 85 per 
cent of 35 ...... ...... 72 B 

10 per cent of 7 + 90 per 
cent of 35 ..•• .... .... 73 B 

5 per cent of 7 + 95 per 
cent of 35 . __ . _. . . . . . . 74 B 

'Unsorted sands: 

Los Angeles--

No. L ...... .... 75 C 

No.2........... 76 C 

No. 3 ..• -- .. _. _. 77 C 

No.4........... 78 C 

No.5.··--··.... 79 C 

No.6 ... ·----·.. 80 C 
No. ·7. .•.... ..... 81 C 

Sands of drainage ex-
periment ............ . 

Sands of percolation I 
well: 

Second foot ....... . 

Third foot ......... . 

Fourth foot ....... . 

Fifth foot ......... . 

I ~ixth foot ......... . 

Lventh foot ...... . 

82 

83 

84 

85 
86 

87 

88 

B 

B 

A 

B 

B 

B 

B 

2.50 

2.45 

2.425 

2.50 

2.35 

2.50 

2.50 

2.40 

2.50 

2.475 

24.75 

3.000 

3.000 

3.000 

3.000 

3. ooo 1 

3.000 

3.000 

2.60 

2.81 

2.65 

2.56 

2.62 

2.57 

2.65 

23.2 2,060 

23.0 2,380 

22.9 2,795 

22.2 2,765 

22.2 2,825 

22.2 3,200 

19.7 3,070 

19.5 3,015 

19.4 2,880 

20.2 2,925 

20.3 2,825 

I 
15. 5 1, 162. 5 

15.5 1, 510 

15.5 9, 505 

15.3 7; 375 

15.2 4, 015 

15.4 2, 260 

15.5 23,975 

16.7 

17.2 

17. 1 

17.2 

17.2 

17.2 

17.2 

1,450 

11,995 

9,325 

1,f>75 

2,000 

2,135 

4,475 

30. 12 

30.69 

31.03 

31. 151 
31.60 

32.21 

32.63 

33.62 

34.30 

35.04 

35.86 

38.75 
33.0.) 

35.96 

34-.89 

37.20 

31.42 J 

42.28 i 

31.11 

38.57 

39.38 

39.45 

37.94 

38.15 

35.32 

2607 

2384 

2155 

2132 

2120 

1880 

1874 

1836 

1759 

1708 

1661 

29185 

3301 

1139 

4289 

1671 

2913 

05542 

2881 

067~5 

07579 

1872 

1746 

~ 
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Table showing c.ffective diameters of sands and soils with observcil pore space and 1·ate of 
air 11Wt,cment-Continued. 

1aterialnsed. 

of percolation SalJ(ls 
wei 1-Continued. 

E 

N 

T 

E 

ighth foot ________ 

iuth fout ...... ----: 
ent!J foot. ___ .. __ .. · 

welfth foot _ .. __ .. 

leventh foot _____ -~ 

hirteenth foot.._. 

T 

T 

Unsor 
p 

ted soils: 

inc barrens, Min-
ong, Wisconsin-

Surface foot. ___ i 

Second foot._ ... 

Thi::-d foot .. __ .. 

T soil: Sand~ 

l\1 inong, \Visconsin-
Surface ______ .. 

6 to 12 inches_ .. 

St evens Point, "Tis-
con sin-

Surface ________ 

8to 16iHches. --1 
I~tahawk,\Viscoll-j 
sm- 1 

To 

Surface . _ ~ _. _ ... 

J2 to 18 inches .. 

s uperior .Junction, 
Wisconsin-

Surface ________ 

6 to 12 inches .. 

N ekoosa,· \Viscon-
sin-

First foot ...... 

Secon<l foot .... 

eloam, Oasis, \Vis-Prairi 
cons in : 

rface .... - ....... 

cond foot ........ 

Su 

Se 

Claye 

D 

y loam: 

rummond, Wis-
con sin-

Surface .•.... _ 

Kum- As-
berof pira: 

m- tor 
ple. tube. 

-- --

89 A 

90 B 

91 A 

92 A 

93 A 

94 B 

95 3 
I 

96 3 

97 3 

98 3 

99 3 

100 3. 

101 3 

102 3 

103 3 

104 3 

105 3 

I 

106 3 

107 3 

108 3 

109 3 

110 3 

Time for Per cent Approxi-
Pressure Tempera- flow of 5,000 of pore mate effect-
of water. ture. h·e diam-c. c. space. eter. 

-----

Om. o G. Seconds. "1fm. 

2.60 17.2 2,575 84.57 .1818 

2.62 -------- 2,965 3L 37 .1728 

2.64 16.6 2,025 38.08 . 2191 

2.66 16.6 5,940 30.25 .1470 

3.03 17.2 11,925 28.76 .1055 

3.04 17.2 38,610 29.32 . 0566 

:::: : ::I 2.945 7,530 38.57 .1509 

2.93 ] 1, 540 34.91 .1432 

2.91 ................ 4,310 36. 15 .2240 

3.24 .. ----- -- 32,6RO 34.49 . 02619 

3.145 ............... 133,700 29.96 . 0523 

3.275 -- .. - ---- 270,900 32.30 . 03149 

3.045 -------- 33,030 32.30 . 09352 

3.21 -------· 100, 100 
I 

34.57 . 04751 

3.03 ---- ....... 20,600 31.43 .1242 

3.10 .................... 171,600 36. 19 . 03439 

3.12 _ ................ 105,000 29.32 . 03589 

3. 14 -------- 217,900 40.68 . 02501 

3. 115 ................ 100,300 32.87 . 05197 
I 
I 

I ' 
3.20 -.... --- -- 164,800 38.83 . 03035 

3.225 --- .. --- .. ~8, 460. 34.64 . 04777 

I 

I 3. 135 ....... --- 197,400 44.87 . 02206 

12 to 24 inches .. 111 3 3.19 ... --- -- 205,200 44.15 . 02197 

nee, Wisconsin-
112 i 

Br . U~Ufl I 

-------~ Second foot . _. - 3 I 
3. 125 

1

. ____ . __ 234,900 48.27 . 01804 
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Table showing effective diameters of sa11ds and ,qoils 1vith obse1Ted pm·e spa.~e and Tate of 
ai1· movement-Continueu. 

- Pressure 
Num- A.s
ber of pira 
sam- tor 
ple. tube 

Tempera-

------- -.- --
Loamy clay, St. Croix 

County, Wisconsin-: 
Second foot . . . . . . . . . . 113 3 

Heavy clay, Ashland, 
Wisconsin: J 

Surface, 6 inches . . . 114 3 
6 to 18 inches .... ___ 115 3 

W"hitney's Maryland 
soils: 

471 earlytruckland. 116 3 

563 early truck land_ 117 3 

141 average wheat 
land ........ _ .. _. 118 3 

1,045 avera.gewheat 
land-·----------- 119 3 

173 finest wheat and 
grass laud .....•.. 

934 finest wheat 
aJ?.d grass laud ... 

Sorted soils: 
116 not passing 60 

screen .........•.. 

116 passing 60 

120 l 3 
I 

121 3 

123 B 

screen . __ . _ . . . . . . . 124 B 

124 not passing 100 
screen...... . . . . . . 125 B 

124 p ass i n g 100 
screen.. . . . . . . . . . . 126 B 

Angular grain~. (Well 
drillings from well of 
physical laboratory): 

Depth 120 to 122.5 
feet . . . . • . . . . . . . . . 127 B 

Depth122.5to 127.16 
feet . _ . _ .. _ . . . . . . . 128 A 

Depth 127.16 to 
133.83 feet .... ---- 129 B 

Depth 133.83 to 
140.83 feet ........ 130 A 

Ctushed 1 i me stone 
washed anu sorted: 

No. 20 screen. ------1131 

No. 40 screen . . . . . . . 132 

No.60screen ....... 133 

o. 100 screen ... _. _ 135 

B 

B 

B 

B 

B U
o. 80 screen ...... 134 

licate ...... ------ 136 B 
o. 100 screen dnp- I 
imestone dust .... _,137 B 

of water. ture. -
--- ---

Om. 0 0. 

3.17 --------

3.17 ............. 

3.24 .. - ....... -.... 

2.995 .................. 

3.035 --------

3.25 .................. 

3.26 ..... -........ --

3.22 ................ 

I 
3.23 I ........ 

2.475 19.2 

2.90 . 19.2 

2.40 19.0 

2.55 19.7 

2.81 17.3 

2.81 17.2 

2.63 17.2 

2.73 17.2 

2.21 ................. 

2.217 ............... 

2.342 ........ -.... 
2.435 .. -.... -....... 

2.325 ....... - ... --. 

2.35 ,_-------I 

3. 075 1--- - .... 
I 

~ 

Time for Per cent A.pproxi-
flow of 5,000 of pore mate effect-

ive dinm-c. c. space. eter. 

. 
Second11. JJbn. 

348, 700 47. 10 . 01810 

466,900 45.;32 . 01402 

808,200 44.15 . 01111 

23,590 32.49 .1119 

41,!.!60 34.45 . 07555 

1,056,000 42.79 . 01011 

993,300 48.00 . 008612 

2,112,500 52.94 . 004956 I 

45.961 
I 

1, 477,300 . 007657 

I 
525 37.46 . 5468 

166,300 32.21 . 02421 

8,925 38.58 . 0848 

195,000 32.78 . 01809 

26,215 33.80 . 05612 

13,!'i25 33.99 . 07817 

8,065 31.22 .1214 

2, 638 30.40 . 2006 

1,825 37.96 . 6319 

425 42.03 . 3500 

690 44.55 . 2426 

1,125 45.87 .1767 

3,050 46.65 .1038 

5,745 42.16 . 09236 

432,000 43.35 . 008933 
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Table sllowi.ng effective diarnf'ters of sands and soils, with observed ]JOTe space and 1'aie of 
aiT movement-Continued. 

1-•tedal u .. d. 

\Nnm-1 As-! Time for p , t I Anproxi-
Tempera- er cen mat ffect-ber of pira- Pressure flow of 5, 000 of pore . e ~ 

snm- tor of water. ture. space. 1ve tham· 
pie. tulle. c.(', eter. 

---- ---

Crushed. and sorted 
glass_: Om. 0 c. Seconds. ]fm . 

No. 20 screen ....... 138 B 2.30 ___ .............. 215 41.04 . 5030 

No. 40 screen ....... 139 B 
I. 

2.40 .. ...... 810 43.91 .2257 

No. 60 screen ........ 140 B 2.50 .. ...... 1,005 45.55 .1875 
No. 80 screen __ . ____ 141 B 2.50 ........ 1,880 45.67 .1369 

No. 100 screen ............. 142 B 2.55 ................... 5, 160 46.22 . 08034 

Crushed friable sand-
stone, not sorterl: 

Dunnville sand-
stone No.2 - ______ 143 B 2.96 13.0 42,855 37.60 . 03635 

Madison sandstone 
No.1.-----· ...... 144 B 2.71 16.7 13,355 33.43 . 08188 

Madison sandstone 
I 

NOS. 4, 5, 6, 7 .. - --- 145 c 3.00 16.0 21,820 34.34 . 08237 

Soils of percolation ex-
perirnent in plant 
house: 

Surface layer of sand 146 A 2.573 16.7 1,065 35.83 . 28448 

Section I _ .. _ ....... 147 A 3.00 16.5 71,100 33.65 . 03380 

Section II ......... _ 148 B 2.965 16.6 46,575 33.76 •. 04144 

Section III _ ........ 149 A 2.99 16.0 47,055 33.88 . 04084 

Section IV __ ....... 150 A 2.765 16.7 30,890 34.37 . 05261 

It will be seen from this table that both the upper and lower theo
retical limits of pore space for the ideal soil are passed, Nos. 49 and 50 
giving a pore space of 25.55 and 25.43 per cent, respectively, while Nos. 
112, 119, aud 120 give pore spaces of 48 .. 27, 48, and 52.94 per cent, the 
theoretical limits being 25.95 and 4 7.64 per cent. 

It appears to be generally true that the well-rounded grains of nearly 
uniform diameter teud to give a pore space which lies between 32 and 
40 per cent. The mean theoretical pore space for spherical grains of a 
single size is 36.795 per cent, and this is very close. to the mean observed 
limit for the more simple sands of rounded grains. For simple sands 
with angular grains the pore space is much larger than it is for the 
rounded sands· of the same sizes of grains, and in the case of the 
crushed glass, whose grains are more angular than those of the crushed 
limestone, which have a tendency to be cuboidal in form, the pore space 
is the largest of all. 
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Comparison of pore space in different materials.-In fig. 39 the pore 
space of several kinds of grains has been plotted in cur.ves~ which 
bring before the mind these relations more clearly than a mere state· 
mentis able to do. Referring to the figure, it will be seen, when the 
whole range of sizes of soil and sand grains is taken into considera
tion, that the .full tlieoretical range of the ideal soil is only a little 
overstepped at both the upper and lower limits by actual soils and 

20PERCENT:--------~--------------------------------~ 

FIG. 39.-Curves showing the variations in the percentage of pore space in various samples of sands, 
soils, and crushed rocks. 

sands, with their mixtures. It will be observed, in the second place, 
that the fine-grained elements of all sorts tend to give a larger pore 
space than results from the massing together of those having larger 
diameters, the finest of the clay soils exceeding the upper theoretical 
limit by several per cent. 

The simple sands with well-rounded grains lie close to the mean 
value when they have a diameter of about 0.15 mm.; but wheu finer 
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than this the pore space curve rises above the mean line, and when the 
<,J.iameters are larger it falls below, as the curve marked'' simple sands" 
shows. 

The two curves of pore space which reach the lowest limits in the 
figure show what results are secured when two sands having rounded 
grains bu.t quite dissimilar diameters are mixed in various proportions. 
The upper of these two curves has resulted from mixing sa~d No. 35 
with No. 7. Beginning with the curve on the left with 100 per cent of 
the sand whose grains have diameters of 0.1521 mm., and mixing with 
this a sand whose grains lmve a diameter of 0.6112 mm: by increments 
of 5 per cent until on the right there is the simple sand of the coarsest 
texture, it will be seen that the smallest pore space is attained when 
the two sands are mixed in nearly equal proportions by weight. 

The curve which has given the smallest pore space is also obtained 
by mixing two sorted sands, Nos. 1 and 27, but the No. 27 had mixed 
with it all of the grains which would pass a screen of 100 mesh con
tairied in the original mixed sand from which it was derived, while the 
No. 35 sand used with the No. 7 for the other curve was secured by 
resifting a sand from a No. SO screen and which therefore did not 
contain any of the very tine sand grains that were mixed with the 
other No. 100 sand. On this account there \vere many very fine grains 
in this gr31de which could sift into the pores of the coarser sand and t.hus 
more nearly occupy the enth~e space. 

The curve showing the pore space of the natural soils begins very 
high with the heavy clays, but falls as the coarser textured varieties are 
reached, until in the case of the coarse, sandy soils a pore space consider
ably below the mean is reached. It should be noted t!:J.at the pore space 
reaches a minimum and then begins to increase again as the so"ils 
become coarser, just as occurred in the mixed grades made by using 
different proportions of a coarse and fine sand. 

Both the crushed glass and the crushed limestone have very high 
pore spaces and suggest that the large pore space of the clay soils may 
be due in part to a greater angularity of their particles, which inter
feres with close packing. It is not at all clear, however, from the curves 
plotted, that even the rounded sand grains might not develop so large 
a pore space as the clays show if the diameters of these sands were 
only reduced until they became as small as those .of the fine clay soil 
are. The change in the diameter of the soil grains between the two 
ends of t.he soil curve is about as 18 to 1, while between the two ends of 
the ~impl,e sand. curve it is 5 to 1; but in the soil curve the pore space 
increases 15 per cent, while in the sand curve the increase is 3.94 per 
cent, g-iving the proportion 

5:18::3.94:x, 

whence .'XJ=l4.18, which is nearly large enough to account for the 
excess of pore space in the fine clay soil over that in the sands. 
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This is an important point to have established; because if the differ
ence in pore space, which increases in an inverse ratio to the diameter, 
i~ not due to increase of ang-ularity in the grains, there will be stronger 
grounds for the belief that the same laws of flow may hold through a. 
wider range of soil diameters than could be expected if an increasing 
angularity of the grain occurred with decrease of diameter. The rela
tion just pointed out, however, should not be given much weight unless 
other evidence can be found to confirm it . 

• DETERMINATION OF THE DIAMETER OF SOIL AND SAND 
GRAINS. 

One of the most evident facts brought out in the table of pore spaces 
which has been presented is that the time which was required for 
5,000 c. c. of air to pass through a given sample holds no very apparent 
relation to the pore space which was found~ except, indeed, that gen
erally the larger the per cent of pore space the slower the air was in 
passing through. 

If we take, for example, the case on the soil curve in :fig. 39, which 
falls nearly upon the line of mean theoretical pore space, and compare 
the time, which was required for 5,000 c. c. of air to pass through the 
aspirator column when :filled with this soil with the time required for 
the same amount of air under like conditions to pass through the sam
ple on the simple sand curve and the one on the mixed sand curve, 
which has very nearly the same pore space, it will be found that the 
times in the three cases stand nearly as given below: 

Ti1nc 1·cquired for flow of 5,000 cubic ccnti1netm·s of ai1· tlwmtgh d(tferent ntaierials. 

I Material. / 

I-:·~~~ . ! 
1 1\hxed sotl - . ___ ... _ . --- .... - ... --- -~ 

l Nearly simple saiHl .....•. _ .... __ ... 

Simple sand .... _ .. _.. . .... __ .. ___ .
1 --- ~ - --

That is to say, while the aggregate amount of pore spa~e in each of 
these three cases through which water or air may travel is very nearly 
the same, yet the time required for the same amount of air to pass 
through columns of soil of the sam·e area of cross section and the same 
length, under the same pressure and temperature, is 150 times as long 
in one case and 15 times as long in the other as was required by the 
first. 

One of the reasons for this great difference in time of :fl.ow is found 
in the-fact that, while the total area of cross section through which the 
:flow may take place is very nearly the same in the three cases, the 
number of tubes through which the air must move is very_ different, 
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and at the same time their diame.ters are extremely unlike in size, the 
pores being very many; but small~ where the flow is slow, and much 
fewer and relatively larger where the flow is rnpid. Pl. IX shows at a 
glance how the size of the soil grains affects the character of the pore 
space where the grains are arranged in the manner which gives it the 
maximum value of 47.64 per cent and also the minimum value of 25.95 
per cent. 

It will be seen that at the left, where the unit cross section is filled 
by 16 of the larger spheres, there remain 16 large pores between them, 
through which the water may flow; in the center, where .the spheres 
have just one-half the diameter, it requires the equivalent of 64 spheres 
to fill the same cross section~ thus forming four times as many pores 
through which the water may flow, but leaving ea'Ch pore with only one
fourth the area of cross section. Then, again, on the right, where the 
spheres or grains have a diameter only one-fourth that of the largest 
spheres, it requires 256 grains to. fill the sections which form the same 
number of smaller pores, but each one has only one-sixteenth the area 
of cross section possessed by the largest pore. In such cases as these, 
with the aspirator filled with grains first of one and then of another 
size, the air would be forced to travel in one case in ~6 ·streams, in 
another in 64 streams, while with grains of a third size there would be 
256 streams moving along the same unit area of cross section. If, then, 
there is the same absolute amount of friction per each equal unit area 
of sliding surface, it is evident that where the pore space bas been 
most divided there must be the largest loss of energy per unit of time, 
and hence the smallest flow, just as has been observed. 

Since the extent to which the pore space of a soil, sand, or rock is 
divided is one of the most important characteristics which determine 
the flow of fluids through H, and since this subdivision is determined 
chiefly by the diameter of the grain, it follows that a quantitative study 
of the :flow of ground water stands in need of most exact knowledge of 
the diameters of the pores through which the flow must take place and 
of the grains themselves. 

1l1.ethods of determination in common use.-There have been two meth
ods in common use for determining the diameters of soil grains~first, 
that of .direct measurement with micrometer and microscope or other 
me:;tns, and, second, that of counting and weighing a known number of 
grains and then computing the diameter of the mean grain from the 
number, weight, and specific gravity. 

During this investigation it has been found that even with a screened 
and sorted sand it was necessary to include in the count more than 
1,000 grains in order to secure results which agreed by weight to the 
third decimal place; in· illustration of observed variations a single 
instance may be cited. 
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Table showing the con~puted mean di.an~ete1· of the sand giains used in the ~:i'pe1·irnents 
desm·ib_e.d on pp. 162-166. 

I
, Numl?er of Netweicrht. Weightperl C.~mputed 

grams. "' 1,000. d1ameter. 

··---'---:-------1-

Grants. Gram8. l1f'ill1:neters .. 

1, 600 0. 39445 0. 24653 0. :.>622 

1,507 .35155 .23361 .5519 
First count -·-- ............ -----· 
Second count.------------ .... ____ ! 

I 
Third count ...................... 

1 

Fourth_c~uut ....... ______ .... ___ _ 
1, 217 . 28805 . 23669 . ~~=~ 1 

1. 03.3 1 . 25045 . 24245 ~ 

The largest percentage departure in this case is 1.8. 
Closeness of results obtained by counting and by toeighing.-But no 

matter how close duplicates may be secured by this method, the 
results can give accurate values only when the diameters of all the 
grains are practicaliy equal, because the weights of grains vary with 
the cubes of their dia.meters. To divide the weight of 1,000. grains 
whose diameters are 0.1, 0.2, and 0.3 mm. by 1,000 gives the mean 
weight of one grain, but it does not give the weight of the mean grain 
whose diameter is sought in investigating the tlow of fluids through a 
soil ,or sand. It is evident that the weights of such grains as those 
considered would stand to one another as 1 to 8 to 27, showing that 27 
small grains are required to equal the weight of a single large grain, 
and any system of counting and weighing which does not take account 
of the number of grains of each dimension can not give a safe value· for 
the purposes under consideration. But even when the numbers and 
dimensions of each size of grain in a gram of the sample are known the 
two methods of computing the mean diameter from weight and from 
measurement do not give the same Tesult, as the following definite case 
will show. 

Let a sand be considered whose grains have the specific gravity 2.65, 
and whose diameters are: ·(a)= 0.1657 mm. and (b)= 0.00085 mm. Let 
these be mixed in the following proportions: 

A. 90 per cent of a by weight with 10 per cent of b by weight. 
B. 10 per cent of a by weight with 90 per cent of b by weight. 
C. 50 per cent of a, by weight with 50 per cent of b by weight. 
The aggregate surface presented by 1 gram of this mixture would 

be-
A. 

Sq. em. 
90 per cent of a ..... _ ................ ....... _ .... _ .. _ .. _ ..... ___ ... _ _ _ _ _ 123 
10 per cent of b _ .. _. _ . _ .... __ .. _ •••••.• __ .....••..•• _ •. _ .. _ ..•. _ _ _ _ _ _ _ _ _ 2, 664 

Aggregate surface ................................. _ ...... _ .. _.... 2, 787 

B. 
10 pet; cent of a _ ........ _ . __ . _ .............................. __ ...... __ .. 13. 66 
90 per cent of b .. ~. _ .•••••.••..••.•..... _ .......••••.... __ .•• _ •. _. _ .. __ . 23, 973. 37 

A~:,gregate surface . _______ . _ ..... _ o _. _ ••• __ •••• _. _ •••••••••• _ ..... 23,987.03 
====== 
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c. 
Sq. em. 

5Q :rer cent of a ................................ , ................ , . . . . . . . . 68. 32 
50 per cent of b ..••.......•••...•. ---- .....•.• ---- .•.•...•.••.......••••• 13,318.50 

· Aggregate surface ............ : _. _ ..... _ .... __ ................. ".. 13, 386. 82 

If, now, we co_mpute the number of grains of each kind in 1 gram of 
the mixture we get the following: 

A. 

90per cent of a ................ -----· .......... ____ ........ · .... . 
10 per cent of b .•••••...• ____ .••......•..•••.... ____ .••.•.•••.•• 

Grains. 

142,570 
117,354,824,324 

Total number ........ ~. . . • . . . . . . . . . . . • • . . . . . . . . . . . . . . . . • . . . . 117, 354, 466, 804 

B. 
10 per cent of a ...••..............•..... _.. . . . . . . . . . . . . . . . . . . . . . 15, 841 
90 per cent of b .... ............................................ _ 1, 056, 189, 320, 388 

Total number ............................. __ ...... c.. . . . . . 1, 05G, 189, 336, 229 

c. 
50 per cent of a . ........................................ - ....... . 
50 per cent of b ..•... ......••••................••............... 

79,206 
586, 771,6~1,622 

Total number ......... __ ........................... __ . .. .. 586, 771, 700,828 

We may now compute the diameter of the mean grain by dividing the 

/S 
total surface of all grains by the number of grains, and f:::-om D=v 7i: 
find the value of the diameters to be-

Millimeters. 
For A ...................... : . .......................... _ .. _ ....... _ . . . . . . . 0. 0008694 
l''or B . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0008502 
For C...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0008522 

But if the sum of the diameters of all grains is divided by the 
numbe_r of grains the following diameters are found: . 

Millimeters. 
A . - - - - . - - ..... - . - - . . . - - - - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0. 0008502 · 
:B. - -- . : .. - -- .... - -. -- - -- .... - - .. - -- --- .... -.- . - . ~- ... - . -- - -- - . - -.-. . . 00085000196 
c .. -.. --...... -- .. --- .. -- . --- . -.. -- . ---.. -.... ---- : . -.......... -. --. . 00085002157 

Again, if the total weight of all grains is divided by the number of 
grains we get the following: · 

Millimeters. 
A ..... - . -.......... - . - ..... - - .. - .. - .· ..... - - . - - . . . . . . . . . . . . . . . . . . . . . . . . . . . 0. 001831 
B . - - . . . -- - . - . . . . . - - - - . . . . - . . . . . . . . . - - . - - . - . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . 0008804 
c ... _-- .... --.. ----. -- ... -.-- ............ -.. -.-- ..... --- --- .. -- .. --.-. . . . . . 001071 

We have here three different mean diameters: 
1. Computed from the surface of the mean grain. 
2. Computed from the sum of all diameters. 
3. Computed from the weight of the mean grain. 
No two of them agree, and yet each is right judged from its own 

standpoint, but substituted in the formula for computing the flow of 
water each would give a different value, and yet but one value should 
be found. . 
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To test how far these mean values fail in giving a real value, each 
may be used to compute the total surface in one gram of the soil from 
which the mean diameters were computed. · 

~ A J~ 

~ Sq. em. Sq. em. 

I 

Sq. ern. 

Actual surface per gram .... _ .......... 2,787 23,987.03 13,386.82 I 
yomputed from grain of mean surface. 26,041.2 26,568.17 26,568.78 

Computed from grain of mean diam~ter 26,630.8 26,637 26,636.4 I 
Computed from g-rain of mean weight .. 12,363.8 25,717.8 21, 141.8 

It is to be observed regardi~1g these results that in every case the com
puted surfaces are too large, but not by equal amounts. The grain of 
mean surface gives nearly the same values for the three mixtures, 
whereas they are related to one another as 1 to 8.608 to 4.804. The 
same relations are also found when the surfaces are computed from the 
grain of mean diameter, and the two sets of results are very nearly alike, 
so that it may be said that each of these methods is eqP.ally far from the 
truth. 

When the grain of mean weight is used for computing the total 
surface iu each ca~Se the relations stand: 

~-· 

J Actual . _· _ .. _ . _ . 

~ompute<l ... - .. 

A B c I 
1 to 8. 608 to 4. 80-1 I 
1 to. 2. 081 to 1. 71_j 

It is evident from these cons~derations that great difficulties stand 
in the way of the investigator who attempts to determine experi
mentally the influence of the size of soil grains or sand grains upon the 
movement of fluids through them. 

NE"W ME1'HOD OF DETERMINING 1'HE DIAMETER OF SAND, .AND SOIL 

GRAINS. 

After these difficulties were encountered along the lines of mechan
ical analysis of soils it occurred to the writer in 1894 that it might be 
possible to take advantage of the known laws of flow of air tllrough 
capillary tubes to determine the character of soil grains by aspirating 
air through a known volume of the soil under known conditions of 
pressure and temperature. When it had been learned that fairly 
uniform results could be secured experimentally the assistance of Pro
fessor Slichter was sought and he kindly consented to undertake a 
mathematical investigation of the problems involved, and this Jed to 
the formula which he has presented in another paper in this volume and 
which is also given on a preceding page of this paper. • 



KING.] DIAMETERS OF SAND AND SOIL GRAINS. 223 

Description of the apparatus.--The apparatus which has been devised 
to use with this method is represented in fig. 40 and consists of an 
aspirator A, whose capacity varies with the coarseness of the sample 
to be investigated; a pres::;ure gage B; a meter for measuring the air 
C, and an aspirator tube D, in which the sample is placed whose 
character is to be investigated. 

The aspirator i~ a bell 1, placed in a water receptacle 2, under which 
rises, above the level of the water, the air tube 3,3,3,3, connectiug the 

FIG. 40.-Aspirator for determining the mean effective diameter of soil grains. A, aspirator bell; 
H, pressure gage; C, air meter; D, aspirator tube for sample. 

air chamber 4,4, above the aspirator tube D, with the bell A, of the 
aspirator. / 

The pressure gage consists of a bottle 5, partly filled with water 
and connected with the air chamber 4, by means of the_ tube 6, 6. The 
pressure is measured in a bent tube 7, 7, placed upon a scale incl!ned 
so as to rise 1 in 10, thus permitting direct eye readings .of changes of 
pressure to less than 0.1 mm. of water. The press~re tube has a diam
eter equal to one thirty-fifth of that of the water receptacle 5, ;and 
the object of the arrangement is to avoid the necessity of taking two 
readings of the gage for the pressure. 

The air meter is a clock gear, with dial and hands attached, which 
· are driven by the gear wheel 8, as tLe bell of the aspirator rises under 
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the tension of the cord operated by the weight 9, or by :means of a 
crank, as already described, when a constant pressure is desired. The 
fact that 'the bell rising out of the water becomes heavier as it rises 
makes the pressure one which is constantly decreasing by a small 
amount. 

The aspirator tube is provided with two caps 10 and 11, which serew 
to place with an accurately cut :fine thread. These joints are made 
perfectly air-tight by the us@ of a little thick vaseline on the threads. 
The upper cap 11, screws down so as to press hard upon the edge of 
the soil tube, and the lower cap 10, is simply a ring covered with :fine 
wire netting, which holds the soil in place while it permits the air to 
enter the aspirator through the contained samples. 

To :fill the aspirator tube the lower cap, 10, is removed and the upper 
one, 11, screwed down to place, which now serves as a bottom until the 
tube is_full and the screen cap put in place. When the aspirator tube 
has been :filled and is to be attached to the aspirator the tube is 
reversed, the cap removed, and then screwed to place on the air 
chamber. The method of :filling the tube has already been described. 

Results of the aspiration method.-The results which have been 
secured with this method have been given in the tables on pages 209 
to 215, but in order to show how results obtained with it compare with 
those obtained by counting and weighing we have selected from the 
foregoing tables four sets of samples in which the diameters of the same 
grains have been determined by the method of counting and weighing 
a large number of grains, usually in duplicate lots, as already cited. 

Table giiJing the sizes of soil g1·ains. 

Number. 

:Method• of det..<ruin,tion.l 

. By count and 
By aspirator. weight. 

l------------------------------------1--------- -------
Series I, water-worn sand: 

20 ..•... ···-·· ....... • •.................... 

40 ........ ·--- ·----· ..................... . 

60 .......... - --- .. -- ...... ---- .......... :. 

80.-- .•.... ·.·-- .... --- .... - ........... -----

100 .. -- ...... -.-.---.-- .......... - ....... . 

Series II, crushed glass, by J. A .. Jeffery: 

20 ....• : .. - ...............••.......... - ---

40 ....................................... . 

60. ~ ............................... , ..... . 

80 .................................. ------

100 .. ~- .... -- .......... -- - < ••• - - •••• - ••••• 

Series III, rounded sand, by J. A. Jeffery: 

l_E::::::::::::::·::: ::::::~:::::::::::::: 

Mm. · 

0.4745 

.1848 

.1551 

.1143 

. 0826 

.5028 

. 2845 

.1868 

.1380 

.0797 

. 5180 

. 3329 

.J[m. 

0.4690 

.1745 

. 1472 

.1075 

. 0759 

. 5365 

. 3577 

.2329 

.1688 

.1050 
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·Table giving the sizes of soil· g1·ains-Continued. 

Number. 

Series III, rounded sand, by J. A. Jeffery-
Continued. · 

60 .................. -------- -----· ---- ... . 

80 ...••. -----· ·--- .......... · .............. · 

100.-- --. -----. - .. -- ... ----. ---. ---- .. ----
Series IV, rounded sand: 

8 .... ------------------ ······· ------ ·----· 

7 .•.•... ------------ ··-- ·---. ---· ---- ··--. 

6 •• -. --.- . ----- . ---------.-- .. - _._. --.- ---. 

5!---- ........ ---- .... ··------ ........... . 
5---- --- .. --. ---. --- ..••.•• -.- ••.• --------

4.- ... -.-- ... --- .. --------- . ----.-.-- ---. 

Mo,'hod' of dotermination.l 

B . By count and 
y aspuator. weight. 

Mm . 

. 2225 

.1658 

.1116 

2.540 

1. 808 

1. 451 

1.217 

1. 095 

.llfm. 

. 2092 

.1670 

.1210 

2.75£5 

1. 993 

1. 588 

1. 345 

1. 157 

225 

3 ....... ----. "'"-- •. ---- ..• ---- ------ . ---.-

.9149 

. 7988 

. 7146 

. 6006 

.5169 

.8017 .. 
1.106 I 

2 .... -------------- .... -----·- ------------- . 6653 

L~~::: ::::::::::::::::::::::::::::::::::::: ~ 
In this table it will be seen that while there is a general agreement 

between the two methods, yet there are disagreements which, consid
ered in percentages, are quite large._ It must be borne in mind, how
ever, as has been already pointed out, that we have in reality· no 
standard for comparing the method, for we know that the values 
obtained by counting and weighing can not be exact. Search has been 
made thus far in vain for some medium consisting of spherical grains 
of perfectly uniform diameter with which to secure a rigid test of the 
method, but as yet none has been found. It was hoped that a suitable 
medium would be found in double-fine dust shot, but the specific gravity 
of this isso high that small variations in diameter make large differ
ences in results even by the method of counting and weighing. 

The most rigid test yet found for the method is that furnished by 
comparing the observed flows of water through a series of sands with 
those which would be computed on theoretical considerations from the 
diameters as determined by the aspirator. To make such a test as 
this, and in order also to test the general accuracy of his two formulas, 

·one for determining the diameter of soil grains by means of the aspi
rator and the other for computing the flow of water through sands, 
Professor Slichter has, upon request, computed the effective sizes and 
flows of 10 samples of sand through which the flow of water and air 
were carefully measured under low pressures and uniform conditions 

19 GEOL, PT 2--15 
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· of temperature; the results for the flow appear in the following 
table: 

Rate of flow of ai1· and of wate1· through soils having g1·ains of different size under a 
p1·essu1·e of 1 centinwter. 

[Time, 10 minutes.] 

Flow of water. Flow of ai,. ;=] 
Grade. Computed. Observed. Computed. Observed. 

I 

Tempem·i Flow. Tempera- Tempera- Tempera-
ture. ture. Flow. ture. Flow. ture. Flow. 

------

o a. a. c. o a. a. c. o a. O.c. 0 0. O.c. 

8. -'--. 17 2,680 15.2 2,296 17 62,700 16.5 60,000 
7 ..... 17 1,370 15.5 1,080 17 38,320 16.5 33,027 
6 ..... 17 909.1 15.3 756 17 24,040 16.5 22,170 

51----~ 17 638.6 15.3 542 17 18,900 16.5 15,970 
5 ..... 17 499.6 17.6 504.6 17 14,430 16.5 12,010 
4 .•... 17 326.6 16.8 329.2 17 9,296 16.5 8,475 
3 ..... 17 194 16.3 210 17 4,937 16.5 5,307 
2 ..... 17 106.2 16.6 138.6 17 2,953 16.5 3,606 

~ 
17 75.7 16.5 94.8 17 2,295 16.5 3,539 
17 59.8 16.2 72.3 17 1,597 16.5 1, 879 . 

In this table the computed flows have been derived from the diameter 
determined by weighing and counting. It will be noted that the 
observed flows, both for air and for water, are slower than those com
puted for the coarse-grained soils and faster for the finer grained soils. 

When the diameters determined by the aspirator method are used for 
computing the flow of water through the same soils then the results 
stand as given in the next table: 

Table showing ag1·eement between observed and computed flows of ivater through sand. 

Grade. Time. 

Minutes. 

8.------------ ·----- ·----- -----· ---- 10 
7 ................................... 10 

6. -.... - . --.-- . ----- .. - -- .. --.-. -.-- 10 

51- .. - - -.. - - --... - -.... - - ..... - -..... 10 

5 .. ---- .... -- ... ---. ~- ---- ................ 10 

4 .. ---- ... -- ... -...... --- ... --- ..... 10 

3 ... - ...... --. ·-.- .. ...... -- ..... --- .. -...... 10 

u=:: :::::::::::::::::::::::::::: 10 
10 
10 

Flow com-
puted from Observed 
aspirator flow. 
diameter. 

Grams. Grams. 

2, 277 2, 296 
1,132 1,080 

757 756 
522 542 
453.2 504.6 
297.5 329.2 
193 210 
122 138.6 
80.6 94.8 
66.8 72.3 

Flow com
puted from 
count and 

weight 
diameter. 

Grams. 

2, 680 
1,372 

909.1 
638.6 
499.6 
326.6 
194 
106.2 

~ . 
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, It will be seen that in this table, while the agreement is closer than 
in the precedii~g, it is not so close in all parts as could be wished,"nor 

·even so close as should be _expected if the laws of capillary flow hold 
rigidly for water through soils under these very low pressures. 

,The fact that the departures are in one direction for -sands of large 
·grains and in the opposite direction for those which are smaller appe~rs 
to indicate either that the formulas do not quite meet the demands 

·which should reasonably be expected of them, or else thai there is some 
'systematic error in the observations or the apparatus. 

This method of determining the effective size of sand and soH grains 
is very easy and expeditious, and since it takes into account both the 
absolute amount of pore space by directly determining it and also the 
extent to which it is subdivided oy measuring the time required for a 
given volume of air to pass through a section of determined dimensions, 
the method would appear theoretically to be much more satisfactory 
than those which have heretofore been in general use, and since the 
computed flows from the aspirator diameters are, on the average, closer 
to the observed flows than are those derived"from the count and weight 
diameters, it would appear that more confidence may be placed in the 

·results obtained in this way. In the table below are given the per
. centage departures of the computed flows by the two methods from 
the observed flows. 

Table showing the depa1·tnres of computed flows from the observed flows of wate1· through 
sands Nos. 36-45. 

By aspirator. By conntonU w•;gh~ I 
Percent. Per cent. 

8 ..... Too small .. . 0. 8275 Too large . . . 16. 72 

7. . . . . Too large .. . 4. 815 ..... do . . • • . . 26. 85 

6 .....••••. do ..... . . 1323 ..... do .. . . . . 20. 25 

5!. . . . Too small .•. 3.690 ..... do ..••.. 17.82 

5. . . . . . .... do ...•.. 10. 19 Too small .. _, . 9247 

4 •••....•.. do ..... . 9. 629 ..... do ..•. 7 • • 7898 

. 3. . . . . . .... do ...• ·- . 8.095 ..... do ...... 7.619 

2. . . . . . .... do ..... . 11. 98 ..... do . .. . .. 23. 38 

I ~ .......... do ..... . 

L=····-do ..... . 

14.98 ..... do ------~2~-~~ . j 

7.607 ..... do ...... 1 1~ 

It will be seen that when the tlow is computed by either method 
results which are too small are obtained for the smallest sizes of grains 
when judged by the observed flows, but for the larger sizes t~e 
aspirator gives values which are about right, while the weight and 

. count method gives values which are as much too large as they were 
too smaiJ for ~he sm~ller sizes. · · · 
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INFLUENCE OF DIAMETER OF GRAIN ON THE RATE OF FLOW. 

Method and apparatus used.-In order to study the influence of the 
diameter of soil grains upon the rate at which water will move through 
them under different pressures a 

E F 

A 

c 

8 

series of 10 grades of quartz sand 
was procured by screening 
them through screens hav
ing circular openings, and 
then washing each grade 
upon its· screen by allow
ing a strong stream of 
water to play . upon the 
sample for some time, ip. 
order not only to free the 
sample from silt and dust, 
but also to wash through 
the screen any grains which 
were small enough to pass 
the openings, if only they 
could be presented to the 
opening in the right way. 

After they had been 
washed with clean well 
water the samples were 
dried and introduced into 
the percolator in this _con
dition, a small quantity at a 
time, and gently but thor
ougli1y tamped with a 
broad, flat-faced pestle as 
the filling progressed. 

The object of introduc
ing the sand into the per
colator dry was to ·avoid as 
far as possible any stratifi-

FrG. 41.-Percolator for measuring flow of water through 
sand. A, B,:flangedcups; C, water jacket; D, supply tube; cation Of the materials, 
E, pressure gage; F, air vent; G, discharge pipe; H, sand. which greatly modifies tile 

rate of flow, and also to secure an accurate measure of the pore space, 
and at the same time to have this pore space as small as it was practi
cable to make it. 

The apparatus used for this work is represented in fig. 41, and con
sists of an inner heavy brass tube, nickel plated, to lessen the lii:tbility 
of clogging the sand by chemical action, having a length a little 
greater than 12 inches, so that the flow could be measured through:a 
column of sand 30.4816 em. long and 7.242 em. in diameter, and this 
length of column was used in every experiment in this series. 
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Surrounding the percolator tube is a water jacket, into which the 
water flows. through a tube at the upper end, and thence by two 
ports into a water chamber below, which is cut off from the percolator 
tube by a nickel-plated fine brass screen, through which the water 
passes to the sand above. In order to avoid any sagging of the screen 
it was supported by parallel round brass wires, also nickel plated. 
After passing through the sand in an upward course the water over
flows the rim of the tube into a water chamber similar to the one below, 
and from this the water was discharged through a tube of one-half 
inch inside diameter, provided with an opening in its upper side to 
admit air and prevent any siphoning action from taking place to dis
turbthe pressure which it was desired to maintain. 

The object of the water jacket was to control better the temperature 
of the walls of the percolation tube and to lessen the liability of changes 
in its volume by changes in temperature. The water chambers them
selves consisted of two :flanged covers, which were held in place by 
:flange ~wits and made water-tight by means of rubber gaskets. 

The pressure was measured by means of a water manometer, not 
shown in the figure, which consisted of a long barometer tube, carried 
by .a rigid bed, that could be raised or lowered from an incline, rising 1 
in 10 to two or three times this amount if desired. The rigid bed car
ried a scale graduated in centimeters and millimeters, so that when the 
rise of the bed was 1 in 10, as was generally the case, the pressures 
could be read to one-tenth of a millimeter. The zero of the apparatus 
was secured by allowing water to fill the apparatus and over:flow until 
no more would be discharged, and then by means of a set of leveling 
screws the percolator was lowered or raised until the water in the pres-
sure gage stood at the zero ·of the scale. · 

To maintain any constan~ desired head the water came from a reser
voir to an adjustable over:flow receptacle which could be raised or low
ered as desired upon a sliding bar and fixed by means of a set screw. 

-To make fine adjustments of head this bar was provided with a friction 
kneejoint, which permitted slight flexing one way or the other until the 
desired level was secured. 

Filtered distilled .water was always used in this work, and the water 
passed through a sand filter placed between the overflow and the sup
ply reservoir after the first series of experiments had been made, to 
hold back dust particles, which tended to gather in the water as it was 
used over and over in the work. 

The measurements of flow under each pressure had a duration of ten 
minutes, unless the rate of discharge was too great to permit the water 
to be collected and weighed on the Springer torsion balance used. 

After filling the percolator with the dry sand and weighing, in order 
to be able to compute the exact pore space under which the flow was 
to be studied, hot water, kept boiling, was run through the sample from 
the bottom upward during about thirty minutes, in order to remove all 
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air from between the sand g:t;'ains; then the source of beat was removed 
from the water, and it was still kept running through until the temper
ature had fallen nearly to that of the air of the laboratory . 

.All measurements of flow were made in the constant-temperature· 
room, and the apparatus, after :filling, was allowed to stand in this room 
not less than twelve hours before experiments were begun, in order to 
insure an equilibrium of temperature between the apparatus and the 
room. 

The diameters of the grains of the ten grades of sand used in this 
series are given in the table on page 225, as they were determined by 
counting and weighing, and also by the aspirator method. They are 
Series IV of that table. The grains are also shown in natural size in 
Pis. X-XIV. 

The pore spaces, as determined from the weight of the material used 
and the specific gravity of the grains, are given in the table below, and a 
comparison made between these values and those found when the same 
sands were used in the aspirator to determine the diameter of the grains 
will show why the observed and computed flows do not and can not 
exactly agree. 

Table showing pore space of sands 36 to 45 ·used in flow of water. 

~ G,Wo of "nd. 

8 ......... · ____ .. --- ................ ---. 
7- ------ ........ - -- ...... -- ... - --- ... -.. 

6. -----· ........•••....... -· 

5t ..... -- "-- ... -.----- ... --· 

5.---------- -----· ----------
4 ........... ............ ........................ 

3 ....... ................................................. 

2 ....... ·----- ·-·· ····-- .••• 

~--······· ............ 
......... ":'-- .. ......... -- .. - ... -... -...... 

Specific 
gravity of 

sancl. 

2.725 
2.758 
2.755 
2.773 
2.744 
2.726 
2.700 
2.668 
2.669 
2.661 

Po<e •paoo of •=d• I 
used with-

Alr. / Water. 

37.60 39.71 
38.44 39.46 
38.85 39.97 
39.26 39.71 
39.88 40.12 
38.53 39.40 
36.26 37.77 
34.66 35.21 
34.43 34.33 
34.42 35.54 

·---:--

The larger pore space which usual1y occurs in the percolator is due 
chiefly to the fact that with this apparatus it was not practicable to 
jar it after filling, as was the case with the aspirator, and this lack of 
agreement between the pore spaces must tend to make a part of the 
discrepancy which has been shown between the observed and the com
puted flows. 

Results obtained.-ln the tables which follow are given the observed 
rates of flow under the various pressures at which they were :measured~ 
There are also added . three other columns. The :first shows the flow 
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divided by the pressure,. which indicates in how far the :flow failed to be 
directly proportional to the pressure. The second column shows what 
the flow should be, computed from the diameter of the grains as deter
mined by the aspirator, while the third and last column shows what 
flow would be computed for the samp1e from the observed flow which 
took place under the highest.pressure in each case. 

Flow of wate1· through sand No. 36 (Pl. X, A). 

Flow for 10 minut.es com-
puted from-

Pressure Tempera- Flow divided 
of Time. Observed flow. 

water. ture. by pressure. Ob11erved .Aspirator highest pres-diameter. sure flow. 

--------
Om. 0 o. Minutes. Grams. Gram.~. Grams. 

0.5 15.2 10 1,494.3 2,988.6 1,152.3 

I 
1, 001.4 

.5 15.25 10 1, 491.6 2,983.2 1, 152.3 1, 001.4 

1.0 15.2 10 2, 661.0 2, 661.0 2,304.6 2,002.8 

1.2 ·15. 2 10 a 3, 063.6 2, 553.0 2,765.5 2, 403.3 

1.4 15.2 10 3,455.6 2,468.3 3,226.4 2, 803.9 

1. 6 15.2 10 3,889.6 2,428.8 3, 687.4 3, 204.4 

1.8 15.1 10 4, 364.4 2,424.7 4,648.3 3,605.0 

2.0 15. o· 10 4, 664.0 2, 332.0 4,609.2 4,005.5 

2.2 15.05 10 5,093.8 2, 425.6 5,070.1 4, 406.1 

1.8 15.1 10 4,280.2 .2, 377.9 4, 148.3 3,605.0 

2.4 15.25 10 5,482.2 2,284.2 5, 531.0 4.,806.6 

2.6 15.15 10 5, 806.5 2,233.3 5, 992.0 5, 207.2 

. 2.8 15.2 10 6,236.0 2,225.0 6,452.9 5, 607.8 

3.0 15.3 10 6, 576.5 2,192.1 6, 913.8 6,008.3 

3.2 15.4 10 6, 969.0 2,177.8 7,374.7 6,408.9 

:?-4 15.2 10 7,259.0 2, 135.0 7,835.6 6,809.4 

3.6 15.3 10 7,624.0 2,117.8 8,296.6 7,21~.0 

3.8 15.3 10 8,022.5 2, 111.2 8,757.5 7, 610.5 

4.0 14.9 10 8, 396.5 2,099.1 9,218.4 8,011.1 

4.2 15.0 10 8,720.5 2, 076.3 9, 679.3 8, 411.6 

4.4 15.1 10 9,114.5 2,078.4 10,140.2 8,812.2 

4.6 15.2 10 9,511.5 2, 067.7 10,601.2 9, 212.7 

4.8 15.2 10 9,786.5 2,038.8 11,062.1 9,613.3 

5.0 15.3 10 10,192.5 2,038.5 11,523.0 10,013.9 

5.2 15.3 10 10,549.0 2,028.6 11,983.9 10,414.4 

5.4 15.3 10 10,882.0 2,015.~ 12,444.8 10,815.0 

5.6 15.5 10 11,215.5 2,002.8 12,905.8 11,215.5 

l 1.0 15.5 10 

I 
2,696.1 2, 696.1 

I 
2,304.6 2,002.8 I 

2.0 15.5 10 4,607.4 2,303.7 4,609.2 4,005.5 

a The weights below computed to t.en minutes, the observed time being less. 



~ 
JPr~sfure 

water: 

Om. 

LO 
1.0 
1:.2 

1.4 
i.'6 

1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.2 
3.4 
3.6 
.3.6 
.3.8 
4.0 
4.2 
4.4 
4.6 
4.8 
5.0 
5.2 
5.4 
5.6 

l1L 
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Flow of water tlo·ough san(l No. 37 (Pl. X, B) . 

. Flow fodO m;nute• rom· I 
puted from-

. Tempera- Time. ')bserved flow. Flow divided 
ture. · uy pressure. 

Observed I Aspirator hig;hest pres-diameter. sure :flow. 
I 

o a. Minutes. Grams. Grams. Grams. 

15.1 10 1,013.4 1,013.4 1,227.0 1,092.8 
15.1 10 1, 030.'0 1,030.0 1, 227.0 1,092.8 
15.2 10 1,249.4 1, 041. 17 1,472.4 1,311.3 
15.15 10 1, 481.4 1,.058.14 1,717.8 1,529.9 
15.2 10 1, 705.8 1,066.12 1,963.2 1,748.4 
15.3 10 1,933.8 1,073.88 2,208.6 1,967.0 
15 ... 4 10 2,165.5 1,082.75 2,454.0 2,185.8 
15.5 10 2,396.0 1,089.09 2,699.4 2,404.1 
15.4 10 2,610.8 1,087.83 2,944.8 2,622.6 
15.4 10 2,854.6 1,097.92 3,190.2 2,841.2 
15.4 10 3,060. 4 1,093.00 3,435.6 3,059.7 
15.4 10 3,270.4 1, 090.13 3, 681.0 3, 278.3 
15.4 10 3,456.4 1,080.12 3,926.4 3,496.8 
15.4 10 3,688.0 1,084.71 4, 171.8 3,715.4 
15.5 10 3,916.6 1,087.94 4,417.2 3,933.9 
15.5 10 3,898.4 1,082.89 4,417.2 3,933.9 
15.45 10 4, 131.2 1,087.66 4,662.6 4,'152.5 
15.4 10 4,344.0 i,086.00 4,908.0 4, 371.0 
15.45 10 4, 583.0 1, 091.19. 5,153.4 4,589.6 
15.5 10 4,776.6 1,085.60 5,398.8 4,808.1 
15.5 10 5,018.4 1,090.95 5,644.2 5,026.7 
15.3 10 5,218.4 1,087.16 5,889.6 5, 245.2 
15.4 10 5, 452. 4· 1,090.48 6,135.0 5,463.8 
15.4 10 5,677.0 1, 09i. 73 6,380.4 5,682.3 

.. 
15.4 10 5,910.5 1,094.44 6,625.8 5,900.9 
15.4 10 6, 121.5 1,09S.04 6, 871.2 6,119.4 
15.5 10 6,836. 0 1,090.69 7,116.6 6,338.0 

I : 15.5 10 6,556.5 1,092.75 7,362.0 6,556.5 
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lp"""" of 
water. 

Om. 

3.4 
3.4 
3.6 
3.8 
4.0 
4.2 
4.4 
4.6 
4.8 
5.0 
1.6 
1.6 
1.6 
5.0 
5.2 
1.6 
5.4 
1.6 
5.6 
1.6 
5.8 
1.6 
6.0 
1.6 

L£ 

Flow of tvater throu,gh sand No. 38 (Pl. XI, A.). 

Flow for 10 minutes com· 
puted from-

Tempera- Time. Observed fiow. Flow divided 
tur"' by pressure. Observed ARpirator highest pres-diameter. sure fiow. 

0 0. Minutes. Grams. Grams. Grams. 

15.7 10 2,612.2 768.23 2,584 2,582.9 
15.6 10 2,602.6 . 765.47 2,584 2,5R2.9 
15.53 10 2,768.0 768.88 2,736 2,734.8 
15.58 10 2,927.8 770.47 2,888 2,886.7 
15.52 5 1,544.0 772.00 3,040 3, 038.7 . 
15.56 5 1,622.2 772.47 3,192 3,190.6 
15.56 5 1,702.4 773.81 3,344 3,342.5 
15.6 5 1,779.3 773.61 3_, 496 3, 494.5 
15.6 5 1; 853.8 772.42 3,648 3,646.4 
15.6 5 1,926.4 770.56 3,800 3.798.4 
15.6 10 1,184..1 740.06 1,216 1, 215.5 
15.6 10 1, 181.6 738.50 1,216 1, 215.5 
14.6 10 1,192.1 745.06 1,216 1,215.5 
14.75 5 1, 946.4 778.56 3,800 3,798.4 
14.95 5 1,989.1 765.04 3,952 3, 950.3 
14.95 5 5~6.4 733.00 1,~16 1, 215.5 
15.1 5 2,057.9 762.18 4,104 4,102.2 
15.2 10 1,173.1 733.18 1,216 1,215.5 
15.2 5 2,125.4 759.07 4,256 4,254.2 
15.3 5 585.2 731.50 1,216 i, 215.5 
15.4 5 2,206.4 760.82 4,408 4,406.1 
15.3 5 589.2 736.50 1,216 1,215.5 
15.28 5 2, 281.6 760.53 4,560 4,558.0 
15.2 5 574.2 717.75 1,216 1,215.5 
15.25 5 2,355.0 759.67 4,712 4,710.0 
15.3 5 585.7 732.12 1,216 1,215.5 



234· 

I 
I Pre~fure 

water. 

07(1·· 

9.0 
9.5 
1.0 

10.0 
10.5 
11.0 
1.0 

11.5 
12.0· 
12.5 
13.0 
1.0 
1.0 
2.0 
3.0 
4.0 
5.0 
6._0 
7.0 
8.0 
9.0 

10.0 
1~.0 

12.0 
13._0 
14.0 
15.0 
16.0 

l£ 

MOVEMENTS -OF ~ROUND WATER. · 

Flow of tvatm· through sand No. 39 (Pl. XI, B). 

I Flow for 10 minutes com-

' puted from-

Temper- Time. Observed Flow divided 
ature. flow. by pressure. Observed Aspirator highest pres-diameter. sure flow. 

oo. llfinutes. Grarns. Grarns. Grams. 

15.3 5 2,436.5 541.44 4,710. 7 4,757.5 
15.3 5 2,56~.4 539.58 4,972.4 5, 021.8 
15.3 10 566.3: 566.30 523.4 528.6 : 

15.3 5 2,688.4 537.68 5,234.1 u, 286.1 
15.3 2 1;130.6 537.09 5,495.8 5,550.4 
15.3 2 1,172.7 533.04 _5,757.5 5,814,7 
15.3 10 568.7 568.70 523.4 528.6 
15.3. 2 1;229.4 534.52 6,019.2 6,079.0 
15.3 2 1,285.4 534.33 6,280.9 6;343.3 
15.3 2 1,335.7 534.28 6,542.6 6,607.6 
15.3 2 1,378.2 530.08 6,804.3 6, 871,9 
15.32 10 566.5 566.50 523.4 528,6 
14.8 10 552.8 552.80 523.4 528.6 
14.9 1Q 1,111.3 555.65 1,046.8 1,057.2 
15.0 10 1, 676.8 558.93 1,570.2 1,585.8 
15.1 10 2,218.5 554.62 2,093.6 2,114.4 
15.15 iO 2,790.0' 558.00 2,617.1 2,643.1 
15.2 5 1,653.1 551.03 3,140.5 3, 171.7 
15.2 5 1,909.8 545.65 3, 663.9 3,700.3 
15.2 5 2, 170. 4. 542.60 4,187.3 4,228.9 
15.25 5 2,428.3 539,. 62 4,710.7 4,757.5 
15.3 5 . 2, 684. 9· 536.98 5,234.1 .5,286.1 
15.3- 2 1,182.3 537.41 5,757.5 5,814~7 

15.3 2 .1,276.6· 531.92 6,280.9 6,343.3 
15.3 2 1,375.5 529_. 04 6, 804.3 . 6,871~9 

15.32 2 1,4;95.7 534.18 7, 327.7 7,400~5 

15.32 2 1,582.1 527.36 7, 851.2 7,929.2 
15.'32 2 1, 694.7 529.59 8,374.6 8,457.8 
15.36 2 1, 809.1 532.08 8,898.0 8, 986.4 
15.38 2 1,903.0 528.61 9, 421.1 9, 515.0 
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Om. 

1.0 
1.0 
1. 5 

2,.0 

2:5 

·3.0 

3~ 5 

·4. 0 

4.5 
2.0 
5.0 
5.5 
6.0 
6_. 5 

7.0 
7.5 
8.0 
8.5 
9.0 
·9. 5 

2.0 
10.0 

11.0 

12.0 
13.0 
14.0 
15.0 
16.0 

EFFECT OF SIZE OF GRAIN ON RATE OF FLOW. 

FJowof water through sand No~ 40 (PLXII,.A). 

Flow for 10 minutes com. 

I 
puted from-

Temper· Time. Observed Flow divided 
ature. flow; by pressure. Observed Aspirator highes't pres· diameter. sure flow .. 

0 0. Minutes. G1·am8. Grams. Gra1ns. 

17.60 10 530.6 530.60 453.2 469~7 

17.60 10 538.6 538.60 453.2 469.7 

17.59 10 772.4 514.93 679.8 704.5 

17.40 10 1,022.9 511.45 906.4 939.3 

17.39 10 1, 275.2 510.08 1,133.0 1,174.1 

17.40 10 1,514.1 503.36 1, 359.6 ' 1, 408.9 

17.40 10 1, 759.8 502.80 1,587.2 1,643.8 

17.42 10 2:025.7 506.4-2 1,812.8 1,878.6 

17.46 10 2, 272.0 504.88 2,039.4 2, 113.4 

17.38 10 1, 018.6 509.30 906.4 939.3 

17.36 10 2,502.7 500.54 2,266.0 2,348.2 

17.38 5 1,366.9 497.05 2,492.6 2, 583:0 

17.35 5 1, 485.2 495.06 2,719.2 2,817.9 

17.35 5 1,597.5 491.54 2,945.8 3,052.7 

17.35 5 1,705.3 487.23 3, 172.4 3, 287.5 

17.36 5 1,819.7 485.25 3,399.0 3,522.3 

17.38 5 1, 936.1 484.02 _3, 625.6 3, 757.1 

17.38 5 2,055.6 -183.67 3,852.2 3,992.0 

17.38 5 _2, 168.7 481.93 4, 078.8 4,226.8 

17.38 5 2,275.4 478.95. 4,305.4 4, J61. 4 

17.39 10 1, 003.0 501.50 906.4 939.3 

17.38 5 2, 381.8 476.36 4,532.0 4,69{>.5 

17.38 5 2,611.9 474.89 4, 985; 2 5, 166.2 

17.38 2 1, 134.0 472.50 5,438.4 5, 635:8 
17.38 2 _1,227.6 472.14 5, 891.6 6,105.5 

17.40 2 ·1,324.0 472.86 . 6, 344.8 6,575.1 

17.42 2 1,419.7 473.23 6,798.0 7, 044.8 I 
17.45 2 1,503.1 469.69 7, 251.2 7,514.4 



236 

I 
I Pre~rre 

water.· 

Om. 

1.0 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 
9.0 

10.0 
11.0 
2.0 
~.0 

2.0 
12.0 
13.0 
14.0 
15.0 
15.0 . 
15.0 

~ 

MOVEMENTS OF GROUND WATER. 

Flow of water through. sand No. 41 (Pl .. XII, B). 

Flow fodO minute, oom- I 
puted from-

Temper- Time. Observed Flow ·divided 
ature. flow .. by pressure. Observed Aspirator highest pres-diameter. sure ftow. 

----
0 0. Minu(e:s. Gram$. Grams. Grams. 

16.74' 10 306.0 306.00 297.5 323.0 
16.74 10 300.5 300.50 297.5 323.0 
16.50 10 477.5 318.33 446.3 484.5 
16.48 10 669.1' 334.55 595.1 646.1 
16.48' 10 847.9 338.16 743.9 807.6 
16.48 10 1,017.5 339.17 892.6. 969.1 
16.49 10 1,192.4 341.15 1,041.4 1,150.6 
16.51 10 1,363.9 340.97 1, 190.2 1,292.1 
16.51· 10 1,531.8 340.40 1,338.9 1,453.6 
16.52 10 1,693.6 338.72 1,487.7 1, 615.1 
16.52 10 1,859.6 338.11 1,636.5 1,776.6 
16.54 10 2,028.5 338.02 1,785.2 1,938.1 
16.56 10 2, 1~7.8 336.fl9 1,934.0 2,099.6 
16.58 10 2,349.1 335.59 2,082.8 2, 261.2 
16.58 10 2, 511. 2 334.82 2,231.6 2,422.7 

16.58 5 1,335.0 333.75 2,380.3 2,584.2 
16.58 5 1,490.8 331.29 2,677.9 . 3,068.7 
16.60 5 1,649.1 329.82 2,975.4 3,230.3 
16.62 5 ·1,797.4 326.80 3,272.9 3,553.3 
16.64 5. 325.8 325.80 595. 1 646.1 
16.64 10. 653.3 326.65 595.1. 646.1 
16.66 10 655.0 327.50 

I 
595.1 646.1 

16.68 5 1,953.6 325.60 3,570.5 3, 876.4 
16.68 5 2,107.7 324.26 3,868.0 4,199.4 
16.72 5 2,266.8 323.83 4,165.6 4,522.4 
16.74 5 2,416.1 322.15 4,~63.1 4,845.5 
16.76 5 2,429.8 323.97 4,463.1 4,845.5 
16.76 5 2;427.1' 323.61 4,463.1 4,845.5 
16.77 .. 5 2,417.9 322.38 4,463.1 4, 845.5 I 
16.79 10 653.3 326.65 595.1 646.1 
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KING.] 

Pressure 
of 

water. 

Om. 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
7.5 
7.5 
7.5 
7.5 
8.0 
8.5 
9.0 
9.5 

10.0 
11.0 
12.0 
13.0 
14.0 

l£ 

EFFECT OF SIZE OF GRAIN ON RATE OF FLOW. 237 

Flow oj1vate1· tlwou,gh sand No. 42 (Pl. XIII, A). · 

/Qb,mOOfiow. 

Flow forlO minure.oom- I 
puted from-

Tempera- Time. Flow divided 
ture. by pressure. Observed Aspirator ·highest pres-diameter. sure flow. 

0 0. I Minutes. Grams. G?'ams. Grams. 

16.05 10 185.5 185.50 193.6 215.9 

16.05 10 294.5 196.46 290.4 323.8 

16.05 10 404.7 202.35 387.2 431.7 

16.05 10 520.6 208.24 

I 
484.0 539.7 

16.05 10 627.6 209.20 580.8 647.6 

16.05 10 733.1 209.46 677.6 755.5 

16.08 10 843.3 210.82 774.4 863.5. 

16.10 10 948.7 210.82 871.2 971.4 

16.08 10 1, 058.5 211.70 968.0 1,079.3 

16.10 10 1,169.0 212.54 1,064.8 1, 187.2 

16. 10 10 1, 278.1 213.02 1, 161.6 1,295.2 

16.10 10 1,384.5 213.00 1,258.4 1,403.1 

16.10 10 1, 494.5 213.50 1,355.2 1, 511.0 

16.10 10 1, 601.0 213.46 1,'452. 0 1,619.0 

16.10 10 1, 597.3 212.97 1, 452.0 1, 619.0 

16.10 10 1, 598.3 213.11 1,452.0 1,619.0 

16.10 10 1, 594.5 212.33 1,452.0 1,619.0 

16.10 10 1,596.7 212.89 1,452. 0 1, 619.0 

16.12 10 1, 706.2 213.27 1, 548.8 1, 726.9 

16.15 10 1,818.8 213.97 1,645.6 1,834.8 

16.18 10 1, 920.8 213.42 1,742.4 1, 942.8 

16.18 10 2,023.9 213.04 I 1, 839. 2. 2, 056.7 

16.18 10 2,_134. 6 213.46 1,936.0 2,374.6 

16.20 10 2,,339. 4 212.67 2, 129. 5. 2,590.4 

16.20 5 1,277.9 212.98 2,323.1 2, 806.3 

16.20 5 1,378.2 212.03 2, 516.7 3,022.2 

16.20 5 1, 487.6 212.51 2,710.3 3, 238.1 

16.20 5 1,595.4 212.72 2,903.9 3, 453.9 I . 16.20 5 1,592.7 212.36 2, 903.9 3, 453.9 



IPre•mre 
of 

water. 

Om. 

-1.0 

1. 5: 

2.0 
- 2. 5 

3.0 
3. 5' 

It, 0 

·4. 5 

5.0 
5.5 

6.0 
6.5 
7.0 
7.5 
8.0 
8.5 
9.5 
9.0 

io.o 
·n.o 
12.0 
·13. 0 
14:0 · 
'16.0 

: 

I 

·Flow of w~ter t.lwough sa11d No. 43 (Pl. XIII, B). 

I 
Flow fo' 10 minn~• oom- I 

puted from-

Tempera- Time .. Observed flow. Flow divided. 
tur.e. by pressure. Observed .Aspirator highest pres-diameter. sure flow. · 

oc: ]!inutes. G1·ams. Grams. GiMns. 

16.'60 10 144.6 144.60 124. 2' 142.3. 
16.40 10 187. 1 124.73 186.3 2'1'3.4 
16.35 10 264.1 132.05 248.4 284.6 
16.30- 10 332.7 133.08 310.6 355~8 

16.30 10 406.8 135.60 372.7 426·. 9 

16.25 10 477.8 136.50 434.8 498. 1 
16.25 10 550.7 137.67 496.9 569.2 
16:25 10 '623.1 138.46 559.0 640.4 
16.24 10 689.7 137.95 621.1 711.5 
16.25 10 766.1 139.27 683.2 782.7 
16.25 10 839.7 139.95 745.·3 853.8 
16.30 10 909.8 138.71 807.4 925.0 
16.30 10 991.5 141.64 869.5 996.1 
16.30 10 1,045.8 139.44 931.7 1, 067.3 
16.30 10 1, 121.6 140.20 993.8 1,138.4 
16.30 10 1,182.6 139.13 1,055.9 1,209.6 
16:30 10 . 1,337.8. H0.82 1, 180.1· 1, 351.9 
16.30 10 I,"262.3 140.25 1, 118.0 1,280.7 
16.30 10 I,406. 1 140.61 1,242.0 1,423;0 
16.30 10 1, 541.5 140.14 I, 366.4 · 1,565.3 
16.30 10 

I 
1,671.1 139.26 1,490.6 1, 707.6 

16.35 10 1,835.8 141.21 

I 
1,614.9 1,849.9 

16:35 10 1,984.8 141.82 1,739.1 1,992.-2 I 
16:35 10 2,276.8 142.30 I I, 987.5 

I 
2, 276.8 : 

I 
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KING.) 

I p,M,U<O 
of _ 

water. 

. 3. o· 
3.5 
4.0 
4.5 
5.o: 

5.5 
6.0 
6.5 
7.0· 
7.5 
8.0 
8.5. 
9.0 
9.5 

10.0 
10.5 
11.0 
11.5 
12.5 
12.0 
13.0 
13.5 
14.0 
14.5 
15.0 
15.5 
16.0 
16.5 

~ 

EFFECT.:o]'·.siZE ·OF GRAIN ON RATE OF FLOW. '.239 

- Flow-of water through sand No. 44 (Pl. XIV, A). 

Flow fo' 10 minutes com-~ 
puted from-

Tempera- Tim~: 
- ' Flow divided Observed flow. ' ture. by pressure.- Observed Aspirator highest pres-diaineter. sure flow. 

0 o. Minutes. Grams. Gra1ns. Grams. 

16.65 10 286.6 95.53 242.8- 285.2 

16.65 10 336.7 96.20 283.3 332._7 

16.65 10 383.5 95.84 323.7 380.3 

16.65 10 429.2 95.38 364.2 427.8 

l6.65 10 476.3 95.22 I 404.'7 478.3 

16.65 

I 
10 524.6 95.38 ~45.1 522.-9 

16.65 10 572.5 95.42 4-8!5.6 570.4 

16.65 10 615.7 . 94.72 526.0 617.!) 

16.65 9 (f) 593.8 - 94.25 561).5 665.5 

16.65 10 702.5 93.66 607.0 713.0 

16.65 10 749.0 93.62 647.4 760.5 

16.65 10 798.8 93.98 687.9 808.1 

16.65 10 842.6 93.62 728.4 855.6 

16.65 10 891.0 93.79 768.8 903.1 

16.65 10 941.2 94.12 809.3 950.7 

16.65 10 ' 981.6 93.49 849.8 998.2 

16.n5 10 1, oso. 0 93.64 890.2 1, 045.7 

16.65 10 1,077.0 93.65 930.7 1,093.3 

16.65 10 1,177.6 94.21 1,011.6 1,188.3 

16.65 10 1,127.1 93.92 971.2 1,140.8 

16.65 10 1,228.6 94.51 1,052.1 1, 285.9 

16.68 10 1, 271.5 94.18 1,092.6 1,283.4 

16.68 10 1,323.5 94.50. 1, 1:~3. 0 1, 331.0 

16.66 10 1,370.8 94.54 1,173.5 1,378.5 
16.66 10 ·1, 420.5 94.70 1,214.0 1,426.0 
16.66 10 1,466.4 94.61 1,254.4 1,473.6 

- 16.66 10 1,512.5 94.53 1,294.9 1, 521.1 
16.66 10 1, 561.7 94.71 1,335.3 1,568.6 
16.66 10 1, 612.1 94.83 1,375.8 l;u 16.66 10 1,663.7 95.07 1,416.3 1,663.7 



2{0 

I Pre,.ure 
of 

water. 

Cm. 

3.8 
4.0 
4.2 
4.4 
4.6 
4.8 
5.0 
5.2 
5.4· 
6.0 
1.0 
5.6 
5.8 
6.0 

6~2 

6.5 
7.0 
7.5. 
8.0 
8.5 
9.0 
9. 5 -

10:0 
10.5 
11.0 

11.5 
12.0 
12.5 
13.0 
13.5 
14.0 

l£ 

MOV~MENTS O:F G~OUNp W~'!'E!t. 

Flow of wate1· through sand No. 45 (Pl. XIV, B). 

.. 

Flow fodO miuutoooom. I 
puted from-

Teinpera- · Time. Observed Flow divided 
ture. iiow. by pressure. Observed Aspirator highest pres-

diam~ter. sure flow. 

oo. Min'utes. Grams. Grams. Gra1ns. 

16.25 10 - 268.9 70. 76 252.6 280.7 
16.25 10 283.4 70.85 265.9 295.5 
16.25 10 298.2 71.00 279.2 310.3 
16.25 10 314.4 71.45 292.5 325.0 
16.28 10 329.5 71.63 305.8 339.8 
16.25 10 344.7 71.81 319. 1 354.6 
16.25 10 359.9 71.98 332.4 369.4 
16.25, 10 374.8 72.08 345.6 384.1 
16.25 10 390.9. 72. 4'0 358.9 398.9 
16.25 10 . 436.3 72.70 398.8 443.2 
16.25 10 64.5 64.50 66.5 73.9 
16.28 10 405.3 72.37 372.2 413.7 
16.29 10 420.9 73.57 385.5 428.4 
16.29 10 435.9 72.65 398.8 443.2 
16.29 10 451.5 72.98 412.1 458.0 
16.29 10 473.1 72.79 432.1 480.2 
16.3. 10 508.4 72.63 465.3 517.1 
16.3 10 544.9 72.55 498.5 554.0 
16.31 10 582.3 72.79 531.8 591.0 
16.33 10 619.0 72.82 565.0 627.9 
16.35 10 657.3 73.03 598.2 664.8 
16.35 10 692.4 72.88 631.5 701.8 
16.35 10 729.1 72.91 664.7 738.7 
16.38 10 766.9 73.04 697.9 775.6. 

16.38 10 804.3 73.12 731.2 812.6 
16.4 10 839.3 72.98 764.4 848.5 
16.4 10 876.4 73.03 797.6 886.4 
16.4 10 913.9 73.11 830.9 923.4 
16.42 10 952.2 73.25 864.1 960.3 
16.45· 10 990.0 73.33 897.3 997.2 
16.55_ 10 1,028.7 73.48 930.6 1,034.2 
16.48 10 1,066.6 73.56 963.8 1,~ 16.45 10 1,108.1 73.87 997.1 1,108.1 
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KING.) EFFECT OF SIZE OF GRAIN ON RATE OF FLOW. 241 

.A study of these tables reveals the fact that in this series of experi
mental data there are particular cases where the flows conform very 
closely to the Poiseuille-Meyer law; but, on the other hand, there are 
many more cases where the flow has been too rapid, while in others it 
has been too slow, and yet the pressures have been relativ~ly very low, 
in no case reaching 8 inches. 

This failure to conform with the law amounts to as much as 10 per 
cent too rapid and 49 per cent too slow; while the closest agreement 
is found in sample No. 44, where the departures vary from a little more 
than 1 per cent too slow to 1.5 per cent too fast. 

In Nos. 45, 44, 43, and 42 the flow increases faster than the pressure; 
in No. 41 the flow increases faster than the pressure at first, up to 1.5 
em., but not so rapidly after that; while the remainder of the sands, 
Nos. 40,397 38, 37, and 36, give flows which do not increase so fast as 
the pressure. · 
· The general conclusion which appears to be indicated by this series is 

that with the smaller sizes, where the grains give a minimum pore having 
diameters of 0.0117 mm., 0.01361 mm., 0.01619 mm., and 0.01809 mm. 
and under pressures not exceeding a gradient of about 3 to 5, the flow 
increases faster than the pressure; but when the diameters of the pores 
are 0.02756 mm., 0.0248 mm., 0.03249 mm., 0.04094 mm., and 0.05821 mm. 
the flow does not increase so rapidly as the pressures, even when the 
gradient is no steeper than 1 to 5 in the three coarsest. 

In other words, the flow becomes so turbulent in the larger }lores that 
considerable amounts of energy are absorbed even under very low 
pressures. · 

Since the length of the sand columns in these cases was 12 inches 
(30.48 em.), the ratio of diameter to length of tube is as 1 to 5,236 in the 
coarsest and as 1 to 26,000 in the :finest-grained sand, whereas in 
Poiseuille's tube .Aii the ratio of diameter to length was 1 .to 361; yet a 
very close agreement with the law was found under a pressure 58 times 
the highest pressure used here. 

It would appear, therefore, that Poiseuille's law for sands and other 
porous media holds only within very much narrower limits than has 
been found true for capillary tubes. 

Referring now to the influence of the size of _the sand grains upon 
the quantity of water flowing through, under otherwise like conditions, 
it is assumed in Professor Slichter's formula that the flows· are propor
tional to the squares of the diameters of the sand grains as given 
below: 

pd2s 
q=(l.0094) ~1-k-=c. c. per sec. 

'In!~ 

Seelheim's 1 results conform somewhat closely to this relation.· 

1 Zeitschrift fiir analytiscbe Cbemie, Vol. XIX, 1880, p. 4.02. 

19 GEOL, PT 2--16 
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If. we take the squares of the aspirator diameters of the sand grains 
in the series under consideration and plot them as ahscissas and the 
observed and computed flows as ordinates, we shail get the results. 
shown in fig. 42, where the obserYed flows fall nearly in a straight line, 
as should be expected if tlle law holds.. In fig. 42 the fiows are taken 
for a'pressure of 1 em. and the observed flows are numbered 2, those 
computed from the aspirator diameters are numbered I, while those 
from count and weight are unnumbered, except the finest two, which 
are numbered 3. 

·/'"I-~ z sozoc ~ ·.:/ 
~II 

. I.~ -"-2 
~~-?: . ..-z r mm ... -~ .. , . 

FIG. 42.-Diagram showing the relation of observed and computed flow of water to the squares of the 
diameters of the grains of san(1, shown in Pis. X-XIV. Dots 1, flow computed from aspirator 
diameter; 2, observed 11ow;· unnumbered and 3, flow computed from count and weight diameter. 
Abseissas indicate squares of aspirator diameters of sand grains and ordinates flow of water. 

In fig. 43 only the flows which 'were observed and those computed 
from the aspirator diameters are plotted, the observed flow beiilg 
designated 2. The pressures in this case were 5 em. 

OBSERVED RATES OF FLOW OF WATER THROUGH SANDS. 

The results thus far presented have been given in such a manner as 
to show their bearing upon the general laws of flow of water through 
sands and rock, and particular1y as to whether they bear out the gen
erally accepted view that the movements of ground water are governed 
primarily by the accepted laws of capillary flow. · 

It is the purpose now to preseut a part of the data in such a way as 
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to show nowrapidJy the general ground water may flow under certain 
gradients, per' cents of p~re spac~, and effective size of soil grains. 

We have shown that under certain conditions the flow. of water 
through sands and rock increases more· rapidly than the pressure, while 
under other conditions the increase is less rapid. It is the purpose 
now, however, to neglect these observed and known variations and to 
assume that the flow is directly proportional to the pressure and 
inversely proportional to the length of the sand column, and that it _ 
varies as the squares of the diameters of the sand grains. 

To convert the observed flows in the series of sands Nos. 36 to 45, 
given in the last set of tables, into cubic feet per square foot of section 

FIG. 43.-Diagram showing the relation of observed and computed flow of water to the squares of the 
diameters of the grains of sand shown in Pis. X-XIV. Dots 2, observed flow; unnumbered, flow 
computed from aspirator diameters. Abscissas indicate squares of diameters of sand grains in 
millimeters and ordinates flow of wa.ter. 

of the sand, it will be near enough for our purposes to multiply the 
number of grams given in the table by the factor .0008, or more exactly 
.000797235. This will give the value of the tlow in cubic feet of water 
at a temperature of 15° C. or 59° F., as it was observed to flow through 
a colq.mn 1 foot long under the pressures there stated and during the 
times specified in the table. 

If we take the coarsest sand in the series we find from the table that 
under a pressure of 3 em., about 0.1 foot, the flow during 10 minutes was 
6,576.5 x 0.0008 = 5.26120 cubic feet per square foot. of section and 
column 1 foot long. 

Let'us imagine a bed of this sand 10 feet thick extending back from 
a. drainage outlet and rising at the rate of 3 em. a foot, or about 1 foot 
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in every 10 feet, and let it be S).l.pplied with water as rapidly as it is 
able to convey it away. How much water will this layer be able to 
transmit per each-linear section of 1 foot or 10 square feet when the 
bed has an extension away from the outlet of 100, 1,000, 10,000 and 
100,000 feet' · 

The flow through 1 foot of length in ten minutes was found to be 
5.2612 cubic feet per square foot, hence the flow through the 10 square 
feet of vertical section which has been assumed would be 52.612 cubic 
feet in ten minutes and 5.2612 feet per minute. 

If now the flow is decreased in the same ratio as the distance trav
ersed by the water through the sand is increased, and if the flow is 
increased in the same ratio as the pressure is increased, the slope or 
gradient of 1 in 10 will exactly compensate for the loss due to· increase 
in length, and we should have a flow of 5.2612 cubic feet per minute for 
each linear foot of percolation surface, or 0.8768 second-feet. 

·We have, of cour~e, assume~ an enormous gradient, and one which 
can only occur over short distances anywhere under natural conditions. 

In the table which follows we have given the flow in cubic feet per 
minute per section of 1 square foot as it was observed for various 
materials experimented with, assuming a gradient of 1 in 10. 

Table showing the flow of water th1·ough sands and sandstones in cu.bic feet per minute per 
· . square foot of section, under a pressu,re gradient of 1 in 10. 

c MateriaL Represented = 
in _ 1 Flow pe1·~~ 

Sand No. 36 ...•••.........•...... Pl. X, A ... 

Sand No. 37 .............•••.•.... Pl.X,B ... 

Sand No. 38 ..................•... Pl. XI, A .. 

Sand No. 39... •.. . . . . . . ... . ...... Pl. ~I, B .. 

Sand No. 40 ...............•...... ~I. XII, A. 

Saud No. 41 . . . . . . . . . . . . . . . . . . . . . . Pl. XII, B . 

Sand :No. 42 • :. . • . . . . . . . . . . . . . . . . .. Pl. XIII,A. 

Sand No. 43 .... ·.. . . . • . . . . . • . . .. . . P.l. XIII, B. 

Sand No. M ...................... Pl. XIV, A. 

Sand No. 45 ...................... Pl. XIV, B. 

Sand No. 33 •............................. · .... 

Lo~ Angeles sand : 

01tbic feet. 

5.2268 

3.6490 

1.8481 

1.3582 

1. 2232 

.8242 

.5084 

.32!l5' 

.2321 

.1767 

. 004104 

No. 1. ................. , ...... Pl. VIII... . 0007196 

No.2 ......................... Pl. VIII... . 00056847 

No. 3 .. -............... •.. . . . . Pl. VIII... . 0002775 

:So. 4 ......................... Pl. VIII... . 0065951 

No. 5........... ... . ... • .. ... • Pl. VIII... . 0007270 

~r0 . 6. _....................... Pl. VIII... . 001~~~~ _ J 

'-----N_o_._7_._· ._._·_· ._._-_· ._._· _-._._· ._._· _· ._._· ._P_I_. v_II_I_._-_·j_ . ooo~ 
1 The numbers given are those of engraved plate~ appearing in this report. 
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Table showing the flow of water tlwongh sands and sandstones in cubic feet per minute per 
sqnare foot of section, under a pressn1·e g1·adient of 1 in tO-Continued. 

I Represented F ::J 
IL----M-a-.te_n_'al_. ----- __ h_l __ 

1 
-; •low per~~ 

Dunnviile sandstone: Oubicjcet. 

No.2.-----· .............. ····j Pl. VII.... .00002033 
No. 1. . . . . . . . . . . . . . . . . . . . . . . . . Pl: VII . . . . . 00002373 

Madison sandstone: 

No.2 .....•................... / Pl. VII.... .0001~06 
No.6.··:· ................ ----1 Pl. VII.... .000009993 

L------~-----------~--------
I The numbers given are those of engraved plates appearing in this report .. 

It will be seen from this table that the rate of flow of water through 
sands of different degrees of coarseness varies between wide limits; so 
wide, indeed, is this variation that while No. 36 (PLX, A) will transmit 
5 cubic feet of water per minute under an effective head of 0.1 of a foot, 
it requires the Los Angeles sand No. 7 more than 138 days to discharge 
the same amount under like conditions of pressure through the same 
length of column, namely, 1 foot. 

The sandstones studied have also given very small flows under the 
low pressures. 

GENERAL MOVEMENT OF GROUND WATER OVER WID.E AREAS. 

With the data which have now been presented and with the system
atic studies of Professor Slichter ~e are placed in a position to deal 
with the quantitative side of the movements of ground water in a much 
more definite manner than has heretofore been pm;sible. 

In the movement of water over wide distances through the strata of 
the earth's crust it is important to consider in how far this movement 
can take place through the capillary pores of the rock itself, and to 
what extent the movements must be along waterways which have 
dimensions larger than capillary. · 

In making the estimates of flow per square foot of section per minute 
in the last table we have taken a difference of pressure amounting to 
0.1 foot of water for each horizontal distance of 1 foot, and have stated 
what the flow was observed to be through a single linear foot of the 
medium ~nder experiment. 

If it is assumed that we have beds of unfissured sandstone or of per
fectly uniform sands, such as were brought under experiment, with a 
dip of 1 in 10, then vertical and horizontal dimensions may be assigned 
to these, and the total flow computed for various conditions. 

Specific problems stated.-To give definiteness to the problems let it 
be asRumed that we have a bed of porous material 100 feet thick and 
200 miles in horizontal extent from north to south, rising westward 
with a uniform gradient of 1 foot in 10, 1 in 1,000, and 1 in 2,000 feet. 
Let a canal be cut across these beds along the line of strike which 
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extends entirely through the formation and which can be maint.ained 
full of water. What quantity of water may such a canal collect from 
the west bank, supposing the porous bed to be supplied with water as 
rapidly as it is able to transmit it to the canan 

As the water pressure will increase in very nearly the same ratio as 
the distance back from the canal increases it may be assumed from the 
law of capillary :flow that the reduction in rate of flow due to increase 
of distance back from the canal will be very nearly balanced by the 
increase in flow due to increase of head, so that tlie total growth of 
water in the canal will be given by the product of the area of the west 
face of the canal into the specific rate of discharge per square foot as 
found for the di1ferent media under the different gradients . 
. Results obtained.-When this computation is made it will be found 
that the following amounts of water should be collected by a caual200 
miles long cut in th~ sands and sandstones indicated: 

Table showing compnted flow of 10ate1: th1·ough sandl3 and 13and8tone.<: under d(tferent. 
gradients. 

Gradient. Cubic feet I 
-~rmi~ 

Sand No 36: 

1 in 10 .............. __ .... __ ........... ' 552, 000, 000 

1 in 1,000 ............... ---............ 5, 520, 000 
1 in 2,000 .. __ ... __ . 

7 
• ••• _. _ •• __ •· ... __ .. ' 2, 760, ooo· 

Sand No. 33: , 

1 in 10 ... _ •.................•.......... 

1· j n 1 J 000 - - - - - - - - -.. - - - - - - - - -- - - • - -- - - - - . 
1 in 2,000 .... ·: ........ _ .. __ .... _ ...... · 

Madison sandstone No. 2: 

1 in 10 ....... ------·-··· ---------- ....•. 
1 in 1,000 ... _ .................... : . ... . 

1 i~ 2,000------------------------------
Madison sandstone N'o. 6: 

1 in 10 .................. _ .. ____ ..... __ _ 

1 in 1, 000 . _ ........................... . 

1 in 2,000 ................ _ ....• __ . __ .. . 

433,400 

4,33<1 

2,167 

18,020 

180.2 

90.08 

1,055 

10.55 

5.276 
--------- ------ _I __ _ 

I 

Comparison of res~ilts wUh Darton'.'i estimates.-Darton's 1 map of the 
Dakota artesian basin shows an extent north and south of somewhat 
more than 250 miles, and he estimates that in 18DG the total discharge 
from about 400 of the deeper wells of this basin was 232 cubic feet per 
second, or 13,920 cubic feet per minute. 

To compftre the quantitative relations of water movemenli in this 
basin with those in the cases which have been suvposed it will not be 
an unreasonable supposition to make, in view of the known geological 

· structure and relations, that the water which supplies the Dakota basin 
-------- --~- ---- - ---- - ----------

I Seventeenth Ann. Report U. S. Geol. Snney, Part II, p. 610. 
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comes from the westward through water-bearing beds having an aggre
gate thickness of 100 feet, and that the bulk of the water must traverse 
at least 100 miles before reaching the meridian of the western,most well. 
In view of the fact that .Darton!s map shows more than 200 wells sit
uated in the southern 100 miles of the Dakota basin, it appears clear 
that the w~ter-bearing b~ds must be transmitting water at the r.ate.of 
13,920 cqbic feet per minute through a section of the water-bearing 
beds not larger than 200 miles from north to south and 100 feet in 
aggregate effective depth. 

If this estimate is within the limits of fact, then the actual observed 
rate of flow through the Dakota water-bearing beds must exceed the 
capacity of any of tbe materials which have been cited under a pres
sure gradient 1 foot in 1,000 feet, except the coarsest sand, No. 36, 
whose grains have an effective diameter of 2.54 mm. Even with the 
clean washed sand No. 33, whose grains have a diameter exceeding 0.1 
mm., tp.e total capacity of a section 100 feet by 200 miles is only about 
one:third that which the Dakota wells are known to be delivering at 

· the surface. 
Since in certain sections of the Dakota basin there have been many 

wells put down within comparatively small areas aud since the water is 
discharged from many of these wells under heavy pressures, it appears 
clear that the wel1s now in existence do not nearly tax the water
hearing beds to the limit of tpeir capacity, and probably would not do 
so were the number of wells in the whole basin made double what it 
now is. It seems clear, therefore, that either larger dimensions for the 
water-bearing beds or heavier pressures than we have assumed must 
exist, or else that the m~in movement of the water across the long dis
tances which it appears that it must travel must l_>e through waterways 
offering much less resistance than that required by the sizes of the 
sand grains which make up most water-bearing beds. But to double 
the cross section of the water-bearing beds or to double the pressure 
gradient would only increase the capacity of the coarsest sandstones 
experimented with to 360.2 cubic feet per minute and to both doubl-e 
the cross section and the pressure gradient as.well would give a capacity 
of ·only one-twentieth of that observed and one-fortieth of what probably 
actually exists. 

Since a pressure gradient of 1 in 500 feet means a rise of the surface 
to the westward of the artesian basin amounting to 10.56 feet per mile, 
it is plain that were it true that the water has its origin in the higher 
level of the Black Hills or in the Bighorn Mountains the. requisite 
gradient to meet the demands could not be provided with any rea,sonable 
estimate of cross section of the water-bearing beds. 

EsUmates made by Professor Slichter.-We give below .Professor 
Slichter's estimate of the amount of flow of water under the conditions . 
of Problem I, Series A., which·was submitted to him for theoretical . 

·consideration. . The problem stated is as follows: 
Given a uniform bed of unfissured sandstone 100 feet thick lying 



248 MOVEMENTS OF GROUND WATER. 

between impervious layers and dipping at the rate of 5 feet to the 
mile; 

Given further-
( a) .A uniform temperature of 10° C., 
(b) .A pore space of 30 per cent, 
(c) .Au effective size of grains of 0.15 mm., 
(d) .An effective head of discharge amounting to 10 feet, and 
(e)· Supposing no cementing or clogging material between the grains; 
Required the possible discharge in cubic feet per minute per foot of 

vertical section into a vertical fissure extending along the line of strike. 
and continually filled with water when the fissure is 20, 40, 60, 80, 100, 
120,140, 160,180, and 200 miles from the border of the collecting era, 
and when the rainfall on the catchment area is sufficient to maintain 
continuous overflow across its border. 

Professor Slichter has presented two solutions of this problem, first, 
where the water-bearing stratum is horizontal and where an effective 
head of 10 feet is maintained; and second, where the stratum has a 
gradient of 5 feet to the mile and besides this an additional effective 
head of 10 feet. The results obtained are given in terms of the amount 
of flow per ·100 square feet of section of the water-bearing bed, so 
that to find the total discharge for the 200 miles of north-and-south 
sectiqn the results in the table should be multiplied by 5280 x 200. 
The results are further given for two sizes of sand grain. 

Table showing the theoretical flow of water th1·ough 20 to 200 miles of sandstone in cubic 
feet pe1· 100 sq1wre feet of section. 

I 
I~evel strata. Slope of 5 foot to~ 

Distance. Diameter. Diameter of Diameter. Diameter. 

I grain. 

I 
0.15 mm. 0.25mm. 0.15 mm. 0.25mm. 

Miles. 
20 ....... ---- 0.000062 0.0002139 0.000683 0.002353 

40 .. ---- ~ ---. . 000031 . 000107 . 000652 . 002246 

60 ...• ---- ·-. . 000026 . 000071 . 000642 . 002210 

80 ....... ---- ; 000016 . 000053 . 000637 . 002192 

100-- - - - - - - - - - . 000012 . 000043 . 000633 . 002182 

120.-- ""' ...... . 000010 .. 000035 . 000631 . 002174 

140 .... ------. . . 000009 . 000031 . 000630 . 002170 

I 160 •. -- ------. . 000008 . 000027 . 000629 • 002166 

~-,-----· . 000007 . 000024 . 000628 . 002163 

.............. . 000006 . 000021 . 000627 . 002159 

When the amounts of flow in this table are computed for the whole 
200 miles of fissure exposure the largest aggregate flow is only 721. 2 
cubic feet per minute where the grains have a diameter of 0.15 mm. and 
only 2,485 cubic feet per minute where the diameter of the sand grains 
is 0.25 mm. 
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This larger amount, it will be seen, must be multiplied by nearly 6 
in order to bring the theoretical discharge up to the observed limits in 
the Dakota artesian basin. It is to be noted that.the theoretical limi
tations to the possible rate of flow through purely capillary passage
ways agrees fairly well with the observed rates of flow as cited in the 
foregoing tables. -

In making our own calculations of rate of flow from the observed 
flows we have intentionally used the results derived from th~ lower 
pressures, for the reason that the lengths o.f the columns were so short 
that it seemed more rational to do this. Had we used the flows under 
the higher pressures the results would have been larger because the 
flow increases faster than the pressure. There is, however, no reason to 
suppose that the difference is large enough to give a :flow sufficient to 
meet the demands. 

Movement of ground water through jissures._:_It appears clear, there
fore, from what has been presented, that the movements of ground water 
across long distances must take place in considerable measure through 
passageways. larger than those which depend upon the pore space fixed 
by the diameters of the grains which constitute the beds themselves, 
and if this conclusion must stand it follows that such problems as we 
propounded for 'mathematical treatment by Professor Slichter become 
inapplicable to natural conditions except those of small areas. 

It would appear that all fissures of all rocks must participate in the 
horizontal mgvements of ground water to a considerable extent if 
they lie below the plane of saturation and are in any way connected 
with a water- bearing stratum. Where two sandstone horizons are sepa
rated by rock formations possessing jointed structure developed in a 
marked degree it may be that these joints and fissures participate to 
no inconsiderable extent in the horizontal transmission of the water. 
· It may also be true that such beds separating two sandstone forma
tions will serve to make the water in both beds available to wells which 
penetrate only· the upper horizon, the water reaching the well not 
directly but by rising in a general way at many places or along numer
ous lines and networks of fissures and over wide areas in such a manner 
as to keep .the upper sandstone more nearly filled with water and thus 
maintain the pressure in the rock about the well at a materially higher 
point than would otherwise exist, especia1ly in such cases as the wells 
of city waterworks where continuous pumping is maintained. 

It may even be true that water. from an upper horizon of sand
stone may, in certain regions, pass through a general systeni of fissures 
into one of lower level, and vice versa, during its horizontal transmission, 
the water taking in all cases the line of least resistance, so that if in 
the upper horizon of sandstone in a particular region tne texture ·is 
closer than that in the lower, the general flow could well divide and 
become in one section stronger than normal, first in the lower horizon 
and then in the upper horizon, according as the texture of the two 
rocks vary in coarseness. 



250' MOVEMENTS OF _GROUND _WATER. 

It woul9. appear that the more rational view to take of the movement 
of underground water is that it· is one more or less continuous body 
receiving accessions at many high levels and discharging its water at 
many lower levels, but that the water in reaching its lower levels may 
not all o'f the way follow continuously one particular geological horizon. 

It is of course true that the maximum flow must be concentrated in 
the sandstone horizons, but it seems also necessary to suppose that even 
here there must be joints, fissures, or other waterways which materially 
assist in the transmission of the water. 

In the case of weBs sunk in rock the flow of w~ter into them may be 
very much more rapid than that of the general flow of water through t~e 
formation in which the well is sunk, because when the water is taken 
out, either: by pumping or by natural discharge, a local effective head 
is developed, much greater than the general effective head, an_cl as the 
water approaches the well from all siqes, a :r:elatively very slow flow, 
even a few feet back from the well, will deliver a large amount of wat_er 
to the well, and if the material is coarse and the bore of the welJ small 
the amount delivered may even tax the capacity of the well to deliver 
the water which is brought to it. 

GROWTH OF RIVERS. 

It wil1 be desirable, now, to compare the growth of rivers as it is known 
to take piace through measurements of the volume of water carried at 
different sections, and see how rapid the seepage into the.cbannel.must 
be in order to account for the measured growth. · 

Los An,r;eles River.-Through the kindness of Mr. Newell the writer 
is enabled to use some v~luable data regarding the growth of Los 
.Angeles Uiver, California, which have been collected for use in the case 
of the city of Los Angeles against the West Los Angeles Water Com
pany, and which have been furnished by Mr. J. B. Lippincott, under 
Mr. Newell's direction. 

Careful measurements of this river in the winter -of 1897 and 1898 
showed that in a distance of 59,088 feet the river increased in volume 
from 20.41 cubic feet per second to something. near 80 etibic feet. 

The width of this river, as shown by a map sent, will average per
haps 40 feet, and if we add to this a width of 5 feet on each bank, 
making 50 feet in all through which water may enter the stream, we 
shall have a total seepage surface amounting to 

59,088 x.50=2,954,400 square feet. 
The rate· of seepage for seven samples of sands taken from this river 

valley, in the region of the developments of the Crystal Springs Land 
and Water Company and the West Los Angeles Water Company, is 
given in the tables on page 24!, and the sands are also represented 
natural size in Pl. VIII (p. 148). Mr. Lippincott's description of them 
is as follows: , 

·No. 1 is taken from manhole No.2. At this place the soil is some
what stratified, there being a layer of finer sand or silt, from 6 inches 
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to 2 feet in thickness, below which might be expected a coarser saud 
and gravel. This sample is taken from a silt section about 3 feet below 
the surface· of the ground. 

No.2 is taken from manhole No.2, 5 feet below the surface of the 
ground, and is the ordinary sand and gravel which constitutes fully 
two-thirds of the material in question at this point. 

No. 3 is taken from manhole No. 3. . The soil is a mixed soil which 
was thrown out from the excavation over this manhole, and bas been 
quite well mixed by the use of scrapers and back :filling. The excava
tion was about 12 or 15 feet deep .. 

No. 4 is the ordinary sand and gravel of the river bed ·taken where 
the infiltration pipes lie under the riyer, 200 feet northwest of manhole 
No 3. 

No.5 is a sample taken from the cut of the "'iVest Los Angeles 
Water Company, block ·37, west of house inclosed by small fence (:fig. 
45). In this excavation the stratification is more pronounced than at 
the Crystal Springs, the silt or fine sand strata probably composing 
fu11y one-half of the material through which the excavation was made, 
particularly around the bend, which is referred to occasionally as the 
~'Goose-Neck." The layers are probably 3 to 6 feet thick, the sand and 
gravel strata bec~ming more pronounced as the cut nroceeds toward 
the Tujunga Wash. 

No. 6 was taken from the ordinary sand and gTavel stratum west of 
barn and chicken house on block 37 (fig. 45). 

No. 7 was taken at the point where the excavation· reapproaches 
Verdugo avenue. This is in the sharp bencl. At this point the mate
rial is decidedly finer than at any other point in the cut. 

If we use the computed rates of flow per square foot of tliese soils 
under a gradient of.l in 10, as given in the table on page 244, and from 
them calculate the aggregate seepage into the section of the river in 
question, we shall get the results given in the table below: 

Table showing computed seepage into a section of the Los Angeles lli1Je1' 59,088jeet long 
under i!~tfm·ent gradients .. 

Material. 

Los Angeles saud: 

No.1 ......... ----------·----·-·---· 
No. 2 .............. ____ .. _ . __ .. ____ . 

No.3.·--· .... ----·----·------; ___ .. 

No.4 .. ------·----·-----·-----·-----

No.5 ..... --------·-----·-----·-----
No.6.--- ...... -... ____ ... ___ .. ~ ___ . 

No. 7 . ---- --- _ -- ... _. ___ . ____ . _____ . 

Flow in cub;c feet per second untler I 
different gradients. 

-· -~--- -, 
1 in 200. . 1 in 80. 1 h1 20. 

- -------1----

1.77 

1. 3997 
. 683 

16.2311 
1. 79 
2.9213 
0.0643 

4.425 
3.499 
1. 7075 

40.59 
4.475 
7.304 
.1608 

17.7 
13.99 
6.83 

162.36 
17.90 
29.2 .l 
_5 
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It will be seen from 
this table that there 
is here an apparent 
shortage in the ca
pacity of even the 
coarsest material to 
deliver the water to 
the river as rapidly 
as the measurements 
show that it was re
ceived. Even when a 
pressure gradient of 
1 in 20 is taken none 

_, of the samples except 
No. 4 gfve as much 
water as is required; 
No. 4 is ~ sample of 
the sands from the 
river channel itself, 
and therefore likely 
to be too coarse, and 
there is no reason to 
suppose that there 
can be an effective 
pressure gradient as 
high as 1 in 20 any
where in this section 
of the valley, as evi-_ 
denced by the map, Pl. 
XV, showing the con
tours of the ground 
waters in the lower 
section of the valley 
under consideration. 

If reference is made 
to the profile of the 
growth of the river 
(fig. 44) it will be seen 
that much the larger 

FIG. 44.-Profile of the growth of the Los .Angeles River. The or
dinates express rates of fl.ow in second-feet at different points. 
Numbers between arrows designat-e distances, in feet, bet-ween 
measuring stations. 

-part is ~ade !n the 
upper end, there be
ing 47.13 second-feet 
out of 60, the total 
amount, and yet the 
length of this portion 
of the river is only 47 
per cent of the who\le. 
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It follows, therefore, that the observed growth of the river is in a con
siderable part of the distance more rapid even t~an at the rate of 60 
cubic feet per second for a length of 11.19 miles. · 

It is quite possible that the large growth of this river is to be accounted 
for by water. moving along a submerged river channel filled with coarse 
gravel leading down from the Verdugo Canyon and possibly others 
also from the direction of the Tujunga Wash; but it appears more rea
sonable to suppose that even in these loose riv~er sands the water has 
developed for itself submerged waterways into which it drains and then 
:flows, under much• less resistance, to the river channel in the form of 
numerous small springs. · Indeed Mr. Lippincott states that tes.ti
mony was given in court by the engineers in charge of the ii1vestigation · 
that underground veins were uncovered varying in ·size from a lead 
pencil to those large enough to introduce a man's leg and into which 
a long-handled shovel could be pushed up to the blade. 

It would be very helpful in the discussion of this question if the 
growth were knowri of some streams in valleys where there is no reason 
to suspect the existence of such exceptional facilities for the flow of 
underground water as is f?und here, but no such data are at hand. 

RATE OF SEEPAGE INTO THE FLUME OF THE WEST LOS ANGELES 
WATER COMPANY. 

In :fig. 45 is rer::resented the flume of_ the West Los Angeles Water 
C,ompany, which now has a measured leng·th, in~luding a short branch, as 
shown on the map furnished me by Mr. J. B. Lippincott, of about 4,500 
feet, sunk below the normal level of the· ground water for the purpose 
of collecting this and delivering it at the surface lower down the valley. 
The flume is described as being rectangular in cross section 4 feet deep 
and 5 feet wide with open bottom but covered and provided with 
wooden sides. 

On January 21, 1897, th~s flume was discharging 7.2 cubic feet per 
second. On November 19, 1896, it discharged 7.29 second-feet; on 
March 1, 1896, 8.5 second:feet; on November 23,1895, it is said to have 
discharged 10~1 second-feet; but in April, 1898, it was discharging but 
6.2 cubic feet per second. , 

Prior to the construction of thi8 flume it is 8aid that 1-

Numerous ranches in the vicinity of the head works of this water company had · 
orchards and fields that for a term of years had been producing crops successfully 
and uninterruptedly. The West Los Angeles Water Company opened this cut as 

~ shown on the map in an old stream chg,nnel of the Big Tuju~ga Wash. They 
developed a supply of water which originally was flowing about 1.2 feet per second 
on the surface until it discharged a maximum, according to a statement of the 
company, of 10.2 feet. The crops in the neighborhood adjoining began to die, 
orchard trees 7 or 8 years old died in visible streaks along old channel lines. 
Alfalfa fields did the same. * * " The opening of the cut was synchronous with 
the dropping of certain wells and the drying up bf flowing water in a branch of the . 

l :Manuscript notes of J. B. Lippincott. 

" 
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Tujunga Wash. ,,~hen the excavation was carried around the "Goose-Neck," in 
block 3i, where a finer line of silts was encountered, the drop in the wells was very 
apparent. 

If the full· length of this flume a.nd its branch is taken as 4,500 feet, 
and the seepage section as equal to the 5 feet on the bottom of the 
flume ai)d 2 feet on each side, tlie total seepage area will be 40,500 
square feet. 

.SS4.1 \_ 

\~ 
\,....,. t.ou;s MJcll/1/vo 

39 '>~<;, 

'\\s;~c;,~\ 
(~\=ao ' 

\ 

" 
{a 
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D LI./OW/5 

24 

"\ 
;~IYESTUJSANGELESirATERCO. 

} CID. 37 
! 

......... ,~i. 

• /YfS. ~QSAN6ELEShATERCfJ.&. 
44 ~ .... ..., 

"" 
FfG. 45.-Diagram of flume of \Vest Los .Angeles Water Company and vicinity. Numbered dots 

show where level of ground water was measured in wells sunk for the purpose, and correspond 
with numbers on :fig. 46. • 

Iu order to ascertain the character of the surface of the ground water 
in the vicinity of this flume, lines of wells were sunk at the pla~es des
ignated in fig. 45, and the levels of the .water in them were determined. 
The results of these determinations are represented in fig. 46, from 
which it will be seen that for a <listance of a little more than 100 feet 
back from the flume the surface of the ground water rises rapidly, but 
nowhere reaches a gradient of 10 feet in 100 feet: 

Taking a gradient of 10 feet in 100 feet, or 1 in 10, the amount of 
water which would be delivered to the flume through the No.5 sand 
would be 29.34 cubic feet per minute; ·through the No. 6 sand, 47.05 

I 
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cubic feet, and through the No. 7 sand, 0.23 cubic foot, supposing· in 
each case that the water enters both sides !l'nd bottom of the ·flume 
with equal facility and velocity. 

These results, it will be seen, are much too small, the observed flow 
exceeding the largest COIDJ)Uted flow nearly tenfold. Of course· it is 
quite possible that the material tbro~gh which much of the water 
·enters the flume is considerably coarser than the coarsest sample exam
ined; but it seems· probable that even in such a case as this there must 
be large numbers of pores or waterways which are large:r than capil
lary, and through these the water flows in largest volume. It is true 
that when the theoretical flow is computed from the aspirator diameters 
of. the sand g1~ains, in this case the amount found is larger than that 
shown by the flow of water through the same samples; but even then 
it falls short of the observed flow by a large amount, even for the 
coarsest sand. 

'" F 3ia E H 39 G 
Zl ZO IS 18 17 16 15 14 \')' f':'31Y:'2 1 p . 'j.}j ~ 1& 

... ·-
II 10 9 'I 8 

:E'rG. 46.-Profiles of the surface of the ground water in the vicinityof the West Los Angeles Water 
Company. '.rhe heavily shade1l line is the ground-.;ater surface·. Each square represents 100 'by 
10 feet. 

RATE OF SEEPAGE INTO THE INFILTRATION PIPES OF THE 
CRYSTAL SPRINGS LAND AND WATER COMPANY. 

In the case of the system of infiltration pipes farther down the sa~e 
valley, on the tract of the Crystal Springs Land and Water Co1npany, 
the conditions for producing the flow are too com}) lex to show just what 

·should be expected 'for the amount of seepage. It may be said, how
.ever, that this system consists of an east and west line of infiltration 
pipes sunk below the normal level of the ground water of the river 
valley, which join in their lower portion, where they deliver the wa'ter 
collected by them at the surface. The pipes used in this case are glazed 
sewer tile, laid double upon boards in the bottom of an open ditch, 
the space immediately around the tile beiug filled in with coarse gravel 
and stone, to facilitate tlle approach of ·the water to and its entrance 
into the uncemented joints of the tile, while above the gravel the cut 
was filled with the materials taken from the excavation. The east infil
tration line bas a. total length of double tile consisting of 1,343 feet of 
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24-inch tile, 300 feet of 20-inch tile, 1,385 feet of 15~-inch tile, and 619 
feet of 12-inch tile, making a total of 3,64 7 running feet of the double 
line. The west infiltration line, also double, has a measured length of 
1, 721 running feet, all15-inch pipe. 

The total water discharged from the entire system on February 1, 
1898, was 9.002 cubic feet per second, or a mean rate of 0.001677 cubic 
foot per second for each linear foot of the whole length. 

If we regard the rectangular section of the ditch in which the tile 
was placed and surrounded by stone and gravel as constituting the 
flume into which seepage took place, and assume the height of the flume 
to be equal to the dian1eter 9f the pipe with 6 inches of gravel on each 
side of the line, then the total percolation surface would be as follows, 
not counting the top, as usually no water stands immediately above it. 

Percolating sn1jace of flurne of TVest Los Angeles Water Company. 

I 
Percolation/. . · 

surface. 

Sqttare feet., 

West pipes, 1, 721 X 5. . . . . . . . . . . . . . . . . . . . . . . . . . . 8, 605 

East pipes, 1,343 X 8 . . . . . . . . . . . . . . . . . .. . . . . . . . . 10, 744 

East pipes, 300 x'6t .... .... ...... ...... .... .... 2, 000 

East p'ipes, 1,385 X 5! .................... : . .... i 7,156 I East pipes, 619 X 4 _____ - _ ---.--- --- --- ------ -- --~1 ~~ 
Total ...... .... ...... ..•... ...... .... .... ~· 

Estimated on this basis, the total seepftge on February 1 was at the 
mean rat'e of 0.017 43 cubic foot per minute, while the measured flow by 
this investigation, under a gradient of 1 foot in 10, was only 0.0065451 
cubic foot per minute for the coarsest sample (No.4) taken from this 
section. On the assumption of a pressure gradient of 10 in 10 for the 
samples experimented with, the observed flow would be at the following 
rates in cubic.feet per minute per square foot: · · 

No. 1 . . . . . . • . . • . . • . . . . . • . . . . . . . . . . . . . . . . . • . . • . . . . . . . . • . . . . . . • . . . . . . . . . . . 0. 007196 
No. 2 ..........••• -.. - ...............•... - - •......... _ ... _ .. _ .. _ ....• __ • . 005684 7 
No. 3 - • - - •• - - • - •• ---- . - . - ......••...•• - •••• _ -•••.. _ .. _ •••. __ •.•. _ . . . . . . • . 002775 
No. 4 .. __ • _ .•••.. -- ~ ................ -- ..... _ ...... · ... _ ......••. _ . . . . • • • • . 065951 

In this case we have for the coarsest sample a computed flow nearly· 
four times the observed flow, but there is no evident reason for assuming 
that the gradient of effective pressure is as high as 10 in 10. 

RATE OF FILTRATION OF WATER THROUGH SOIL. 

In the plant-house section of our physical labor~to·ry we have a pit 
12.7 feet by 72.7 feet hy 8 feet deep, which is cemented on the bottom 
and sides in the manner of a cistern. 1.'he bottom of this pit slopes 
to a central lollgitudinal axis and the south end is a little higher than 
the north end, so as to give drainage from the south toward the north. 
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A line of 3-inch tile is placed along the central axis, and leading mto this 
line at intervals of 4 feet on each side there are other iines of similar 
tile exte.nding from the· side walls to' the central line.· 
· Into this pit there is filled, to a depth of 5.17 4 feet, the .sandy till of 
a glacial drumlin from which was separated all stone and gravel which 
would not pass a screen of a half-inch mesh. This material was at first 
all wheeled into th~ pit, nearly ~1ling it. It was then shoveled onto a 
screen and the coarse material thrown out. This double handling and 
screening, while it did not secure perfect uniformity throughout the 
pit, did give an evenness of texture which the soil in its natural 
condition did not possess. 

On the top of this layer of screened ·material there was placed 1.29 
feet of a yellowish sand. The total mean devth of the material was 
therefore 6.464 feet. 

This pit, pre par~ tory. to the percolation trials here described, was 
divided into four sections, as shown in Pl. XVI, by setting up boarcls 
crosswise and banking sand against them. Water was then allowed to 
run into and cover the ~outh section., which is in the foregrom1d of the 
plate, and the rate of percolation through this section when it reached 
its maximum was 7.5 pounds per minute from an area of 163.83 square 
feet, or at the rate of 0.0458 pound per' square foot per minute. 

Water was next turned upon the north section, having an area of 
228.6 square feet, and the maximum discharge reached he"re was 5.62 
pounds per minute, or a rate of 0.0244 pound per square foot per min
ute. From the section adjoining the north one, having an area of 259.5 
square feet, the maximum discharge was 9.47 pounds per ·minute, or at 
the mean rate of 0.0365 pound per square foot per minute. 

From the remaining section, next to the ·south end, the . maximum 
discharge was found to be 11.5 pounds per minute from an area of 
261.93 square feet, which is at the mean rate per square foot of 0.0439 
pound. 

If we number the sections of the pit from the north toward the south 
and tabulate the rates of discharge per square foot per twenty-four 
hours, we shall have the results below: 

Percolation jo1· tw(:;nty-f01t1' hmt1'8. 

----1---_ SecHon. J ;',;:~,::~'r~'.:f l----
1 ~~ ~ ~ ~ ~:: : :::::::::::::: : :::: : : I !!: :: ! 
I IlL- ------ ---- ---- -'---- - ------ ----- 'i 63. 216 } 

I IV-·--------·------·· .. ------- .... ----.1-~5.~52. 
L_ ~ean .... ·---,~- _ -----· ·---·· .... 1 ;:,4.D84 

Inches. 

6.700 
10.104 

1'. 12.151 
12.678 

I 
10.408 

19 GEOL, P'l' 2--17 
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Samples of soil were taken from two different places in each of these 
sections after these experiments were completed and after drainage 
had ceased. In each case a full column of the lower soil was taken 
with a 4-inch auger and put into a box and 'mixed, and then a smaller 
sample taken from these and· the water content determined, giving the 
results in the table which follows: 

Watm·-holding powm· of. soil. 

Section. 

• • l'e< ~·· ., w ... ,. I 

. Surface 
--~- ~werso1l. -~~ 

I- .. ----.----· .. ---.----- ..... --------
I 

II . 0 - - - • - - - - - • - - - - • - - ~ - - - - - - • - - - - - - - - •I 
I ~:: - ---- ---- --.... ---- . ---- . ------ --- -
L·------~------------------------1 

11.48 

12.43 
'10. 32. 

9.46 

:3.25 I 
3.86 

4. 51 I 
4.25 

The small variation in the percentage of water in these samples shows 
that there is not a very wide difference in the te~ture of the soil in the 
difterent sections. The high percentage ip. No. II was due to a body of 
red clay, which seemed to lie as a lump, through which one of the 
borings for this sample was Ii1ade, the two samples containing 14.12 · 
per cent and 10.73 per 9ent of_ water. If for the average, 12.43, we 
substitute 10.73 per cent, which without doubt is much nearer the 
truth, then there is the same progression shown in this table as in the 
table of percolation. 

We have also determined the effective sizes of the samples of soil in 
these several sections, and find them· to be as stated in ~he table below: 

Ejfecti1'e size of soil g1·ains. 

C --- --------'-----1-1--1 

_Section. Lower soil. 8~:;!_d~e 

Mm.. Mm. 

L ·----- .... ---- .... ---- ...... -------- 0.03380 0.28445 
II ............................. _ ..... _ . 04144 . 28445 

III ......•.. _ ..... _ . . . . . . . . . . . . . . . . . . . . . 04084 . 28445 

IV ........... _ ... _ ... _ ..... __ .. . .. . .. . 05261 . 28445 

After the percolation through this pit had been studied in sections, 
then water was thrown over its whole surface and held at nearly a con
stant level, thus enabling the rate of discharge to be measured by 
collecting and weighing the water. An autographic rocking meter 
was constructed to use in this experiment., so as to give a continu~ 
ous record through a lmig period of time, but when it was tested, 
after completion, it was found that the vibrations of the water in the 
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buckets caused them to empty with varying amounts of water, and the 
use of the meter was abandoned as not being sufficiently exact. The 
observed variations in this meter were found to be as great as 1 
pound in 67 pounds, or 1.5 per cent, and periodic weighings were made 

. instead. 
The maximum rate of discharge of water from this pit when the 

whole surface was ·under water, was found to be, as an average of ten 
weighings, 5~.01 pounds in four minutes, or 14.5025 pounds per minute. 

There were more than two hundred weighlngs, giving the rate of dis- . 
char-ge made while this experiment was-in progress, but the ten whose 
mean is given.above is taken from that section of the tables where 'the 
maximum flow bad been observed. The water was kept.running on 
this surface from 9 a.m. April23 until5.18 a.m. May 8. 

In the early part of this trial the rate of flow was 13.875 pounds per 
minute, and gradually increased until its higher rate stated above was 
attained, which was very near the close of the trial. ' 

The temperature of the water as it discharged from the pit varied 
from 14.20 C. to 14.4° C., and it should be stated that very blose tq 3 
inches of water was maintained above the surface of the sand while 

· the experim~nt was in progress. 
The mean maximum rate of percolation from the whole pit per 

square foot in twenty-four hours was 22.618 pounds, equal to 4.348 
inches, while the mean minimum was 21.6288 pounds, equal to 4.158 
inches per square foot. When the water had been shut off from the pit, 
a record was kept of the rate of discharge for a considerable pedod, in 
order to get a measure of the rate at which the soil would give up the 
water required for complete saturation. 

It has been stated that the water was turned off May 8 at 5.18 a. rn., 
and at this time the rate of discharge was the maximum amount stated 
above, or 14:.5025 pounds per minut~, but at 2.03 to 2.07 p. ·m. of the 
same day it had fallen to 12~8375 pounds per minute, and at midnight 
on the same day it was only 10.1975 pounds per minute. At 9.59 to 
10.03 a. rn. May 9 the rate of discharge was 7.9 pounds per minute and 
the water temperature had risen to 14.9° C. 

The rates of discharge on other dates~ are given below: 
Pounds 

per minute. 
May 9. Midnight .. _ .. ____ .... __ .................. _ ~ .... _ ........... _.. . . . . 5. 4625 

10. 9.02 to 9.06 a.m----------- .. ------ .......... ------ .... ------------ 4.5875 
11. 12.04. to 12.08 a. m ........................ _ ......... ___ ........... _ 3. 0425 . 
11. 9.29 to 9.33 p.m ...................... ------ ...................... al. 76 
12. 5.20 to 5.24 a. m ............ __ ....... -....... _ .... __ .. _ ....... ___ .. 1. 4125 
12. 5.54 to 5.58 p.m---- .. ---- ... -------------.------ ........ ------ .... 1. 0375 
13. 5.10to5.14a.m .................... ~--------------------------.-·--- .825 
13. 4.26 to 5.26 p. m ... ___ ..... __ ....... _ ........... ___ .. _ ........ _ .. _ _ . 6458 
15. 5.58 to 6.58 a. m ____ .. __ ..... --. ---- ...... ___ .................... __ . 4394 

15. 5.39to10.55p.m ---·-------------------- --.--------·----- ·--------- .1504 
16. 8.30 a.m. to 5 p.m---- ........ ---- ...................... · ....... ... .1203 

a Water· temperature at this time 15.2o C. 
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Later experiments conducted with this pit showed that there was a 
large leakage through its bottom or sides, so that the rate of seepage 
as measured by the outflow is too small· by an unknown amount. The 
figures for the first series of measurements are correct for those condi
tions, because the water was measured as it went in. This rate, how
ever, should be larger than what would have been observed for the 
whole surface at once, because then there was no opportun_ity for tlle 
water to spread laterally. 

The computed rate of seepage deduced from the formula of Slichter 
and the aspirator diameter is 0.001160 cubic foot per square foot per 
minute' instead of 0.0006072, the observed amount. These amounts 
can not be expected to agree, for the water was obliged to enter the 
lines of tile instead of being permitte<l to escape from the free bottom, 
as the conditions of the computed flow assume. 

PERCOLATION OF WATER INTO UNDISTURBED FIELD SOIL. 

In this experiment an effort was made to measure the rate of flow of 
water through a soil in its natural undisturbed-condition- when it was 
forced to escape from a vertical cylindrical cavity under a constant 
pressure. 

The conditions of the experiment were secured by digging a well· 
13.5 feet in depth and 7 inches in diameter, reaching from the surface 
to standing water in the ground. To avoid caving, the well was curbed 
up with 5-inch unglazed drain· tile in 1-~oot lengths, standing loosely 
one upon another. The well was bored with a flat-bit post auger pro
vided with au extension handle. -As the tile had an outside diameter 
of 6.5 "inches a space of about one-fourth inch all around it was-left 
at the start. This space, however, became filled very soon after the 
experim~nt began with sand froni the sides of the wall, which settled 
in upon the tile when the ground became saturated with water. 

The material removed from that cavity was saved in 1-foot sections 
and an examination of it made with the aspirator, and the results are 
given iu the table on page 212. 

In controlling and measuring the water admitted to this well there 
was used a cylindrical galvanized-iron tank 5 feet high, holding 600 
pounds of water and vroviued with a cock and water g-age to read by 
100 pounds. Water was brought to this reservoir through a 3-inch 
pipe. provided with a gate, which permitted the reservoir to be filled 
in a short time. 

In carrying out the experiment the tank was first filled, and then the 
cock was opened ui1til it, would supply water· enough to maintain the 
level of the water in the well at 7 inches below the top of the ground. 
As the head lowered. in the tank the cock was opened. wider to give the 
needed supply of water, or it was shut off again if the water in the well 
was seen to rise.- The water level in the well was thus subject to small 
irregular variations, amounting at times to as much as 1 inch~ but ordi
narily not exceeding one-fourth of this amount. · 
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vVheh the tank beP-ame empty, the cock was closed and the gate to 
the supply pipe opened, filling the tank as quickly as possible again. 
vVith the tank full· the cock was opened, at first wide, to bring the 
water in the well quickly back .to tlle fixed level and then regulated 
again to maintain it there. 

In the table which follows a~e given the records of the flow of water 
into this well. When the water was first admitted to the well the cock 
in the tank had not ca11acity enough to maintain the water at the sur
face, although it. delivered water at the rate of 25 pounds per minute. 
Tllis condition did not last long, and was shortened by the fact that the 
sand soon settled in around the tile, and thus reduced the diameter 
of the well from 7 inches to 6.5 inches. It is barely possible also that 
when the· saml became packed close about the tile the discharge of 
water through the open end, through joints between the tile, and 
through the pores of the tile was not quite rapid enough to· deliver the 
water to the soil as rapidly as it might have been able to lead it away. 
It hardly seems possible, however, that the retardation to discharge 
du_e to this cause was large. 

Rate of flow of water out of a _well. 

Total num- Time fog 
Starting Closing time. ber of Amount of 

time. seconds. flow. 
100 pounds_ 400 pounds. 

A.. 11{. A.. M. Pou11-ds. Seconds. Seconds. 

7.30.00 7.47.00 1,020 400 ~ .. .. ... .. .. .. ....... 1,020 
7.49.30 8.05.20 1,010 400 ................... 1, 010 
8.06.30 8.24.50 1, 100 400 ::::::::J 1,100 
8.26.10 8.44.30 1, 100 400 1, 100 
8.45.44 9.06.35 1,251 400 ---------- 1,251 

. 9. 07.50 9.30.10 1,340 400 ·----- ---- 1, 340 
9. 31.40 9.56.10 1,470 400 ................... 1,470 
9.58.30 10.28.35 1,805 400 ............ -- ..... 1, 805 

10.30.00 11. 04.20 2,060 400 ...................... 2,060 
. I 11.0~.40 11. 48.41 2,580 400 ......... ···---- 2,580 

P.M. 

11. 50.20 12. 41.20 3,240 400 ... -....... -.... 3,240 . 
p_ ]{. 

12.45.50 12.59.00 790 100 790 --- ....... --. 
12_59.00 1.12. 4-5 825. . 100 825 .... -.... --- .... 
1.12.45 1. 25.20 755 100 755 -····-----
1. 25.20 1. 37.50 I 

750 100 750 3,120 
1.39.10 1. 51. 15 725 100 725 .... - .... --- .. ~ 

. T. 51 .. 15 2.04.00 76.) 100' 765 . -.. -.... --- ... 

2. "04. DO 2.17.50 830 100 830 .. -- ............... 

I 2.17.50 2. 31.55 845 100 845 

. -- ~·. ~6~--1 2.33.20 2.46.45 805 1CO 805 
I 
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Rate of flow oj wate1· out of a well-Continued. 

Total num- T;m,fo~ 
Starting Closing time. ber of .Amount of 

time. flow. seconds. 100 pounds. 400 pounds. 

P.M. P.M. Ponnds. Seconds. Seconds~ 

2.46.45 3. 01.05 860 100 860 ..... ---- -- .. 
3. 01.05 3.15.25 860 100 860 . -.. -.... ----
3.15.25 3. 31.35 970 100 970 3,495 

3.32.50 3.52.00 1,150 100 1,150 ........................... 

3.52.00 4.09.10 1,030 100 1,030 -... -..... -- ..... . 
4.09.10 4.29.55 1,245 100 1,245 ...................... 

4.29.55 4.53.36 1, 415 100 1, 415 4-,840 

4.55.00 5.23.50 1,730 100 1,730 .......... 1 

5.23.50 5.52.30 1,720 10~ 1,720 ....... -- ........... 

5.52.30 6.20.00 1,650 100 1,650 ....... -....... -- ... 

6.20.00 6.42. 30 1,350 100 1, 350 6,450 

6.44.10 7.07.20" 1,390 100' 1,390 ........ ou ............ 

7.07.20 7.38.55 1, 895 100 1,895 .............. ---. 
7.38.55 8.08.45 1,790 100 1,790 -- ... -... -.......... 

8.08.45 8.37.50 1,745 100 1,745 6,820 

8.39.20 9.09.05 1,785 100 1,785 .. - ........ -... -. 
9.09.30 9.54.00 2,670 100 a2, B70 . ---- .... -..... 

9.54.00 10.37.00 2,580 100 2,580 ... -.. -. -- ...... 

10.37.00 11. 22.00- 2,700 100 2,700 9, 735 

A.M. 

1i.25.00 12.10.00 2,700 100 2, 700 ....................... 

A.M. 

12.10.00 12.58.00 2,880 100 2,880 -... -..... - ..... --
12.58.00 1.48.30 3,030 100 3,030 .......................... 

1.48.30 2~ 41.00 3,150 100 3, 150 11,760 
2.44.00 3. 36·. 00 3,120 100 3, 120 ~ -- ......... -........ . . . 
3.40.00 6.42.25 10,955 300 3,648 14,065 
6.42.25 7. 3-8~ 55 3,395 100 3, 395 --- ...... ---- .. 
7.40.45 

.. 
8.40.10 3,565 100 3,565 ....... -- ... ----

8.40.10 9.40.05 ·3, 595 100 3,595 14,090 
9.44.05 10.43~00 3,535 100 3,535 .... - ... -......... -

10.43.00 11.48.20 3,920 100 3,920 . -- ....... -- ...... 
-. 

P.M. 

11:49. ot· 12:51.10 3, 725 100 3,725 --- ... -...... -... 

P.M. 

12.51.10 1.56.20 3,910 100 3,910 15,395 lli20 2.59.30 3,790 100 3,790 ······j 30 4.04.30 3, 900 100 3,900 ....................... 

a Time too long on account of delay by shutting off. 
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It wql be observed from the data of this table that during the inter
val from 7.30 a.m. until 4.04.30 p.m. the next day. the discharge from 
the well had decreased from 255 seconds per 100 pounds of water to 
3,900 seconds for the same amount, or a rate only about one-fifteenth 
as fast. · 

During this interval of time there had been put into the well, between 
7.30 a.m. October 14 and 4.04.30 p.m. October 15, 8,900 pounds of 
water, equal to 142- cubic feet. At this time. the section of ground 

Fw. 47.-Diagram showing contour of ground-water surface produced by water percolating into soil 
about a well. 

entirely filled with water is represented in fig. 47, where the curve 
marked October 15 shows approximately the water surface as revealed 
by boring down until standing water was reached. 

On October 16 the experiment was continued from· 8.25 a.m. until 
5.45.10 p. m., and the flow out of the well had decreased from 400 
pounds in ~,265 seconds at 9.43 a. m. to 400 pounds in 10,7 40 seconds .. 
On October 17 water was again run into the well, and at 4.19.25 p. m. 
the s~ction of groq.nd completely filled with water had the form· shown. 
in :fig. 47 by the-curve marked October 17. 
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During the four days there were put into this well12,480 pounds, or 
200 cubic feet, of water, the total ti-me during which water was being 
delivered to the well being 185,40~ seconds .. The water used in this 
experiment was pumped from Lake :Mendota and was clear except so 
far as it contained mieroorganisms. How far these may have been 
instrumental in decreasing the discharge by clogging the pores of the 
soil or tile it is not possible to say .. 

This amount of water, when expressed in flow per square foot per 
minute, is 0.003379 cubic foot. The comput~d flow for soil grains having 
the mean diameter of the fourth to the eleventh foot, inclusive, and the 
mean pore space, for a gradient of 1 in 10, would be 0.001826 cubic feet 
per minute. 

Since the ground-water level was OI11y raised about 3 inches at a dis
tance of 4 feet radius from. the well, the water must have spread away 
in all directions over quite long distances in order to l)ave accommo. 
dated the 200 cubic feet which had been introduced. 

RATE OF LATERAL FLOW OF WATER THROUGH SANDS. 

To study this problem there was con!'l.truct.ed a galvanized iron tank, 
represented in :fig. 48 at A, B, 0, D.· It bas a length of 14.5 feet aud 
is 4 feet deep and 1 foot wide. It is filled with a mixed sand, from 

: ... :· . .. . ··_..· ... :.·.· :· ... 

B c 8 

J ..... ······· ~ * 
··-.~-~ ~~--. •·•C ~ ·:·.·~·-· 

.5 6 7 /0 /2 /.J 14 

FIG. 48.-Apparatus for measuring the lateral :tl.ow of water through sand 'and the lines of prflssure. 
A, front elevations of tank, with a, b, c, d, faucets from drain tile, and 1, 2, 3 .... 15, 1)ressure 
gages; B, B, vertical sections length wise, with 1, 2, 3, 4, tile and faucets, and 5, supply tile at end; C, 
cross section, with 1, 2, tile; D, section at 1 in n, showing connection of faucet with tile. 

which were sorted the ten grades used in studying the effect of the 
diameter· ~f soil grains upon the rate of flow of water through it. 
When the ef~f'ective diameter of the grains of this mixture was deter-
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mined with the aspirator, it was found to be 0.2881 mm., and this was 
associated with a pore space of 31.11 per cent, much smaller, it will be 
observed, than was found for any of the separate grades. ' · 

.Sand was placed in the tank to a depth a little below kk in A, and 
in this was set fonr 3-inch drain tile, shown in seetion·at 1, 2, 3, 4 in 
B, 0, D. The tile were just long enough to reach across the tank, so 
that the walls of -the tank closed their ends. They were filled with 
coarse saud and gravel, and their' walls were perforated with several 
holes in order to permit easy·, rapid entrance of the water. In order 
to prevent the :fine sand from :filling into the tile, the openings were 
covered with the fiber from coarse manila rope. 

The faucets a, b; c, din A opened directly into the tile by means of a 
bent union, thus permitting the water to flow out freely. There were 
15 pre·ssure gages placed iu one side of the tank, openin_g at the bottom 
and 1 foot apart from center to center. The lower end of each is cov
ered with a shield of metal soldered to the tank on three sides so as to 
be water-tight, but the lower edge of the shield simply rests upon the 
bottom of the tank without being water-tight. In this way saud is pre
vented from rising into the gage glasses, and the bottom prPSSUre is
recorded by t~em at their respective stations. 

At B in one end of the tank three vertical lines of 3-inch drain tile 
are set and left empty, with a view to giving the water unobstructed 
access to the whole end Rection of the soil, through which it was to move 
laterally. 

In conducting the exp-eriment water was admitted to the columns 
of tile and held at a constant l<wel by means of an overflow, shown in 
the drawing A between 14, 15; t'hen the three-fourths-inch stopcock 
at a, b, c, or d was opened, and the water discharging was collected and 
weighed at the end of :::<tated intervals of time. -
~o read the levels of the water in the pressure gages, two engineer's 

target rods carrying verniers reading to thousandths of a foot were set 
rigidly at opposite ends.of the tank, with their feet on the same level, 
the target::; being left free to slide up or down on their -respective rods. 
Across the horizontal lines of each target was :fixed a :fine wire, and to 
tl1e center of these wires was secured a :fine thread, which. could be 
stretched so a~ to give a lwrizontalline passing the front of every gage 
and nearly in contact with their faces. ln taking the reading of auy 
gage the targets were adjusted until each gave the same reading and 
the string was on the level of the lower face of the meniscus in the 
gage where the water pressure was to be measured. The gage tubes 
were as large as could be used in three-fourths-inch steam-gage fittings, 
and had au inside diameter varying from a little one side or the other 
of 0.45-of au inch. No allowance has been made in these measurements 
for capillarity. 

In the :first experiment stopcock b was opened and the water was 
allowed to discharge from it until the gage readings had becouie con
stant and the water was discharging at a uniform rate. At this time 
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the water was discharging at a mean rate of 20 pounds in 799.8 seconds, 
or 1 pound in 39.99 seconds. 

Referring the gage readings to the level of the overflow in the tank, 
the pressures in the several gages at the time the rate of flow was as 
stated above were as given below: 

Table showing pressure at bottom of tank at d~ffm·ent distances j1·orn outlet. 
,---
1 

Gage No. Pressure. 

Feet. 

1 1.215 
2 1.171 

3 1.100 

4 1. 026 

5 . 956 

6 . 878 

7 . 786 

8 . 716 

Gage No. 

9 

10 

11 

12 

13 

14 

15 

Pres sur 

Feet. 

0.63 

. 56 

.46 

. 39 

.33 

0 

6 

1 

5 
2 

0 .28 

.25 _:j 
Gage 1 is so placed as to measure the pressure directly at the out

let by having its opening immediately beneath the tile into whi~h the 
discharge is taking place. The outlet of the tile was 1.587 foot below 
the overflow, and hence the gage level was 

1.587-1.215 = 0.372 foot 
above the outlet. At the same time also the water level in gage 15 
was 0.257 foot below the water surface in the tank directly above its 
mouth. The difference for gage 1 shows for, gage 1 a resistance to dis
charge into the tile, and for gage 15 a flow along the bottom toward the 
outlet. · 

In the next experiment the stopcock b was e~osed and a opened, 
allowing the discharge ·to take place at a 1ower level and under a 
greater pressure, a being 3.39 feet below the overflow. 

The discharge from the lower level was begun at 10.4 7, with the 
· pressure in all gages the same, and at 12 to 12.20 the rate of discharge 

was 62.75 ·pounds in twenty minutes, with the gages still falling; from 
12.25 to 12.45 the flow was 59.75 pounds; from 1.11 to 1.31 the flow was 
57.25 pounds. The gages had become stationary at 1.35, with a flow 
at this time of 56.50 pounds in twenty minutes. From this time on 
until the next morning the apparatus was allowed to discharge con
tinuously, and at 7.33 to 7.53 the flow was 55.30 pounds in twenty min
utes, which is 23,.387 seconds for 1 pound, the temperature of the water 
being 25.40 C. At this time the water in the supply tank had become 
exhausted and the tank required to be refilled. The water used was 
colder, and this modified the rate of discharge so that it went forward 
at a decreasing rate as the warm water in the sand was gradually dis
placed by the colder. In the table which follows the amounts of flow 
in successive twenty minutes are given, -together with the temperature. 
of the water at the inlet,and outlet: 
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Table showing r·ate of seepage of 1,cater into 1 foot ·of drain tile through coarse sand from 
one side. 

Temperature. Tempmt~ 
Min- Flow .. Min· Flow. utes. utes., 

Inlet.· Outlet. Inlet. Outlet. . 

Pounds. 0 0. 0 0. Pounds. oo. 0 0. 

20 55.30 . -- .. -... -- . .. - ... -..... --. 200 49.15 19.00 22.20 
40 53.15 -- ........ --- -------·-- 220 49.00 19.00 22:10· 
60 50.G5 18.4 22.8 240 47.90 19.10 22.10. 

80 47.40 --·------- - .. -'"' .. · ... -... -- 260 48.65 19.10 .22.10 
100 52.10 18.55 22.6 280 48.50 19.15 22.00 
120 48.30 18.60 22.3 300 48.55 19.00 21.95 

@ 
47.90 18.80 22.5 320 48.60 19.30 

jJ]J 0 48.90 18.90 22.4 

I 
340 48.50 19.30 0 

0 48.90 19.00 22.3 360 48.50 19.40 0 

.At 10.42 to 1~.30, when the rate of discharge averaged 48.68 pounds 
in twenty minutes, the level of the .water in the pressure gages stood 
as follows: 

Table showing ]Jressure along bottorn of tank at different distances from the outlet . . 

o. 

1 
2 
3 
4 
5 

LJ 

Pr€'ssure. 

Feet. 

3.203 
2.'746 
2.411 
2.187 
1. 990 
1. 806 
1. 600 
1.446 

1 
GageNo. I Pressure. 

Fekt. 

9 1. 264 
10 1.107 
11 . 932 
12 .804 
13 . 684 
14 

~ 15, 1 

These numbers are plotted on t~e gages in fig. 48, .A, and are con
nected by the line ef . 

.As the outlet in this experiment was 3.39 feet below the overflo~, 
the water in pressure gage 1 stood 3.390 - 3.203 = 0.187 foot higher 
than the outlet, showing a resistance to discharge here equal to that 
amount~ .At the opposite end of the apparatus gage 15 registered a 
pressure of 0.541 foot below the overflow, and this shows a diminished 
head at this point of that amount, due to flow toward the tile. 

In the third experiment with this apparatus the stopcock was closed 
and water was admitted until the gages became filled to the same level 
and water covered the whole surface of the sand in the tank to a 
depth of about 1 inch. This necessitated closing the overflow and 
regulating the level of the water in the tank by opening and closing 
the supply stopcock. 

With the supply; regulated so as to hold the surface of the sand 
under water, stopcock c -was opened wide and the discharge during 
intervals of five minutes was measured by weighing. The flow was 
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started at 2.05, with a discharge during the first five minutes of 36.50 
pounds, where the water temperature at the inlet was 10.3° 0. and at 
the outlet 20.7° 0. Succeedh1g.five-minute discharges were as folJows: 
37.50 pounds, 37.30 ·pounds, 37.65 pounds, 38 pounds, 37.80 pounds, and 
37.85 pounds, closing at 5.35. : · 

Between 3.35 and 4.15, when the ga.ge levels had become stationary; 
these levels were measured with the results whieh are given below: 

Table showing pressure along bottom of tank at d~fferent distances from outlet. 

I Gago !'" 

1 
2 
3 
4 
5 

LJ I 
I 

Pressure. I 

Feet. 

0. 186 
.195 
. 239 
. 293 
. 405 
. 569 
. 942 

1.587 

Gage No. Pressure. I 
Feet. j· 

9 0.895 
10 . 527 
11 . 312 
12 .210 
13 .141 
14 . 091 
15 . 082 

These readings are plotted on the gages in fig. 48, A, and the line g ij , 
drawn through them. In this case the rate of discharge was 1 pound 
in 7.976 seconds. The curve shows a very pronounced pressure above 
the outlet and also that the pressures are less from the gages 1 to 8 
than they are from 8 to 15. This is due, in part at least, to the fact 
that wat~r can enter-through the end tiles directly to the bottom of the 
tank and begin its lateral flow with no vertical resistance. The water 
was again allowed to come to a level in the pressure gages by shutting 
the stopcock c, and at 4.25 the stopcock a was opened, but the surface 
·of the sand was kept cover~d with water, as in the former case. Under 
these conditions, with the water entering at a temperature 19.6° U. and 
discharging at 22.4° C. at the rate of 3G.50 pounds during the first five 
minutes, weigbings were made by fi.. ve-minute intervals with the results 
below: 

Table showing rate of seepage of'water into 1 foot of drain tile tlwough coarse sand from 
both sides. 

First. Second. I Third. Fourtl1. 

l'ounds. Pounds. I P01mds. Pounds. 

36.GO 35.65 
I 

35.65 ·------·--
·~- - ~ .. 

:Fifth. Sixtl.J. I Seventh. 
I 

Eighth. 

J>ouncls. 

I 
Pounds. --Po~nd•---1 Pounds. 

34,. 90 33.50 33.50 

Ninth. 
I 

Tenth. Ele\enth. Twelfth. 

I 

--
Pounds. Pounds. Pound fl. Pounds. 

33.00 33.50 32.65 33.80 



KING.] LATERAL FLOW OF WATER THROUGH SANDS. 269 

At the end of these weighings the gage readings had become sta
tionary, and were as given in the table below: 

Table showing p1·ess1M·e along bottorn of tank at different distances Jo1·n~ ontlet. 

I GagoN 0. 

2 

3 

4 

5 

6 

LJ -

Pressure. 

Feet. 

2.765 

1. 667. 

1. 032 

. 685 

·. 492 

339 

.213 

.153 

I 

I 

Gage No.[ P 

'M'U'e·J 
9 

10 

11 

12 

13 

14 
1:) 

Fert. 

0.100 

. 067 

. 023 

• OOR 

+ .017 

+ .018 

+ .020 

These results are plotted on the gage tubes in fig. 48, A, and the curve 
hg has been drawn through them. It will be seen in this case where all 
water had to approach the outlet from one side instead of two sidet? as 
in the last case, the outlet gage shows a much lower reading. The rate 
of discharge under these conditions averaged 1 pound in 9.002 seconds. 

If we group the discharges in these four experiments and express 
them in cubic feet for twenty-four hours we shall have the results given 
below: 

J Ex 

1-lll 

I 

peri- Surface of sand not covered with Experi-~ Surface of sand covered with wate ent. water. ment. 

1 59.17 cubic feet per 24 hours. 3 173. 5 cubic' feet per 24 hours. 

2 · 72.36 cubic feet per 24 hours. 4 153. 8 cubic feet per 24 hours. 
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OBSERVED REDUCTION OF GROUND-WATER PRESSURE. 

After these experiments were made and the important questions 
involved in the suits which have been referred to in connection with 
the Crystal Springs Land and Water Company and the West Los 
.Angeles Water Company were understood, there were introduced into 
this reservoir three other sets of pressure gages, one set of 15 to show 
the pressure at the 3-foot level, 15 others to show the pressure at the 
2-foot level, and still another set of 15 at the 1-foot level. With this 
arrangem(mt it became possible not only to know what the conditions 
of pressure were at 60 different points in the sand while the water was 
running, but also to ascertain just where the level of the ground water 
was at any particular time and conditimi. 

This is an important matter to have settled and the apparatus 
demonstrates the principle in a conclusive manner. 

The reservoir was filled with water so that the sand was barely cov
ered and the overflow was arranged so as to maintain a constant level 
of the water at this horizon; the stopcock c was opened and the water 
was allowed to discharge until the flow became constant and the level 
of the water in the 60 gages had become stationary. At this point 
the levels of all the gages were read, with the results which are. given 
in the table and which· are shown graphically in fig. 49. 

Table showing the distribution of p1·essure in a section of sand whe1t 1vatm· is discha1·ging 
/'r,om nea1· the cente1· at the bottont, the 'water being maintained over the whole su1-j'ace. 

[The surface of water iu the reservoir is zero.] 

Gage readings. 

Gage numbers. 
Levell. Level2. Level3. Level3.5. 

1 ...... ·----- ---- 0.151 0.375 0.480 0.518 

2 .... ---- ----· ---· .168 .405 . 515 . 560 

3 ...... ---------- .203 .476 .625 .662 

4 ...•.. --·- ·-·--· .195 .508 . 745 .805 

5 ...• --- --- ...... .125 . 729 . 968 1.225 

~6 - - . - ... - ..... - - - .438 . 970 1. 295 '1.355 

7.- .. -.-- ..... --. . 526 1. 275 . 1.775 1.970 
8 ................ .590 1. 432 2.300 3.010 
9 ................ .532 1.290 1. 830 1.845 

10 .. --.- ----.--- -· .428 1.140 1. 275 1. 275 

11. - - - - . . .. - - . . - .. .285 . 720 . 905 . 918 

12 .. ---- .... -.--.- .190 .532. . 682 . 700 

13 .. ---. -. ---. ---. . 090 .366 .523 .533 

~-- """"•• """" 
.092 . 320 .435 0EJ -- .. ----- ..... .085 .270 . 375 5 

· It is to be understood that the vertical lines irr :fig. 49 represent the 
positions of t_he pressure gages and that pressure gages were inserted 
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where the horizontal lines cross !,;J p 
the vertical lines. The centers ~ 

of the circle.s occupy the exact ~ 
level of the meniscus in the sev- ~
eral gages and the lines drawn ~ 
through these circles show the ~ 

::;1 
variations of water pressure at ~-

intervening points between the e 
several gages on the levels at i 
which they .are inserted. a 

0 

The new gages which were in- ~ 

serted had to be set 0.1 foot to i' 
one side of the original g.ages, as 
shown by the position of t~e cir
cles. Curve I shows the varia-

. tions of pressure at the distance 
of 1 foot below the leveJ of the 

~ 
~ 

:i 

surface of the water above the 
sand. Curves II, III, and IY ~ 
show the same relations for the g. 
lines 2 feet, 3 feet, and 3.5 feet !J 
below the level of the water over ~
the sand. The gages inserted 
along the 3.5-foot line have been ~ .g 

~-c s 

described; thQse situated ·at the g. 
higher levels consisted of three- ;:; 
sixteenth-inch brass tubes each ~ 
provided with a conical point 
made of fine wire gauze soldered 
to one end .. The screen ends of 
these gages were thrust through 
the wall of the reservoir and sol
dered to it water- tight, while to 
the outer ends were connected, 
by means of rubber, glass tubes 
in which the pressure was ob-

t;j) 

~q 

~ served. ~ 
It will be seen from this ar- ~ 

rangement that each pressure § 
gage really represents a well sunk i 
to a certain depth below the g. 
ground-wa~er surfaQe and at a ~ 
certain distance from the loc~- ~-

CD 

tion of an infiltration pipe; and g 
it is this arrangement to which. ~ 
Professor Slichter refers in his ~ ..., 
paper, Ohapter IV, section 4, ~ 

GJ. page 354. 

·- :. . .. '. "; -~. •: • .. - ·.• . . . . .· . . . . . I 

,...--~----~------~~~~1 .. ~. '~·- ""' 
-~ 
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-~""""'~"""""'""""".,..,...,"'!"""",..,..,.,.~~~,..,.....,.,.,...,.,,.,.. ~n lt is evident enough that were 
~ i:! ·>':;·-· ·.-·"·' · . .-·:_- ·:-·-· ""''>''''')'.'·"'''::':.':'] ; it possible to place a line of infil-

:':· ::,1 $ tration pipes in such a relation 
t ·.-.:- s to a system 'o'f wells as is here 
... . . ~ 

~ ~.~-~.: .. :·.· ;.....~ represented, the water in the 
. • • ~ wells would begin to fall with the 
t ~ t ~ beginning of flow from the infil-

·~ ~.~J .... ·:· l ~ tration pipe::; and they would con-
. ., ••\ ~ tinue to do so until a new surface 

[ . · ~ of equilibrium had been ·estab-

~!;: ~ ;~:~ [ ~:~dr::e~0~~;~~::: 1:~:;· co~dii~ 
· l\ :.~:J j tions exist which make this type 

~ ! :[ j :~:e;~ i~;e;!:r~:~~~~~.a~Iu~;:::~f 
[<. \ . :·.;· ~ that too much importance has 

, ~:·· .. · o been assigne.d to it in the para-
~· ~ ... ~.·:; ? ·§ graph referred to. 

\ ·:·:; ~ The serious cases of well inter-
[:·: . \ ::·:: : ference and natural snbirrigation 

~ k \ • ., ~ ~:~:;~:~n:: ~~:;r~~:d '::a~~;~a; 
~:: ~ the withdrawal of it from the soil 

~~ 1'7:::---+---...._+---J~-l ~ or sand. 
[(: \ ~ The correctness of this view t: ~ was established by a fifth series 

t\ ··· · Q) of measurements with the reser-
. [ \ ~ voir in question after the new 

r::: .-::; l gages bad been added. 
r:·· ·: Q) The reservoir was filled with 

~ 1:. ·:.:~ 

i'-:-t·::-,---+----,+-\---~-4 .·:) ~ :t~~: t~a~h;, ~~:\~~~ll:h:u:~~~~ 

~ ~ . :: ~ ~~~:~:;a~ope~:~:a:~:btr::~;~ 
t \ ~ while a dam was fixed between 
f.· 1e .14 and 15, fig. 50, to prevent the 

~ ~::. \ . ~ water from· spreading over the 
;,f.·.·:: __ : j surface, and then the supply was 

.a tur~ed on so as to nuiintain, with 
~ r· ~ the aid of the overflow, a co:q· 

~: \ ~ stant level of water behind the 
f ·~ dam. After the. drainage bad 

C'l !:: ~ continued ~ntil an equilibrium 
F 41 ~ was reacheq it was found that 
t \ k the surface of the ground water 
f · 1 did practically coincide with the 

~ ~ . g height of the water in the pres-
-.i:ci~~~~~~~~~~~~. ~· sure gHges, giving the ,condition 
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of things represented graphically in fig. 50, which, it will be seen, is 
radically different fro~ what was found iu·tbe last experiment, fig. 49, 
where the surface of the area was continually kept covered with 
water. 

If it were not true that all water capable of exerting pressure had 
been drawn down to the level of the curve shown by the line in the· 
diagram it would have stood in the gages in which no pressure was 
shown. The observed heights of the pressure gages are given in the 
table below: · 

Table showing the level of the g1·ound-water su1jaoe and the pressure. at different levels 
when wate1· is discharging at one 1Joint and entering at another. 

LeYel. 
1. 

·1 .............. _.. 0 

2. -----· ---· -----· 0 

3 ..... ------------ 0 
3.5 ......... ------ 3.344 

LeYel. 
6. 

1 .... ---· .... - ---- 0 

2.---------- ·----- 1.962 

3 .. ---- -· ..... ----. 1.968 

3. 5 .... ---- .. -- --- 2.000 

Level. 
11. 

1 ______ ... ---- .... 0 
2. ____ --·· ........ 1. 010 

l~---- -------- 1. 082 

.. -.-- ~ ...... - - - ..... - 1. 078 

2. 3. 4. 

Gage numbers and r-,-ea_d_in_g_s·---~ 
5. 

0 0 0 
0 0 0 

2.940 2.658 2;418 
2.950 2.637 2.410 

Gage nmn bers and readings. 

7. 8. 9. 

0 0 0 
1.765 1.578 1. 410 
1. 788 1. 613 1. 425 
1. 776 1. 618 1. 410 

Gage numbers and readings. 

12. 13. 14. 

0.870 0.665 0.455 
.907 . 766 .660 
. 952 .830 . 732 
. !159 .827 . 750 

0 

0 

2.188 
2.190 

10. 

0 
1.215 
1.246 
1.231 

15. 

0.294 
. 565 

~ 0 

It is clear from these gage readings that in the region of gage 1 the 
lev~l of the ground-water surface bad fallen below all of the gage open
ings except that of 3.5, which is below tlw level of the outlet. Even at 
gages 7 to 11, inclusive, where the level of the ground water is above 
the 2-foot level, there is very little difference shown by the gages, the 
readings being almost as close as they can be read. When gage 12 is 
passed, however, the readings begin to show a departure, but this is due 
to the fact that new supplies of water are continually being added at 
the surface, the case here becoming like that of the preceding experiment. 

19 GEOL, PT 2--18 
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It appears clear, therefore~ from these experiments that the lowering 
of the water pressure in the sands in the last series of trials is due 
chiefly to the fact that the water has actually been withdrawn from the 
sand rather than to the fact that it is in motion toward the outlet. 
Were the lowering of the pressure shown by the gages due chiefly to 
the fact that the water is not in a statical condition, the gages should 
respond much more quickly than they are observed to do, and they 
should come into a condition of equilibrium iu a far shorter time than 
they are observed to do. 

It was shown in the second experiment made with the apparatus 
when the water was started to flowing at 10.47 a.m. that the gages had 
only reached a condition of equilibrium at 1.11 p. m., after the lapse of 
two hours and fourteen minutes. This is ample time for the necessary 
loss of water from the small reach of only 14 feet of sand to bring the 
a•ctual water level down to the observed level indicated by the pressure 
gages. 

TIME REQUIRED TO LOWER THE GROUND-WATER LEVEL BY A 
SYSTEM OF INFILTRATION PIPES. 

In another part of this paper it was shown from direct observation 
that the withdrawal of a comparatively small amount of water from a 
soil already saturated is sufficient to produce a marked change in the 
level of the ground water, and hence to cause marked changes in the 
level of water iri wells and in the height of the ground water in sections 
where crops depend on water which is derived from the underflow by 
natural subirrigation. 

In order to secure direct and positive data bearing upon this impor
tant question, when the water in the reservoir (fig. 48) was at rest and 
when the gag-e readings were as shown in tlle tabl~ below, 20 pounds of 
water were added to. the sand and the gages were allowed to assume 
the new level, when the readings were again taken as given below: 

Table showing the 1·ise of the grmtnd-water surface in com·se sand due to the addition of 

Before adding 20 

pounds water. ___ . 

,After adding 20 

pounds wu.ter. _ ... 

Rise in , tlle

water sur-

face ....... . 

l. 

0.778 

.218 
---

.560 1 

water. 

Gage readings. 

~ 2. I 3. 4. I ' 5 6 .. 

------------

0. 7761 0.776 0.775 0.770 0.774 0.775 

. 218 .218 .218 .214 . 215 .215 
------------

I 
.560 1 . 558 . 5571 .556 .559 ~ 
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Table showing the 1'i8e of the ground-~oater surface ·in coa1·se sand dtJe to the addition of 
~oater-Continued. · 

I Gage readings. 

8. 9. 10. I u. 12. -~I~ I ----

I Before adding 20 

pounds water ___ -- 0:778 o,775 0.772 0.772 0.77'5 0.772 0.772 0. 770 

After adding 20 
pounds water _____ .215 . 214 .208 ·.208 .214 . 212 ·215 .215 

--------------

Rise in the 

L water sur- , . 
face . _______ . 563 . 561 .564. .564 . 561 . 560 .557 

It thus appears that the 20 pounds of water added to 'this area raised 
the level of the ground water an average of 0.5587 foot; but as a part 
of the water added went to fill the gage tubes and two graduates 
which were in siphon connection with two supplementary gages, it is 
necessary to deduct 3.565 pounds from the 20 pounds added, thus leav
ing 16.435 pounds as the amount of water required to raise the level of 
the water 0.5587 foot in this coarse sand. 

In tlJe next experiment there was withdrawn from the same re::;ervoir 
38.3 pounds of water; and of this, 4. 725 pounds came from the gages 
and the two graduates, thus leaving 33.575 pounds coming from the 
sand, lowering the level 0.7545 foot, as shown by the gages when they 
had come to rest after withdrawing the water. 

Still a third trial was made; a single pound of water was added to the 
reservoir, and this had tile effect of raisiug the ground water 0.0258 foot, 
or very nearly 0.31 inch. This great change in the level of the ground 
water, with so small an amount of water added or withdrawn; will be 
readily understood if reference is again made to fig. 15, where the 
empty space in the zone of capillary saturated soils just above the level 
of the ground-water surface is shown to be very small indeed, even in 
such coarse sands after they have stood 2.5 years in order that com
plete drainage should have taken place. 

In a final trial with this apparatus the withdrawal of 78.7 pounds 
of water showed, after the gages ha.d become stationary, a fall in the 
ground-water level over the whole 14.5 square feet amounting to 1.226 
feet. 

But 78.7 pounds of water on 14.5 square feet represents only 1.435 
inches of water on the level. 

It is now possible to deal definitely on a quantitative basis with such 
cases as those desc:tibed by T. S. Van Dyke in the Irrigation Age for 
December, 1897, page 60. · 

In December, 1895, the West Los Angeles 'Vater Company made a cut some 2,000 
feet long and 18 feet deep _at the upper end. A flume was laid in the bottom, from 
which nearly 500 inches of water have been flowing ever since and almost unaffected 
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by the series of short years. During the two months the cut was making, and the 
water increasing every day, several wells on places from 1,000 to 2,000 feet upstream 
showed n. gradual fall of their water level, which amounted in the two months to 4 
feet. In June, 1896, an extension was made which took six weeks, aud resulted in 
developing more water at about the same rate as that in the main :flume. During 
this six weeks the water in the wells sank 16 inches. 

If reference is now made to the table on page 103, where the number 
-of inches required to raise the ground water 1, 2, ~{, and 4 feet after 
complete drainage has occurred are given, it will be seen th3~t for the 
coarsest sand in the series the withdrawal of 0.874 inch of water on 
the level will lower th{3 ground water 1 foot, that 4;_379 inches will 
lower it 2 feet, 8.5:J.inches 3 feet, and 12.8~ inches 4 feet, while with the 
finest sand only a little more than 5 inches of water taken from the 
ground will lower the water level 4 feet. 

Referring now to the map of this region (fig. 45) the position of the 
wells in question with reference to the completed flume will be seen. 
If an area larger than that _covered by the map, or four blocks on a 
side, equal to 5,~.WO feet, neady 1 square mile, be taken and the lowest 
rate of discharge for the completed flume which has been given .by Mr. 
Lippincott, 6.2 second-feet, the number of days for this flume to lower 
the water under the whole area 4 feet may be computed, assuming the 
capacity of the sands of thewater-bearing .beds to average that given 
in the table referred to for the five sands. _When these computations 
are made it appe:;trs that the time given below ]s required for the dif-
ferent size.s of sand. · 

Days. 
Sand No. 20. __ -- .. _. __ . _ ...... __ -- .. ____ . ___ - . _ .... -.. _. _-- __ ...... ___ .. _. __ . 53. 91 
Sand No. 40 .••••... _ -- ..• _ ---·· -- ..••• _ .. - .. _ .... _. --- .•.•... _. __ ..• _ ••... ___ 51.26 
Sand No. 60 ... _ ............. ·--..-·· ........ ··---· ---· ···--· ...... ·---·· ....... 45.43 
Sand No. 80 .......... ----·· ................ ----·· ____ --·· ---··· .. · ........... 31.45 
Sand No. 100 ........ -----· ................ ________ ---- .................. ____ 23.13 

These figures, it. will be seen, are fully within the observed time 
required for the4 feet of change which was recorded on the well, espe
cially when it is observed that in this short time the drainage of the 
soil could not be complete, .and that the amount required for the mixed 

·sands is likely to be much less than that required for the No. 20 sand, 
which calls for less than fifty-four days of flow for the infiltration flume 
to draw the water down 4 feet over an area 1 square mile in extent. 

T,he records of discharge by this flume which we have cited from 
Mr. Lippincott show that its capacity decreased as, indeed 'voulcl be 
expected and jo.st as our own experimental flows did, but the amonnt 
of decrease was not enormously large in either case, yet the decrease 
has been amply large to meet reasonable expectations. 

INTERFERENCE OF TWO WELLS IN SANDSTONE. 

To test the principles involved in the problems of the last section an 
experiment was made on two wells, 1,133 feet apart, each sunk into the 
Potsdam sandstone to a depth of about 50 feet. One of these wells, at 
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the residence of the writer, is 6 
inches in diameter, 70 feet deep, 
and is cased to the rock (20· feet) 
with steel- tubing. In the well is 
a double-acting pump, worked by. a 
22--horsepower gasoline engine, and 
capable of delivering 70 to 80 gal
lons of water per minute. The sec- ~ 

ond well, having the same general 
dimensions and character, is sit- ' 
uated on the experiment-station ~ 
farm, and had recently been drilled ~ 
wht-n the experiment to be de
scribed was performed. No pump 
bad yet been put upon this well. ~ 
The normal height of the ground "" 
water in each of these wells is very 0) 

nearly the same, and stands 1 or 2 
feet above the surface of the in- ~ 
durated rock, in which the steel 
casings terminate. " 

The object of the experiment 
was to ascertain if at a distance of 
1,133 feet the pumping of one well 
would sensibly disturb the level 
of the water in the other .. To ascer
tain this fact a :float was placed 
upon the water in the new well 

· and connected with a twenty-four
hour chronograph, in which the 
movement of the pen is magnified 
threefold. 

After the instrument had been 
connected up with the well about 
four hours the pump was started 
and run during about thirty min
utes, then stopped for ten minutes, 
and again started and run steadily 
until 8 p. m., the whole period of 
pumping being four hours and 
forty minutes, at the rate of about 
75 gallons per minute. 
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At exactly 7 a.m. the n'ext morn
ing the pump was started again 
and run for exactly ten minutes, 
and the record which was produced 
by the chronograph i~ represented 
in fig. 51. The chronograph is so 

FIG. 51.-Autographic record of changes in the 
level of water in a well due to pumping an
other well!, 133 feet distant. 
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made that a fall of the water causes a rise of the pen. It will be noted 
that each time the pump was started the pen rose on the sheet faster 
than it had been rising before the pump was started, and that each time 
the pump was stopped the pen fell on the sheet faster than it had been 
doing; and as these coincidences occurred three consecutive times, just 
as would be expected if the pumping of one well aftected the level of 
the water in the other well, there seems to be no re.ason to doubt that 
the record proves that the pumping of one well did lower the level of the 
water in the other well to the extent which the record shows. The total 
fall of the water in the well was three-fifths of an inch. It has been shown 
that in coarse sand, such as was used in the last experiments, 1 pound 
of water withdrawn from the sand in the reservoir lowered the level of 
the water in· it 0.31 inch on the whole area, and, assuming the same rate 
for the circle of sandstone whose eenter is the well pumped, it would 
be necessary to pump out 8,635 cubic feet of water to produce the 
change in level of three-fifths of an inch which was recorded. The 
a1nount of water which was pumped out was 2,807 cubic feet. 

As the water was lowered three-fifths of an inch on the circumference 
of the area which has been computed, it is evident that the area taken 
as being affected is too small, and not only this, but the amount of 
lowering toward the center should be some amount_ greater than .that 
observed at the well, so that the amount computed would on this 
basis be too small. On the other hand, it must be said that the space 
emptied by pumping from the fine sand of the sandstone would be 
much smaller for the same depth than that observed for the coarse 
sand, certainly less than one-third of it, or less than the amount 
pumped out; hence it appears clear that even in· this case of inter
ference it may well be a.ccounted for by an actual lowering of the surface 
of the ground water rather than by a change of pressure due simply to . 
a change in the rate of flow, as Professor Slichter would account for it. 

When the third start and stop were made in this experiment two 
observers set their watches together, with a view of. determining how 
long after starting the pump it would be before the well would respond 
and.how long after stopping before the reversal would occur. It was 
found that the fa1l of the water began abo~t one minute and forty-five 
seconds after starting the pump, the time being obtained by observing 
the pen, watch in hand. The engine worked exactly ten minutes, but 
the rise of the pen, and hence fall of the water, appears to have con
tinued nearer fifteen minutes· than ten, and there was no sharp fall to 
fix the turning better than the curve itself shows it. 

The fact that the fall of the water was so gradual and continued so 
long after the main pumping closed seems to indicate that an actual 
lowering of the ground water had taken place. 

The dependent loops in the curve at a., a, _a., are due to the passage of 
a railway train along the track, which always produces a rise of the 
water in the well equal to one-third the dimension of the loop. This 
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rise must be due to one of two causes-either to the jarring of the soil, 
which destroys the capillary equilibrium and dislodges some of the 
capillary water, causing it to became hydrostatic, and thus raises the 
level of the water in the well, or else to an actual depressing of 
the ground, due to loading and submergence into the ground-water 
surface, causing it to rise. The former view appears the more likely to 
be true, except that it is generally true that the heavily loaded and 
slowly moving freight trains produce more effect than do the more 
swiftly moving pa~senger trains. 

RATE OF FLOW OF WATER INTO WELLS. 

One of the most important and most practical problems connected 
with the fiow of ground water is that of the supply of w~terfrom wells. 
For the supply of water for stock and country homes, for the supply .of 
water to cities, and especially for' the supply of water for irrigation 
through wells, there is great need of a clear understanding of the laws 
which govern the movement of ground water and the supply of it to 
wells. So little are these laws understood and applied by practical 
men that serious and very costly mistakes in well digging are of very 
frequent occurrence. 

When the well for the dairy building at the University of Wjsconsin 
was dug, for example, preparatory to placing the building over it, so 
little attention was given to the matter that the well was permitted to 
be stopped in a loose sand, it being taken for granted that with 25 
feet of water in the well there must be an ample supply for all the 
purposes of cleaning, of .wasf!ing butter, and of furnishing water for 
a large boiler and engine, and yet the only water the authoritieshad 
reason to expect was the amount which could rise through the small 
circle, G inches in diameter, of loose, quite fine sand, into a 6-inch casing 
nuder a very low pressure. The building was erected over the well, 
~leaving it where it can not be deepened except at great expense, and 
the result was the piping of lake water half a mile at great cost, when 
$GO at the right time would have emtbled the same well to have sup
plied 80 gallons of cold, pure water per minute. 

In another instance, at the city waterworks at Whitewater, Wiscon
sin, the company was at the point of asking bids for a second well, 
at a cost of not less than $1.,200 to $1,500, the conviction being that 
with some new extensions they desired to make they would need a 
third more water than they had been taking from their well. At this 
juncture the ·writer had occasion to request permission to test the effect 
of lowering the level of discharge of their well on the amount of water 
it would supply, this being an artesian well discharging into a reser-

. voir. To d.o this it was only necessary to open a gate and lower the 
water in the reservoir as desired. The pumps are set so as to draw 
both from the reservoir and from the well at the same time, and on 
lowering the reservoir and ·working their pumps the proprietors of the 
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works were very agreeably surprised to find that their well had more 
than doubled the capacity they had supposed it to possess, and the 
digging of the second well was abandoned. These parties had been 
deceived by the fact that in pumping the daily supply for the city 
from the top of the reservoir, and near the upper limit of discharge for 
the well, the water was lowered quite rapidly, and so rapidly that at 
tbis rate of lowering the extra supply they contemplated could not be 
obtained. 

In planning the laboratory for agricultural instruction there was 
included in it a well to be fitted up in such a manner as to permit some 
of the laws of the flow of water into wells to be experimentally demon
strated. This well has a depth of 140 feet, and is cased with 6-inch well 
tubing to and into Potsdam sandstone. 

The well extends into the sandstone beyond the casing, 20.83 feet, so 
that there is a surface through which the water may enter the well, sup

. posing no fissures to exist, of 32.52 square feet, instead of the 28 square 
inches which was expected to supply the necessary water for the dairy 
building referred to above. 

The drillings from this well after the sandstone had been entered 
were saved in order to use them for experiments in determining the 
laws of flow of water into wells. It is usually quite expensive and 
often quite difficult or even impracticable to give a well a thorough test 
of capacity when it is being dug, and· it seems to the writer that if 
the materials from some wells of known capacity can be examined 
with a view to determining the rate at which water will pass through 
tbem under stated pressures, it may be possible to devise a method of 
deducing the minimum capacity of a well from the dimensions of the 
well and the texture of the water-bearing section. It would, of course, 
be impossible to predict a maximum flow under given pressure, even 
were the·sizes of the soil grains and the pore spaces known with great 
exactness, because in cases of greatly fissured beds, where open seams 
are crossed by the well, such open fissures form indeterminate percolat
ing surfaces, through which· th~ water may leave the rock structure and 
pass by the laws of flow of water in wide channels to the wells. But 
if it were possible to say that the flow is sure to equal a certain rate 
and that it is liable not to ex<:eed that very much, such knowledge as 
this would be worth a great deal. and would 'give a basis of judgment 
as to whether the digging may be stopped or should be pushed farther. 

In the laboratory well the casing stopped at a depth of 120 feet and 
beyond this the well extends to 140 feet 10 inches below the surface. 
At the time of the drilling, when the rock had been reached and the 
well had been cleaned, the balance of the drill chips and sand was 
saved by having the bucket emptied into grain sacks, allowing the 
water to strain through the walls and run away. By this method 
of saving the material some of the finest silt was lost, as the water 
was not clear when it left the sacks; the per cent of material so lost 
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would be very small indeed, but might have a measurable influence on 
'the rate of flow through the sand. 

Four groups of samples were saved with the intention of determining 
the flow of both water an<.l air thtough them under known conditions. 
The aspirator trials are given in the table which follows, but time has 
not permitted the measurement of the flow of w~ter. 

Effectit:e size of sand g1·ains ·in the well of the physical labomtory at the University of 
1Yisconsin. 

~Sample. Specific Time for Effective di-
Pore space. Pressure. fiowof5,000 ameter of gravity. c. c. of air. grain. 

Feet. Percent". Om. Seconds. Mm. 

120-122. 5 ... -- ..... 33.80 2.65 2.81 26,215 0.05612 
122.5-127. 17 ......... 33.99 2.65 2. 8l 13,525 . 07817 

~-133.83 ......•.. 31.22 2.65 2.63 8,065 .121. I 
3-140.83 ......... 30.40 2.65 2.73 2, 638 .2006 

Several measurements have been made of the capacity of the well in 
question by pumping into a tauk holding 162. 92 cubic feet and noting 
the time required to fill the tank, and at the same time measuring the 
amount the surface of the water in the well was lowered under the rate 
of pumping. 

'To measure the changes of level i.n the well during the time of pump~ 
ing, one-eighth inch galvanized iron pipe was coupled together, and the 
joints were soldered to make them permanently air-tight. This pipe 
was then lowered into the well between the casing and the 4-inch 
discharge-pipe until its lower end was some 40 feet below the level of 
the water in the well. To the upper end of thiR pipe was connected 
a Bourdon wa:ter gage graduated to 'read feet and inches of water 
pressure. 

By means of a lever bicycle pump air is forced into the pressure 
tube until all the water in the pipe is forced out, at which time the 
gage reading becomes constant· and shows the amount of water in 
the well above the lower end of the })ressnre gage. To measure the 
change of level of water in the well, which may occur while the pump 
is at work, a record is first made of the level of the water before pump
jug begins, and then, from time to time as the work progresses, otller 
readiugs are made, which show by their differences, when compared 
with the first reading, the amount of lowering which has taken place. 

In the first experimental test of the well the pump was worh:ed on a 
12-inch stroke and the water was discharged into a measuring reser
voir, where the amount delivered was determined at the close of the 
trial. The pump was worked with a. 2~-hmsepower gas engine, whose 
rate of speed was very nearly constant, so that the rate of pumping 
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may safely be c:1mputed from the time and total amount of '\1·ater 
pumped. 

In the table which follows are given the gage readings before, during, 
and after pumping. 

Table showing ~he changes' of level of wate1· in 1vell during purnping. 

[:mo Pressure. I Amountof 
lowering. 

Ft. In. Inches. 

Before start. 47 2 ............ ....... 

8.13 a.m ..... 47 2 .. ... .. -........... -
8.14 a.m •..... 44 7 31 

8.15 a.m ..... 44 4 34 

8.16 a.m ..... 44 4 34 

8.17 a.m ..... 44 3 35 

8. 18 a. m ..... 44 3 35 

9 a.m ........ 44 2 36 

10 a.m ....... 43 11 39 

11 a.m ....... 43 10 40 

12 a.m .....•. 43 10 4-0 

1 p.m ........ 43 10 40 

2 p.m ........ 43 10 40 

I 
3 p.m ........ 

1 

43 10 40 

4 p.m ........ 43 10 40 
I 

Time. 

5 p.m ......... 

5. 21 p.m ...... 

21 15 p.m ... 

.22 p.m ...... 

5. 

5 

5 

5 

. 23 p.m ...... 

. 24 p.m ...... 

5 .25 p.m .. : ... 

5 .26 p.m ...... 

5 

5 

. 31 p.m ...... 

5 

5 

6 

6 

8 

. 37 p.m ...... 

. 45 p. m ...... 

. 55 p. m ...... 

p.m .... ~---. 

.10 p.m ...... 

.45 p.m ...... 

Pressure. Amount of 
lowering. 

Ft. ln. Inches. 

4-3 10 40 

43 10 Stopped. 

46 2 12 

46 4 10 

46 6 8 
46 8 6 

46 8 6 

46 8 6 

46 9 5 

46 10 4 

46 10 4· 

46 11 3 

47 00 2 

47 00 _'U 47 2 

By referring to the table, it will be seen that in one minute the level 
of the water fell 31 inches and in four minutes 35 inches. At tbe end 
of 167 minutes the level had become constant, with a drop of 40 inches 
below the normal. The engine was stopped after a run of nine hours 
and eight minutes, and the amount of water pumped was 1,163 cubic 
feet, or at the mean rate of 2.122 cubic feet.per minute. 

The total depth of percolating surface was as follows: 

Table xhowing thickness of wate1·-bearing beds and effective diametm· of grains of sa,n(l in 
sandstone. 

I Effective~ 
Thickness of stone. ameterof 

grain. 

Ft. In. Millimete1·s. 

2 6 0.05612 

4 8 . 07817 

6 8 .1214 

7 0 .2006 

LotaL20 10 J 
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The total area of percolatmg surface will therefore be 

. . ( 5)2 0.5 x 7t x 20.833 + ~ 7t = 32.92 square feet. 

The mean rate of :flow, therefore, when expressed in cubic feet per 
square foot of percolating !':Urface, is 

2.122 . :fi . .t 
32. ~12 = .06447 cubic eet per mnm e. 

Three other trials were made, one following the other on the same 
date between 11.47 a. m. and 6.31.45 p.m., the pump being driven at 
different speeds by changing the length of stroke. 

ObBened flow of well under different headB. 

I 9-inch stroke. 6-i~ch stroke. 12-inch stroke./ 

wa,ter pumped ------------.cubic feet.- 163.82 165.744 163.244 
Time of pumping _____________ minutes .. 101. 165.75 81.75 
Rateofpumpingperminute .. cubic feet .• 1. 622 1. 00 1. 996 
Extreme loweriug of water _____ inches __ 26.5 16. 35. 
Mean flow per square foot of percola-L tiug surface ... cubic feet per minute .. . 04921 . 03038 . 06063 

I 
In these trials the pumping with the 9-inch stroke was done first, an<l 

with the 12-inch stroke last. 
In these three trials of pumping ouly those with the 9-inch and 6-inch 

strokes persisted long enough to bring the water in the well down to a 
constant level. In the first trial, however, with the 12-inch stroke, the 
surface had become constant after falling 40 inches. It will be inter
esting to\ observe whether, in these cases, the measured :flow is propor
tional to the amount the water has been lowered in the· well. By 
dividing the mean rate of pumping per minute, which is the :flow, by 
the amount the water was lowered. in each case, which is the pressure, 
we get 

F . h "k 2.122 0 3 'Or the 12-mc stro e 40-=. 5 05. 

. 1.622 
For the 9-mch stroke 26. 5- = . 06121. 

For the 6-inch stroke ~6 =·. 06250. 

From these results it appears clear that the :flow does not increase as 
rapidly as the pressure increases, pressure being understood to mean 
the amount the water is lowered in the '\Vell; a.nd when the departures 
are expre~sed in percentages the amounts stand 2.06 for the !>-inch 
stroke and 15.12 for the 12-inch stroke too small. 
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In view of the practical importance of definite knowledge regarding 
the flow of water into wells, the writer submitted to Professor Slichter 
the set of problems of Series B, which are stated in: the introduction, 
an<l below are given results of these computations so far as they were 
made. 

In Problem I, Series B, a stratum of water-bearing sandstone 200 feet' 
thick was assumed, having a pore space of 32 per cent and an effective 
size of grain of 0.25 mm., and it was required to find the theoretical 
flow i~to a 6-inch well extending 100 feet into the rock when the water 
in the well was lowered by pumping 4, 8, 12, 16, and 20 feet. The 
results which Professor Slichter found are given in the table below: 

Problnn I, Series, B. 

Amount Po~e spaee I· Capacity I D•ptl' of the water Depth of 
sandstone. is iowered 0!t~~:~- 'per minute. well. 

in well. 

Feet. Feet. · Pe1· cent. 01bbic.feet. Feet. 

200 1 32 1.8483 100 
200 2 32 3.9666 100 
200 4 32 7.2932 100 
200 8 .32 14.7864 100 
200 12 32 22.1796 100 

LE 16. 32 29.5728 

-~ 0 20 32 36.966 0 

It will be seen that the increase of flow into the well is made directly 
proportional to the amount the water is lowered i'n the well, but if the 
direct observations which have been cited can be relied upon, it follows 
that for the higher beads in the table the results are too large. 

It may be tha~ the. departure from the theoretical increase which bas 
been observed is in part due to an incorrect value assumed in equation 
(9), page 360, of Professor Slichter's paper, for the distance from the walls 
of the well at which the pressure remains undisturbed or is essentially 
normal and which is there taken at 600 feet. This suggestion is made 
in view of the fact observed as given on page 277, that the level of the 
water may be lowered by even moderate pumping at a distance of 1,133 
feet away from the walls of the well. 

The general fact that the capacity of a well is increa~ed in a high 
degree the more the :water is lowered in it is indicated both by obser
vation' and theory, and should be kept in mind by both well drillers and 
pump men. The :first should see to it that he bas left the bottom of his 
well sufficiently far below the normal level of the ground wa,ter to per
mit of lowering the water through considerable ranges, and the second 
should see that the cylinder of the pump is so placed as to make it pos 
sible to utilize the full depth of the well. 
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In Problem II, Series B, the obj~ct was to show tile influence of the 
diameter of the well on the amount of water it may yield. This is 
important. in view of the fact that the cost of a well increas~s rapidly 
with its diameter, both on account of the labor involved and the expense 
of curbing or casing. 

With a well sunk 100 feet in 200 feet of water-bearing rock, having 
a pore space of 32 per cent and an effective size of grain of 0.25 mm., 
what will be the flow when the diameter of the well is made 2, 6, and 
12 inches~ Professor Slichter :finds that if the size of the discharge 
pipe does not offer material resistance to the tJow of the water the 

. capacities of the three wells will be, in cubic feet per minute: 

~inch diam- 6-incb diam-112-inch di:l 
.

1 

.,,._ .,,. .te.. . I 
L 31. 90 36. 94 I 41.45 I 

These figures indicate that the 6-inch well discharges only 15.8 per 
cent more than the 2-inch well, while the_ 12-inch well discharges only 
26.07 per cent more. 

It is frequently urged that since the flow of water through pipes 
increases with the squares of their diameters, a 12-inch well should 
llave a capacity equal to four 6-inch wells, but the difficulty here li~s 
in not taking into consideration the influence of the sand itself on the 
rate of flow into tile well. 

It will readily be understood that if a given water-bearing bed can 
permit a flow of only 2 cubic feet per minute into a well 12 inches in 
diameter, a 2-inch well will easily handle nearly all the water such a 
rock can supply, for the 2-inch· well will he able to collect 1.626 cubic 
feet per minute. 

There are other considerations, however; which determine what the . 
diameter of a well must be when the water must be pumped, for then 
such dimensions must be chosen as will permit the use of pumps of suf
ficient capacity to utilize the full flow of the well, and when the water 
is considerable distance below tpe surface of the ground the size of the 
cylinder which will deliver the water sought must fix the diameter of 
the well to the depth at which it must be placed. . 

Then, too, in the case of flowing wells, if the pressure of the well is 
strong, and especially if the well is deep, the friction on the walls of a· 
small drill hole or casing becomes so large that here the diameter affects 
the capacity of the well in accordance with the laws which govern the 
discharge of water through large pipes, and a too small casing may in 
such cases greatly reduce the amount of really available water. 

As wells of considerable diameter are sometimes dug ·for the con
venience of placing ~.nd working irrigation pumps aml to serve in part 
as storage reservoirs in the case of waterworks for towns, the third 
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phase (b) of Problem II, Series B, was proposed. This requires the flow 
into a well 20 feet in diameter sunk 22 feet into the supposed water
bearing sandstone when the level of the water in the well is lowered 
20 feet. The solution gives as the amount supplied 46.12 cubic feet 
per minute, which is 1.2485 times that of the 6-inch well when sunk to 
the depth of 100 feet in the same rock. 

It i~ frequently sought to increase the capacity of such a well as the· 
one last considered by sinking, in the bottom of the large one, one or 
more of small diameter, and the problem (c) of Problem II, Series B, 
was proposed to meet these cases. This problem requires the-total flow 
into such an open well as the last, which has put down in it one, two, 
and tl_lree 6.-inch wells extending entirely through the supposed water
bearing rock, namely, 200 feet. Solving this problem, Professor Slich
ter finds the foHowing results: 

Cubic feet 
per minute. , 

Large open well alone...... . . . • • . . • . . . . . . . . . . . • • • . . . . . . . . ... . . • • . • . • • . . . . . . . 46. 12 
Large well with one 6-inch well ....... --.~ ... ---- .................. ~ ....... 110.2 
Large well with two 6-inch wells 5 feet apart ............................... 125.2 
Large well with two 6-inch wells 10 feet apart .............................. 130.1 
Large well with tbree 6-inch wells '5 feet apart ............... -.-- ........... 136.6 
Large well with three 6-inch wells 10 feet apart .........................••• 142. 3 

He concludes, further, that if the wells are placed in one straight 
line 10 feet apart the middle well will tlow 4 per cent less than either of 
the end wells, and if 5 feet apart 7 per cent less. 

In order to show the influence on the capacity of a well of sinking it 
to different depths into the water-bearing formation, Problem III, Series 
B, was proposed, in which the assumpt~ons are the sanie as in Problem I 
of this series, except that the well penetrates the water-bearing bed 
4, 8, 12, 16, 20, 40, 80, 100, and .200 feet. The results which he finds 
under an effective head of 10 feet are given in the table which follows: 

~ Depth of well ln feet. ;=] 
J--'-, ----l--4-. __ · _s. __ 1_2._ ~I_"':_ .., so. 100. 200 

1 

Flow in 1 d 
cubic feet I 
per n_li_n_u_te_c__l_. o_o_3..:,-.1_. -81_8_,___2_._54-4~-3._2-65---'---4-, o_8_7_._68----'---1-4._8_8-'--1-8_. 4-9--'-- 36. 02 

It will be seen· that iu this case the flow does not increase in a ratio 
which is proportional to the depth,. but rather that the flow is relatively 
more rapid in the shallow wells than it is in the deeper on~s. This is 
in part due to the fact that in the shallow~r wells the water has au 
opportunity to rise upward and approach the well from below, while iii 
the well which penetrates the whole formation the lines of flow must 
aU approach in parallel plan~s, provided the structure of the rock is 
homogeneous. 
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It is never true, however, that a water-bearing· horizon is uniform in 
texture, and the results which have been cited from Newell's work 
demonstrate in a forcible and conclusive manner that generally the flow 
into a well along the bedding planes or planes of stratification is much 
more rapid than when the flow takes place across them, as must be 
true when the water approaches the bottom of the well from below. It 
will necessarily be true that where beds of coarse- and fine-grained 
material alternate with one another, and are penetra!ecl by a well, the 
largest volumes of water will approach the well through the coarser 
layers, and this will be true not only because it is coarser grained but 
also because the reduction of pressure will be greater and ·further 
reaehing in the eoarser layers; and this being true the water will 
necessarily flow out of the beds of fi11er texture into those of coarser 
texture and will approach the well along these planes'of le&s resistance. 
It is not possible, therefore, to compute the flow of water into a well 
penetrating a series of beds of different textures . without taking into 
consideration the flow which will take place from the finer beds into 
the coarser ones. 

These considerations bring out in their true light the great impor
tance of the beds and veins of coarse-grained materials whieh a well 
may penetrate, and show the importance of utilizing them by bringing 
the well into good connection -with them. It will be readily seen that, 
when the casing of a well is carried down into a water-bearing horizon, 
and is not perforated throughout·its entire length, it is quite possible 
for the end of the pipe or the perforated portion of it to be stopped in 
one of the finer-grained layers, thus compelling the water to leave the 
coarse-textured bed to pass through one of finer character before 
entering the well, and exactly reversing the conditions which should be 
sought, namely, the flow of water from the fine beds into the coarser 
ones, through which the approach to the well may be made. 

Tbe principle of flow to which attention is here called appears to 
furnish an explanation for the phenomena to which Newell refers in 
his paper, which has been quoted earlier in this paper. He says in his 
conclusions: 

These experiments and others of similar character all indicate that at constant 
pressure oil and water, even the purest, tend to clog up the rock through which 
tlley are passing. If this holds true for greater thicknesses and pressures, then it 
may be one of the causes of the diminishing flow of wells; for not only would the 
output slacken from lessene<l gas pressure (as it is shown that the :flow diminishes 
as the pressure), but the rock becomes less able to transmit the oiL 

The inference appears legitimate that whenever the pressure is 
reduced in a coarse textured layer of a water-bearing series, as it is by 
pumping, and the flow of water sets out of the finer beds into it, as a 
Bonsequence, sediments are liable to be carried with 1t from the finer 
beds, which, in time, would reduce the pore space of the coarser beds, 
:tnd thus diminish the flow to an appreciable extent. This tendency 



288 MOVEMENTS -oF GROUND WATER. 

is intensified by the fact that in the materiaJ of finer pore the pres
sures are relatively higher and the velocities actually greater, and thus 
capable of moving materials which before tQ.e changed conditions had 
become stationary, and thus carry them out into the slower moving 
streams of the more open rock to be again deposited and to produce 
clogging. Then, too, in the stronger currents which concentrate in the 
local veins and fissures and lead into the coarser layers materials which 
before were stationary may, under the new conditions, be carried for
ward to where they may reduce the flow of the well .below that at 
which it first discharged. 

In Problem IV, Series B, the conditions are similar to those of 
Problem III, except that here the depth of the well remains constant 
while the thickness of the water-bearing beds is increased. 

It is required to find the flow from a G-inch well extending 20 feet 
into a sandstone when the thickness of water-bearing rock below tbe 
well is increased from 0 to 400 feet. Professor Slichter's results are as 
follows: 

Flow of G-inch well20 feet deep, with 1Xtrying thickness of water-bea1·ing sandstone beneath 
bottom of well. 

F from bottom of well to bottom of water-bearing 1 t ct~lmfipoutede 
rock. o . w P r 

\ mmute. 
------

1 Cubicjeet. 

0- ---- ---- ---- .. -- .. ------ -.-- :---- .. -- ... --I 3. 60 
1 foot .......... _ ... _ ..... _ .... _ ..... __ .... . 

2 feet ................. - .... - ... -. -- .... -- .. 

4 feet ....... _ ............................. . 

10 feet ......................... ·_ ........... . 

20 feet .. .: . .............. : . .....•............ 

1;~ :::: :: .. · ·:::.::::.: .. ::::::::::::::·::::·I 
200 feet ..................................... . 

400 feet ......... · ................... _ ........ . 

GOO feet ..................................... . 

~-----------------------~---

3.72 
3.76 
3. 78 
3.83 
3.86 
3. 91 

4.00 
4.05 
4.06 

-

4.071 
4.07 

Theoretical considerations appear to indicate that the depth of sand
stone below the bottom of a well may continue to increase its capacity 
until a depth of 400 feet is passed, when there is no further increase. 

There will, of course, be limitations to problems of this sort simila:r 
to those which have been pointed out for the preceding case. 

It may be said as a general conclusion that in all of those cases 
where indurated rock makes up the entire water·beariug series and 
where all of the water of the formation is known to be" sweet" there 
_is little danger of going too far, and that the capacity will be greater 
the deeper the well is made. 
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Problem V of Series B is the only other one of those proposed for 
Professor Slichter's consideration which he has solved, and the results 
are given in full on page 367 of his paper, to which the reader is 
referred. The reader is also referred to his paper for such solutions as 
have been attempted regarding the interference of wens, and for the 
number of wells which may be put down in a given area of a water
bearing horizon. 

CAPACITY OF WELLS UNDER DIFFERENT CONDITIONS COM
PUTED FROM OBSERVED FLOWS IN THE LABORATORY WELL. 

It will now be desirable to apply the theoretical conclusions pre
sented to the data derived from experiments with the laboratory well. 

It is shown on page 283 that under the highest head used on the 
well-40 inches-the mean flow per inch of head is 0.05305 cubic foot 
per minute, or 0.6366 cubic foot per foot of head. Adopting Professor 
Slichter's assumption that the flow increases directly as the bead, we 
shall have, for different pressures, the following computed results: 

Table showing flow unde1· different pressu1·es computed jTmn obse1·ved flow unde1· 40 inches 
wate1· p1·es8ure. 

~"""" 
Pounds. Feet. 

Flow pe< min~ 
Cubic feet. Gallons. 

0.43 1 0.6366 4.762 
4.33 10 6.366 47.62 
8.66 20 12.732 95.23 

12.99 30 19.098 142.90 
17.33 40 25.464 190.50 
21.66 50 31.830 238. 10 
43.33 100 63.660 476.20 

~ 
200 127.320 952.30 I 

3 400 254.64 
I 1,905.00 

If, now, it is assumed that the capacity of this well is increased in a 
ratio directly proportional to depth, the following should be expected: 

Table showing increase of flow with depth cqmputed from obsmTed flow of labom~o1·y well. 

I P"oolation dapth. 

Flow in gallons per minute under a head of-

I 1 foot. I 10 feet. 20 feet. 30 feet. 

I II 

20 10 X 1 ....... 4.762 47.62 I 95.24 142.86 
20 10 X 2 ....... 8.8097 88.097 176.194 264.291 l£Ex 3 ....•. 12.8574 128. 5i4 257. 148 385.722 I 

ox4 ....... 16.9051 169.051 338.102 507.153 

19 GEOL, PT 2--19 
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The results in this table assume that the flow which comes from the 
sandstone belo'w the bottom of the well is, for each case, 10, 20, and 30 
times what it is for the 1-foot pressure, and that it does not increase 
with the depth of the well; but in order that this may be true it must 
al::;o be assumed, according to Slichter's results, that there is always a 
depth exceeding: 400 feet of sandstone below the bottom of the well. 
The amount of water coming from the sandstone below the bottom of 
the well i~ taken as 15 per cent of the whole amount of flow at the 
observed depth of 20 feet 10 inches. 

The results in these two tables appear large enough to agree with 
many of the observed flows from other wells under similar conditions. 

The data obtained from t_he experiment and from the a~pirator trials 
of the well drillings were subniitted to ·Professor Slichter for him to 
compute the theoretical flow, and the results obtained by him are as 
follows: Assuming that the well penetrate::; the whole water-bearing 
bed, the flow is 1-,673 c. c. per second, but if the lower layer of th~. well 
extends indefiuitely below the bottom, the flow is increased by 299,8 c. c. 
per second. This would make the total flow 4.181 cubic feet per 
minute~ which is too large by the amount 

4.181-2.122 = 2.059 cubic feet, 

or is about double the observed flow. 
In t11e table of theoretical flows on page 284, giving the results for 

Problem I, Series B, a 6-inch well 100 feet deep, in 200 feet of water· 
bearing sandstone, coarser than that in which the observed well is 
located, the computed flow in- cubic feet per minute for 30 feet of pres· 
'sure is given as 36.966 cubic feet per minute, while that computed from 
the observed flow is 56.02 cubic feet per minute. · 

FLOW OF WATER INTO DRIVE-WELL POINTS. 

On account of the fact that drive-well points are used. to a consider· 
able extent in well construction, it appeared desirable to have some 
definite observations on the rate of flow through sands into these. In 
order to gAt results relating to the rate at which water may be dis· 
charged through drive-well points three pieces of apparatus were 
constructed, having the form shown in fig. 52. 

These pieces consisted of three of the Gould well points No. 50, No. 
80, and No. 90, with screens 18 inches long and with an inside 
diameter of 1! inches. Sections of 6-inch galvanized·iron pipe were 
provided with ·caps, one of which was tapped to receive the well point 
and discharge pipe A, a supply pipe B, and a cock for pressure gage C. 
The upper and lower ends of the cylinders were connected by a three
fourths-inch pipeD to introduce water at both ends, and the open ends 
of these pipes were covered '\vith screens to prevent the entrance of 
sand. 
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The No. 50 apparatus was filled with a screened sand having a 
diameter of 0.2941 mm., No. 80 with a similar sand having a diameter 
of 0.1717 mm., and No. 90 with sand having a diameter of 0.09531 mm. 

Fxa. 52.-Apparatus used in demonstrating rate of discharge from drive-well points. A, discharge; 
· B, supply; C, prebSlHC ga.ge. 

Under these conditions the flow of water through the several pieces 
was measured under different pressures and the results of a portion of 
these trials are given in the table which follows: 

Table showing the obse1·ved rate of flow of water tlwough tl11·ee drive-well points unde1· 
different p1·essu1·es. 

·well point No. 50. ~ 
pressure 
of water. I 

Mean 

Feet. 

3.646 
8.958 
6.89:J 
5.33"" 

-
I 

Mean 
discharge 

;per 
mmute. 

---
Pounds. 

9.631 
25.61 
27. 185 

24. o81 
42.72 
41.59 

11.85 
16.91 
14.94 51 48.645 

\ 12.69 37.07 

... -- .. -..... 

Flow 
divided 
by pres-
~ur~. 

---

2.641 
2.862 
3.972 
4.572 
3.668 
2.4655 
3.275 
2.96\J 

............... 

Drive-well point No. 80. 

Mean Flow Mean 
pressure discharge divided 
of water. per by pres-

minute. sure. 

------ ---
Feet. Pounds. 

4.777 4.475 0.9369 
8.104 10.960 1.352 
9.5745 12.20 1. 275 
9.928 17.32 1.745 

30.723 28.04 . 9576 
~ 

41.735 33.22 . 7960 
45.366 36.346 . 8016 
31.96 25.97 .8125 

.................. .. .............. ---- ........ 

--~-,---
---

3! a32. 07 a3. 2955la22.771 a2l. 066 al. 0846 r~~~:~~ 
a Average. 

Drivo.woll point N ~ 
Mean .Mean Flow 

pressure discharge divided by 
of water. roit~te. pressure. 

---

Feet. Pounds. 

9.256 2.67 0.2885 
21. 937 5.38 .2452 
21.64 6.6625 . 30795 
35.35 9.25 . 2617 
45.38 11. 965 . 2637 
45.45 14.005 . 3083 
55. 14 15.305 .2775 
33.86 11.34 .3349 
33.60 9.81 .2940 

I 
---
a33. 486! a9. 5995 a.28686 
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If we compare the mean flows divided by the pressures in the three 
cases, they stand 

No. 50. No. 80. No. 90. 

1 to 3.008 to 11.49 

while the squares of the diameters of the sand grains stand 

1 to 2.932 to 9.52 

showing that there has been an approximation to the flow as expected 
from. the laws of c~pillary tubes. 

In another set of trials the following relations of flow to pressure 
were found, the time of flow in each case being one minute. 

Table showing observed 1·ate of flow of water through d1'i1;e-weU points undm· diffm·ent 
p1·essu1·es. 

I No. 50. No. SO. No.90~ 

Pounds. Pounds. Pounds. 

Flow for 30-foot pressure_ ....................... 56.70 27.97 10.72 

I 
Flow for 3-foot pressure ______________ .... ·----- 5.72 3.82 .99~ 

I 

If the flows observed in the first table are· expressed in cubic feet per 
minute for a pressure of 10 feet they will stand, for No. 50, 0.5268 cubic 
foot; for No. 80, 0.1738 cubic foot; for No. 90, 0.04596 cubic foot. 

If the length of the points were increased to 10 feet, then the flows 
would be for 10 feet pressure, for one minute, No. 50, 7.024 cubic feet; 
No. 80, 2.~17 cubic feet; No. 90, 0.6128 cubic foot. 

RATE OF PUMPING FROM DRIVE WELL COMPARED WITH RATE 
FROM OPEN WELL . 

.Another test was made with the No. 50 well point by connecting it 
with a common suction pump in the manner represented in fig. 53, so that 
it could be worked under more nearly normal conditions and so that the 
working of the pump could be compared with open-well conditions. It 
was found that a point ofthissizecould not deliver water to the pump as 
rapidly as needed when worked with the ordinary speed for hand serv
ice. The cylinder was 21- inches in diameter and from the open reser
voir would fill an ordinary pail with 20 strokes; but when the water 
was drawn through the well point it required 35 strokes at the same 
rate to raise the same amount of water, while the labor of raising it 
was much more. The increased labor was due to the fact that the 
water came in too slowly to fill the cylinder behind the piston as rapidly 
as the piston was raised and as a vacuum was formed behind it. 
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The drive-well point, with pumps to be worked by hand, is only 
adapted to circumstances where small amounts of water are desired. 
Where water must be obtained in beds of loose sand with the larger 
forms of well points, having diameters sufficiently large to permit the 
suction pipe of the pump to be placed inside of them, tbe conditions 
become the same as those 
of a drilled well of similar 
dimensions. 

It must be remembered 
that the best method of 
increasing the capacity of 
the point is to increase its 
length. Where an open 
·well can be dug to the 
w·ater an<l then one or two 
10-foot lengths of 6-inch 

- points sunk below this into 
the water-bearing beds, so 
that a large suction pipe 
cari be lowered well down 
toward the bottom of the 
casing, large quantities of 
water may be secured if 
the water-bearing sands 
are reasonably coarse. 

It is never desirable to 
make the well point a 
part of the suction pipe if 
considerable quantities of 
water are to beraised, for 
the reason that a heavy 
shock comes upon the 
pump with every stroke, 
owing to the necessity of 
filling the voint with new 
water from the ground as 
rapidly as the piston is 
raised. When the point 

. is larger and open, the 
water can fall outside to 
relieve the shock which 
otherwis~ would come and · 
there is less chance for a 
shock on the back stroke 
in rapid pumping. 

FIG. 53.-Apparatus used ju comparjng the rate of pumpjng 
from a drive well and from an open well. 
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-THEORETICAL INVESTIGATION OF THE MOTION- OF 
GROUND WATERS. 

By CHARLES s. SLICH'l'ER. 

INTRODUCTION AND SUMMARY. 

The following pages contain a theoretical inves~igation of the general 
problem of the flow of water through porous soils or rock. 

In Chapter I .an attempt -is made to derive from purely theoretic~~ 
considerations an expression for the flow of water or other fluid through 
a column of soil made up of grains of nearly uniform size and of approxi
mately spherical form. For the purpose of constructing this formula, 
a study is made of the pores of the ideal spherical-grained soil, and the 
relation of porosity to the average arrangement of the grains is shown, 
and made a factor in the resulting formula. I derive as the formula for 
the quantity of water per second transmitted by a column of soil the 
following expression: 

q = [1.0094 J P ~
2

K8 cubic centimeters per second, 
~ a -

in which-
q is the quantity in~ cubic centimeters; 
p is the difference in pressure at the ends of the cylinder in ~entimeters 

of water at 40 C.; 
d is the mean diameter of soil grains in centimeters; 
s is the area of cross section of the cylinder in square centimeters; 

. his the height of the column of ~Sand in centimeters;. 
fA- is the coefficient of viscosity of the fluid; 

K is a constant taken from Table II; 
[1.0094] is the logarithm of a factor. 

Measuring q in cubic feet, pin feet, h in feet, sin square feet, and din 
millimeters, this formula becomes: 

q=l9.3036-10J~t
2

~cubic feet per miaute, 

and for water at 100 C. this becomes 
d2 8 . 

q=[1.1846]~~ K cubic feet per minute, 

in all of which the brackets inclose the logarithm of a factor. 
301 
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I also attempt to derive a formula for determining the effective size of 
soil grains by measuring the amount of air that an aspirator will draw 
through a gh-en column of the soil in a given time. The object of this 
work is to make possible a method for determining the capacity of a 
soil to transmit water, which may prove simpler and more satisfactory 
than the usual method of soil analysis by means of sieves of known 
mesh. 

I derive as the formula for determining by means of an aspirator 
the di~meter of the average-sized soil grain in a given sample: 

d 2=Kh [8.9434-10], 
spt 

in which tis the time in minutes necessary to draw 5,000 cc. of air of 
temperature 200 through the soil, under an average pressure of p em. 
of water at 200. The constant K is to be taken from Table II, d and h 
are to be measured in centimeters, and s is to be measured in square 
centimeters . 
. . The aspirator method of determining the diameter of soil grains was 
first suggested by Prof. F. H. King, and it was at his request that I 
undertook to work out the appropriate formulas. As this paper goes 
to press, Professor King's paper describing his method of soil analysis 
has just appeared. The following table, taken from his paper,1 may be 
regarded as an experimental test of both the formulas above given: 

Table showing obset'1!ed and computed flow of water throngh sirnple sands of different 
diamete1·s undtw a pressnre of 1 em. of 'Watm·. 

r-· 

Flow of water thmugh the oams=J Diameter of grains. 

Grade of 
sand. By counting By aspiration 

Computed ~omputed 
Observed. from aspira- froll} co_unt 

and weighing. of air. tion diameter. an_d weight 
diameter . 

• 
Mm. Grams. Grams. Grams. 

8. ·----· 2.755 2.54 2,296 2,277 2,680 

7---- .. 1. 993 1. 808 1,080 1,132 1,372 
6 ....... 1. 588 1.451 756 757 909.1 
5t ...... 1.345 1.217 54-2 522 - -.- 638.6 

5-.------ 1.157 1. 095 504.6 453.2 499.6 
4 ....... . 976 . 9149 329.2 297.5 326.6 

3 ..... - . 8017 . 7988 210 . 193 194 

2 ... ---- . 6653 . 7146 138.6 122 106.2 

~- .5824 .6006 94.8 80.6 

~ -- . 4891 . 5169 72.3 66.8 8 

1 F. H. King, A. new method for the mechanieal analysis of soils: Fifteenth Ann. Rept. A.gric. 
Exper. Station Univ. Wisconsin, Madison, 1898, p. 123. 
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Professor King says further: 

When it is observed that the flow of air through the sample of sand was not the 
identical sample through which the flow of water was measured and that it was in 
a different piece of apparatus, and further, that the flow of fluids through soils 
varies, theoretically, as the squares of the diameters, it will be conceded that, while 
there. is not as close an agreement between the observed and the computed results 
as could be wished, the agreements are so close as to show that for such materials 
there is much more than a chance agreement. It will be seen further that in general 
there is a closer agreement between the observed flows and those computed from the 
aspirator diameters than with those computed from the count and weight diamete-rs. 

In Chapter II of the paper I investigate the general problem of the 
movements of water in soils and rock. I find that the problem is capa
ble of mathematical treatment, and I show that the question is analo
gous to a problem in the conduction of heat or electricity, or to any 
other problem involving a transfer of energy. I show that there exists 
in the case of ground-water movements what is known as a potential 
function, from which we may derive, in any determinate problem, the 
velocity and direction of flow, aud the pressnre at every point of the 
soil or rock. The existence of the potential function is made the basis 
of much of the work that follows. 

Chapter III contains applications of the general principles established 
in Chapter II to cases in which the flow of ground waters is approxi
mately in horizontal planes. The problems worked out are mostly of 
use in illustrating qualitative results rather. than of application to 
quantitative problems.· It is shown in case of plane motion of ground 
waters that the lines of flow and lines of equal pressure always consti
tute an orthogonal system of curves, and a number of drawings illus
trating this point are given in the text. 

In Chapter IV I attempt to discuss some cases of motion of ground 
waters in which vertical motion takes place. In the discussion of these 
problems the fact appears that a change of pressure may be brought 
about throughout a water-bearing medium without changing the level 
of the water table, a~d the conclusion is forced upon us that a1;1. inter
ference with wells and underground water supply may take place with
out much gen.eral disturbance of the water table in the jmmediate 
neighborhood of the disturbed wells and shortened underground supply. 

The problem of the flow of wells is discussed in Chapter V. The 
formula found for the capacity of an artesian weil which completely 
penetrates the water-bearing strata is as follows: 

27l' h (lc1a 1 + k2az + .... ) b' . . 
f = loge (1 + 600/r) cu lC feet per mmute, 

in which his the amount in feet that the water is lowered by pumping, 
r is the radius of the well in feet, and a1, az, . . are the thicknesses 
in feet of the various strata, and k1, kz, are the constants 
depending upon the transmission capacity of the vario~s strata. The 
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symbol loge calls for the natural or hyperbolic logarithm. It is also 
sh9wn that the capacity of a well i~ not largely influenced by the size 
of the bore, except as the flow is controlled by pipe friction. 

The flow from a well which does not completely pass through the 
water-bearing strata is found to be given by a formula similar to the 
above, but containing the additional term-

2.5:n: knhr, 

in which kn is th~ transmission constant for the bottom stratum. 
The interference of two, three, and several wells with one another is 

investigated ·and results are given in tabular form, illustrating the con
clusions reached. Diagrams of Jines of flow are given for several 
cases, and a method is explained by which the lines of flow into any 
number of interfering wells,-however placed, may be constructed upon 
the drafting Loard. 



CHAPTER i. 

L.A WS OF THE RECTITJINE.AR FLOW OF GROUND WATER 
THROUGH; A SOIL. 

1. The rectilinear flow of a viscous fluid through a soil made up of 
grains of nearly uniform size and of appr~ximately spherical form will 
now be investigated. It is true, of course, that few water-washed sands 
actually approach the condition of uniformity of size and sphericity of 
form that it will be necessary to hypothecate for the ideal soil which is 
to be made the subject of investigation in this chapter; Nevertheless, 
in taking account of the important elements of str:ucture in a medium 
which is made up of a m'ass of spheres, we are probably considering in 
their due proportion the different factors that control the water move
ments in a well-sorted sand, and notwithstanding the great variety 
in the sizes and arrangements of contiguous grains in a natural sand, 
there probably exists a tendency in every such soil toward a certain 
average size and mean arrangement of grains which the theory of 
probabilities would justify us in setting up as an ideal soil to replace a 
given soil in the investigation of its hydraulic· properties. , It would 
probably be admitted that no matter how complex a soil may be, there 
exists a certain ideal soil of uniform spherical grains that will transmit 
under given conditions the same amount of water that would be trans
mitted by the comple~ soil. The size of the grains of this ideal soil of 
same transmission capacity as the complex soil we shall call the" effect
ive size" of grain of the complex soil. How far a soil may retain its 
complexity and irregularity and yet be replaceable for hydraulic pur
poses by an ideal soil of uniform spherical grains can be determined 
only by experiment. 

It is certain that no theoretical investigation which does not take 
account of the various degrees of porosity that may be shown ·by the 
same soil under different circumstances can be complete. On the other 
hand, I shall be amply satisfied with the results of the investigation 
of this chapter if it shall lead to an approximately correct expression 
for that factor· in the formula of flow which depends alone upon the 
porosity of the soil. 

Suppose that we have a cylinder of cross section s and of height h, 
filled with a soil of the kind described, and let the two ends of the 
cylinder be of a material (as wire gauze) permitting the free passage 
of water or other fluid. We shall investigate the flow through the 
cylinder when a given difference of pressure is maintained at the ends .. 

19 GEOL, PT 2--20 . 305 
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2. The fluid must pass from one end of the cylinder to the other 
tbrongh pores which are approximately triangular iu section. The 
size of these pores depends both upon the size of the grains and upon 
the compactness of t!Je packing of the material. In order to study the 
nature of the pores, we may separate out from the mass of the soil 
eight contiguous gmins in such manner that the lines joining their 
center<; form an equilateral parallelopiped or rlwmboheclron, as repre
sented iu fig. 54, in whi0h the white rods mark tbe position and direc-

FIG. 54.-Unit element of a mass of spheres packed in the most compact manner possible. Face angles 
ooo and 1200. 

tion of two of the pores. By studying the properties of the pores of 
this rhombohedron we may arrive at the properties to be assigned to 
the pores of the entire mass of soil, since this rhombohedron consti
tutes the element of volume, or the unit element, which, if repeated, will 
give the entire mass of soil. 

If the grains of soil are arranged in the most compact manner pos
sible, each grain will touch surrounding grains at twelve points, and 
the element of volume will be a rhombohedron having face angles 
equal to 60° and 120° . If the grains are not arranged in the most com-
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pact manner tlle rhombohedron will have its face angles greater than 
6oo, and each sphere will touch other spheres in but six points, but 
will nearly touch in six other points. The most open arrangement of 
the soil grains which is possible with the grains in contact is bad when 
the rhombohedron is a cube. 

Fig. 56 represents a section of four spheres packed in the closest man
ner possible, and fig. 57 represents a similar section when the packing is 

FIG. 55.-Unit element of a mass of spheres packed in the most compact manner pos•ible. Face angles 
goo, eoo, aucl 1200. 

not so close. In fig. 56 the angle 8 is 60o, and in fig. 57 fJ is about 65° . 
Fig. 54 represents a perspective view of eight spheres, which are packed 
together in the closest manner possible. All eight faces of the mass 
shown in this diagram are alike, each face being made up of four 
spheres, which form a rhombus of face angles 60o aud eoo. Fig. 55 
shows eight spheres placed. together in the most compact manner pos
sible, in wbich the faces, however, are not all rhombuses, but in which 
two opposite faces are made up of four spheres arranged at the corners 
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of a square, the other six faces being the same as in fig. 54. Fig. 55 is 
essentially the same as fig. 54, as the arrangement in fig. 55 can be made 
from the arrangement of fig. 54 by displacing the upper spheres one 
place, leaving the lower spheres unchanged. Three plane sections of 
the arrangement shown in fig. 54 will give a square arrangement of four 
spheres, two of these sections passing through diagonally opposite 
edges of the rhombohedron, and one section passing through the simi
lar diagonals of a pair of opposite faces. No section of the arrange
ment shown in fig. 55 will give a square ~rrangement of spheres, these 
square arrangements occurring as faces in this case. 

Fig. 58 shows th,e rhombohedron formed by joining the centers of 
• the spheres of fig. 54. Fig. 59 shows the interior or unoccupied ~pace 

FIG. 56.~Section of four contiguous spheres in most compact packing of a mass of spheres. 

_of the rhombohedron of 'fig. 58. It is, in fact, a plaster cast of the inte
rior of the solid shown in fig. 58. If the solid shown in this figure be 
repeated in all the directions of space, the continuous pores of a mass 
of spheres will be represented. 

If we imagine a soil made up of particles arranged so that the lines 
joining their centers form cubes, the percentage of open space to the 
whole space, or the so-called porosity, can be found by dividing the 
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difference between the volume of a sphere and the volume of the cir
cumscribed cube by the volume of the circumscribed cube, whic~ gives 

FlO. 57.--Section of four contiguous spheres in a somewhat open packing of a mass of spheres. 

a porosity of 47.64 per cent. If the particles are arranged as com
pactly as possible, as in fig. 54, the percentage of pore space can be 

FIG. 58.-Unit rhombobe<lrou formed by passing plan~s through tbe centers of eight contiguous 
spheres in the most com part packing of a mass of spheres. 

found by dividing the difference between the volume of a sphere and 
tile volume of tile rhombohedron whose acute face angles are Goo, and 
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whose edges equal the diameter of the sphere, by the volume of this 
rhombohedron, which gives a porosity of 25.95 per cent. This fact is 
shown nicely by considering that the pieces of eight different spheres 
which make the rhombohedron of fig. 58 can be placed together so 
as to make the sphere shown in fig. 60. It is plain that the eight 
pieces would make a complete ~pbere even if the face angle () had not 
the value 60°, but had any other value less than goo. If we measure 
the porosity of a soil composed of grains of nearly uniform size, we 
shall find a large variation in the results, depending largely upon the 
manner in which the soil was packed; but usually the porosity will lie 

FIG. 59.-Unit element of th e pore space inn mass of spheres pack ed in the most compact manner 
possibl e. .A. plas ter cast of the interior of t he rhombohed ron of fig. 58. The spheres were not quite 
in contact, their surfaces being separated about one-half cen timeter. 

within the limits that we have pointed out. The porosity of the ele
ment of volume of the ideal soil depends upon the acute face angle of 
the faces of the rhombohedron. If a given soil shows, on measuring, 
a porosity equal tom, we may assume, by the theory of probabilities, 
that the element of volume which bas porosity 1n occur.;; in that soil 
more times than an element of volume having any other porosity, and 
indeed we may assume that the actual soil is replaced by an ideal soil 
whicll bas all of its elements of volume of constant porosity m, or what 
is the same thi!lg, of a constant face angle e. 

3. It is necessary to determine the relation between the face angle () 
and the porosity m . 

• 
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If, in fig. 61, 0 H be a rhombohedron with vertices at the centers of 
eight contiguous spheres, each side of the spherical triangle .A B D 
will equal 8. From the right-angled triangle A B C we may derive 

. sin fJ ..j 1 + <! COl:! fJ 
Stna = - ' 1+cos 8 

(1) 

in which ct stands for the angle B 0 C. 
Since the area of the base of the rboml>ohedron is d2 sin 8, and since 

the altitude h equals d sin a, we bave the volume of the rhombohedron 
equal to 

d3 (1- cos 8) ..j 1 + 2 cos f} , (2) 

Subtracting from this the volume of a sphere of diameter d, we "derive 
the amount of open space in the element of volume, and dividing tbis 

FIG. 60.- Sphere formo<l from t he eight pieces of eigh t spheres wh ich constitute t he un it rh omhohe· 
dron show n in fig. 58. 

difference by the volume of the rhombohedron we obtain the porosity 
as a percentage of the whole volume. Calling t his percentage m, as 
above, we derive 

1n = 1- rc jG -=--· (3) 
(1-cos 8) ..; 1 + 2 cos e 

To derive 8 when 1n is given, we must solve the cubic equation 

(4) 
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The following table contains the values of 8 derived from the above 
equation corresponding to values of 1n between 26 and 47 per cent. 

TABLE I.-Relation of p01'0Bity nt to face angle(). 

p= 6 qn 6 

I 0 I 0 I 

26 60 2 37 68 18 
27 60 41 38 69 17 
28 61 18 '39 70 20 
29 61 55 40 71 28 
30 62 ·36 41 72 43 
31 63 18 42 74 3 
32 64 3 43 75 32 
33 64 49 44 77 10 
34 65 37 45 79 6 
35 66 27 46 81 251 
36 67 21 47 84 59 

4. As before stated, the pores through ideal soil are capillary tubes of 
approximately triangular cross section. The length of these capillary 

_ FIG. 61.-Diagram showing the metrical properties of the unit rhombohedron. 

tubes is evidently greater than the length of the column of soil. In 
fact, if the length of the so.il column be h, fig. 61 shows that the length 
of a pore through whi~b a particle of fluid must pass ish sec a, or 

h (1 +cos 8) 
---'----,=-=-=-'---=-·' 
sin B v 1 + 2 cos B 

(5) 

if we assume that the pore follows a straight line, as A B C in fig. 62 or 
64, or the white rods in fig. 54. The central line of the triangular pore 
actually follows a line that is slightly curved, although following the 
general direction of the straight line A B C. The actual course of the 
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central line of the pore is shown by the curved line A H B K 0 of fig. 
6-!, which figure is drawn to scale for the case of the most compact pack-

FIG. 62.-Diagram showing the course of t.be pores through the unit rbombolJedron . 

. ing of the spheres, the angle AT U being about 700, The curved line 
in this case is about 1.065 times the length of the straight line A B. C. 

Inasmuch as the maximum value of () is ] and its minimum value is 

i ' we may say in general that the curved line is 

1 .065 (7tj2- fl) 
+ 7tJ6 

(6) 

times as long as the straight line. Reducing this last expression to the 
form 

1.1v.J - .39 e; 7l, (7) 
and representing the length of the curved pore by l, we get 

h (1 +cos 8) -
l = . e-v 1 --() (1.19o- .39 6/n). (8). 

Sill +~COS 

5. The area of the cross section of a triangular pore can be found by 
subtracting the area of the circle from that of the rhombus shown in 
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fig. 57 and dividing the result by 2. Tllis gives, in terms of the con
stants already used, 

A _(sin 8 - n:/4) d2 
j- 2 . 

This is the area of the smallest section of the pore. The percentage 
of free or unoccupied area in this section of the soil is found by dividing 
the double of this result by the area of the rhombus shown in fig. 57. 

FIG. o3.-Tbe interior of tue unit rhorubohe<lron, abo wing the cun·e!l nxis of th e trian gular pore. 

This gives, if n represents the per cent of unoccupied area in the section, 
the expression 

sinf:J - n:/4 
n = . f:J = 1- n:/4 esc f:J . 

sm 
(9) 

The pore enlarges slightly in area as it follows the surfaces of the 
spherical soil grztins, and then diminishes again to its former value. 
This is shown by fig. 59. The pores between the spheres are shown in 
section in the planes L 0 P Q and M N S R of fig. 62, which figure is an 
attempt to represent fig. 58 diagrammatically. It is seen that each ele
ment of volume contains two pores, one following the line A B 0 and 
the other the line 0' B' A' in fig. G2, or following the two white rods 
shown in fig. 54. At A the section of the pore is a minimum, but it gradu
ally enlarges and then diminishes again, and is again a minimum when 
the line A B () pierces the plane L N R at the point B. It again 
enlarges as we pass along B 0, but diminishes again to a minimum at 
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C. For the·arrangement of spheres shown in fig. 62, the angle 1 between 
the plane L N Rand either the upper or lower base of the rhombohe
dron is about 70°, so that the pore enlarges from its minimum to its 
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FIG. 64.-Diagram showing the metrical properties of the curved axis of a triangular pore. 

maximum section while passing over about 35° of angular distance on 
the sphere, as is shown in fig. 66. · 

The mean area A,. of the triangular section shown as T _S R in fig. 65 
can "be found by well-known methods of the calcl!lus.2 

·Fig. 66 shows the ·radii of the inscribed circles of the triangles whose 
mean value is desired. In figs. 65 and 66: 

A B = 2 r, A D = r v3, 
A 0 = tr r-/3, E 0 = (~--/3 -1) r, 
Ar = area of 6 R S T = 3 v3 0 E 2

, 

Aq =3-/3 P Q2
, 

in which Aq stands for· the area of the equilateral triangle which has 
P Q for radius of inscribed circle. From the equation of the circle 

I This is the angle A T U of fig. 64. 
2 See Benjamin Williamson, Integral Calculus, 5thed., New York, 1888, p. 346 .. 
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E K (which is a section of a soil grain of radius r) we derive the value 
of any abscissa P Q to be 

x= irv3-vr2 -yz. (10) 

Hence the mean value of the area of the cross section may be found 
from the formula 

Am= b!:._afab f (Y) dy 

= 6 ~3 fo~r (tt rv3- vrz- y2)2 dy 

= (145 v 3- 2 n) r2 

= (0.2118) r2~ (11) 

The area of the triangle T R S is 

AT= (7 v3 -12) r2 = .1247 r2 (12) 

and the area of the concave" spherical" triangle D F G is 

AF = ( ..;3- n j2) r2 = .1613 r? (13) 

The effective area of the trlangular section-that is, the area in the 
shape of the equilateral triangle which will transmit the same amount 

FIG. 65.-Diagram showing the metrical properties of cross section of a triangular pore. E desig
nates the intersection of .A. 0 and T R. 
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of fluid that the pore of section D F G transmits-is intermediate to 
these two values. . The difference between the two areas is .0366 r2, and · 
as the mean should be taken nearer to .1613 1·2 than·to .1247 1·2, I have 
adopted .1475 r2 as the probable value of the mean, although a slight 
increase or decrease in this value might be made. The area of the pore 
of mean· section .2118 r2 is of about 43 per cent greater area than the 
value .1475 r2 just adopted as the area of the minimum section of the 
triangular pore. 

6. Before proceeding further with the problem before us we· must 
give attention to the flow of liquids through capillary tubes of various 
cross sections. The formula for the flow through a tube of circular 
section is 

7t a4p 
f= 8 fll' (14) 

in which f is the discharge in cubic centimeters per second, a is the 
radius·of the tube, l its length, p is the difference in pressure at its 
ends in dynes per square centimeter, and J1. is the coefficient of vis
cosity of the liquid. The law of flow expressed by this formula is 

FIG. 66.-Diagram showing the variation in the cross section of a triangular pore. This figure rep· 
resents a section _made by passing a plane through the line A E 0 of fig. 65 perpendicular to the 
plane of the paper; A, 0, and E correspond to the points designated by same letters in fig. 65. 
0 is the center of the triangle R S T of fig. 65. 

known as the Poiseuilleian law, announced as the conclusion of his 
experimental work by Poiseuille in 1840-1842, and afterwards derived 
from purely theoretical considerations, as now given in Basset's Hydro
dynamics, 1888, Volume II, page 304, and ·in Lamb's Hydrodynamics, 
1895, page 520. If A is the area of cross· section, this formula may be 
written 

- AZp 
f- 8 7( )1 l' 

and the mean velocity of the fluid in the tube is given by 
. . pA p.A. 

v = 8 7( )1 l = (0.03979) jil' 

(15) 

(16) 

/ 



318 .MOTION OF GROUND WATERS. 

7. For·. tubes of other than circular section Greenhill 1 bas shown 
that the expression for the velocity of a viscous liquid at any point in 
the cross section can be found if the motion of a frictionless liquid 
relative to the boundary is known for a rotating prismatic or cylin
drical vessel of the same form of section. As problems of prisms of 
various sections rotating in a perfect liquid have been worked out by 
means of conjugate functions, 2 it is possible, because of this discovery 
of Greenhill, to write down at once solutions for problems in the flow 
of viscous fluids through tubes of various kinds. The method :is as 
follows: If '¢ represents the current function :J due to the rotating cyl
inder, then u, the velocity parallel to the axis of the tube at any pOint 
of the cross section, is, for a viscous -liquid flowing through the tube, 

u = '¢ - ~ w (x2 + y~). (17) 

If this result is not zero at the boundary of the tube a constant must 
be added to render it so. ,Throughout the result we must substitute 

M = 2 w, in which M =: l' p being the difference in pressure at the ends, 

fl the coefficient of viscosity, and l the length of the tube. 
These results come about from considering that 1) must satisfy 

d21) d21) -- +--- -0 
dx2 dy2

- ' 
(18) 

and that this equation is changed by s~bstitution (17) to the form 

(19) 

while the equation for the flow of a viscous fluid through a capillary 
tube is of the form 

(20) 

8. For an equilateral triangular prism, having radius of inscribed 
circle a, we have from hydrodynamics 4 

and 
. P - - P a(Jy (22). 

'l(, = -1,-) - (X- a) (2a +X+ y v3) (2a+ X- y v3) =- - 1-, Aft . fl ft 

in which a, {J, yare the distances of a point from the three sides of 
the triangle and h is the altitude. The equations of the sides of the 
triangle are 

X - a = 0, X + y vS + 2a = 0, X - y /3 + 2a = 0. (23) 

J Proceedings London Math. Society, Vol. XIII, 1881, p. 43. 
2Basset, Hydrodynamics, Vol. I, p. 91; Lamb, Hydrodynamics, p. 73. 
a Basset, Hydrodynamics, Vol. I, p.ll; Lamb, Hydrodynamics, p. 70; Sampson on Stokes's Current 

Function; Phil. 1.'rans . .A.., 1891. 
4 Lamb, Hydrodynamics, pp. 93, 523 
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The flux per second is 

rr 27pa4 p A2 
f = JJ u d.'XJ dy = 20 y'3 jll = 20 y'3 jll' (24) 

in which A is the area of the cross section of the triangular cylinder. 
The meari velocity is found by dividing the flux by A and gives 

• pA . . pA 
v = 20 v'3 Jll = (0.02887) }if' (25) 

The mean velocity for a circular tube of equivalent area of cross section 
was found above to be about 38 per cent more, or 

pA 
(0.03979) J1 l . 

9. For an elliptical cylinder 1 we have 

Whence 

Also 

a2 - b2 z 2 
VJ = tz C<iJ -2--bZ (X - y ) ' 

Ct + 

_ p n a 3 b~ p A 2 a b 
f- 4 Jl l a2 + 7J2 =4-7r Jl l a2 + b2' 

From this we derive the average velocity, 

V=_P_ Aab 
4 1r J1 l a2 + b2 

- p A y'T=62 
- 4 1r J.A l 2 - e2 

p A cos fJ 
=---- ' 4 1r J1 l 1 + cos2 fJ 

(26) 

(27) 

(28) 

(29) . 

(30) 

in which 8 is the angle of projection of the ellipse from the circle 
x2 + y2 = a2

, so that sin (1 = e, the eccentricity. 
A remarkable conclusion from this analysis is the fact that the flow 

through an elliptic tube is but Rlightly different from the flow through 
a circular tube of the same area o'f cross section, provided that the 
eccentricity is not too great. Even au eccentricity of 0.866 will change 
the flow by but 10 per cent, and an eccentricity of one-half will reduce 
the flow by about one-half of 1 per cent. Thus it is clear that a slight 
change in the shape of the cross section of a tube will change but 
slightly the flow through it. Analogy warrants u·s in extending this 
truth to tubes having other tllau elliptical sections. For example, we 
may conclude that the flow tllrough a tube whose section is an oblique 
triangle is given approximately by the formula for a tube whose section 
is an equilateral triangle of the same area, even though the shape of 
the section of the given tube differs slightly, or even materially, from 
that of an equilateral triangle. 

I Lamb, Hydrodynamics, pp. 93,523. 
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10. The velocity of flow through a tube of variable section will be 
less than the velocity of flow through a tube having a uniform section 
equal to the mean section of the first tube, because of the viscosity or 
internal friction of the expanding or contracting stream. We shall 
now determine approximately the retarding intluence due to such con
traction or expansion. 

For a tube of uniform triangular section we may write, if a is tlle 
radius of the circle inscribed in the triangular section, 

20/1 1) PI l = --, 3 a 2 
(31) 

by expressing .A, the area of cross section in equation (25), in terms of 
the radius of the inscribed circle. Making the supposition that the dis-· 
tance OH (fig. 66), through which expansion of the pore or tube takes 
place, is one· half the radius of the sphere, and expressing all distances 
in terms of OE or a,, we have 

and 

HK= 2 + v':3a 
2 • 

v 1 HK2 7 + 4 v' 3 v; = OE2 = --4-, (32) 

if v 1 =velocity at OE and v2 = velocity at HK, fig. 66. Therefore, rep
resenting the increment of velocity by L1 v, 

. . (HK2
- E02

) 3 + 4v'3 . 10 
L1 V = Vt- Vz = Vt --H-xz- = 

7 
+ 4 V

3 
Vt = l4: V1. (33) 

The retarding influence on any plane in a viscous liquid is J1 times 
the variation in velocity normal to the plane.1 The normal variation of 
velocity in this case is approximately 

Llv Vt- Vz 

.Jr=~· 
(34) 

Therefofp, the retarding influence exerted on the liquid while flowing 
from minimum section to minimum section is 

Llv 
2p.L1l' 

because the retardation is experienced both when the stream is con
tracting and when it is expanding. 

Since 
p .dp 35 
1 = 2 .dl' ( ) 

we have as a corrected value of pjl (see equation (31) above), 

p 20 JA-1' + 2 .dv (36) 
r=3 a2 P- .dl. 

I Lamb, Hydrodynamics, p. 512. 
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From fig. 65, 

~r or Lll = 3a • 
2(2 v3- 3) 

(37) 

Therefore, substiti1ting from (37) a,nd (33) into (36), 

p 20vv flV • 20;.,tv flV 
T = 3az +a 4 (59- 34 v3) = 3a2 +a (0.4340). (38) 

From this we find that 

(39) 

As this differs little from 

which is the value of v written in (31) above, the r~tardation is negli~ 
gible. 

11. We now have sufficient data to ~mabie us to determine the flux 
and the mean velocity of flow of a fluid through a mass of soil. In sec
tion 5 we found the mean cross section of a pore ·to be about 43.5 per 
cent greater than the minimum cross section. We- also noted in sec
tion 8 that the flow through a circular tube is greater than the flow 
through a triangular tube of same area of cross section by about 38 per 
cent. By converting the triangular pore into a uniform circular pore 
of the same area as the minimum section of ·the triangular pore, we 
should fall short about 5.5 per cent of making the true correction. 
However, by considering the pore to be straight instead of curved, as 
shown in :fig. 63, we have made another error of almost exactly the 
same amount but in the opposite direction. Therefore by converting 
the area of the minimum section into a circular section and dropping the 
correction to the length of a pore previ(:msly determined (equation 6), 
we may permit the two errors to- neutralize each other, and simplify 
the resulting formula. The area of minimum section we have found to be 
(see section 5) 

(sin 8-n:j4)d2 

--2--· 

Calling this the area of a circular pore, we have as the mean veJocity 
from section 6, 

= __)}_ (sin ()- n: I:):)' d2 

v 8nl;.,t 2 ' (40) 

In section 4 we found the length of the pore, if considere~ to be 
straight, to equal 

l _ ·h(1 + cosO) . 
-sin Bv1 + 2 cos() 

19 GEOL, PT 2--21 
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Therefore equation (40) becomes 

v = _12!!_ ('sin e v1 + 2 cos e(sin f)- n/4))· (41) 
_16n ph 1 + cosfJ 

If the section of the cylinder containing the soil be s, we have the per
centage of open space i~1 a cross section, from equation (7) above, 

_ (sinfJ- n /4)8 
n8 = sin-e~--. 

Mul,tiplying v by ns, we derive for the flux per second 

f= pd2s ( v1 + 2 cose (sin&-n/4)2
)" 

· 16nJAh 1+cos{;l 

= _ pd2s ( v1 + 2 cosf1(1- cos_~~int1- nj4't_) (42) 
16nph sin2 fJ · 

Substituting the value of (l ~cos fJ) v 1 + 2 cos fJ from (3) and plac
ing B for 1 j (1- n I 4 cscB)2

, w~ ~et 

pd2s 
f = 96 f1 hB ( 1 - n~ )' ( 

43) 

Taking g equal to 981 dynes and measuring the pressure p in terms 
of centimeters of water at 4° C., we have the formula 

q = [1.0094] P~
2

K8 cubic centimeters per second, (44) 
j.AI~ 

in which the brackets [1.0094] indicate the logarithm of a factor, and in 
which K = B (1-m)· The logarithm of the constant multiplier K has 
been computed for various values of m and placed in Tafule II. 

If we measuTe p in feet of water at 4° C., s in square feet, h in feet, 
and din millimeters, and use the minute for the unit of time, the above 

. formula may be written 

q = (9.3036-10] P~K28 cubic feet per minute. . (45) 
j.A(£ - . 

The coefficient of viscosity for water for various temperatures will be 
found given in Table III. If we s1:1bstitute the value of p10 = 0.01315 
for 100 0., we obtain the formula · 

q = [1.1846] r~~cubic feet per minute. (46) 

Part of the expression on the right side of this equation depenfls 
only upon the character of the soil through which the water is passing. 
Representing this by k, we have 

. d2 
k = [1.1846] :K' (47) 
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The constant k is the quantity of water that WOl)ld be transmitted in 
unit time througb a cylinder of the soiJ of unit length and unit cross 
section under unit difference in head at the ends. 

We shall frequently refer to k as the transmission constant, or merely 
as the constant of a soil. The constant K is the factor in the formula 
which depends only upon the value of the porosity of the soil. When 
the porosity of a soil has been measured, the value of K, or rather the 
value of its logarithm, can be found from Table II. From that table it 
appears that if two samples of the same sand are packed, one sample 
so that its porosity is 26 per cent and the other, sample so that its 
porosity is 4 7 per cent, the flow through the latter sample will be more 
than seven times the flow through the former sa~ple. If the two 
samples of the same sand had been packed so that their porosities had 
been 30 per cent and 40 per cent, respectively, the flow through the 
latter sample would have been about 2.6 times the flow through the 
former sample. These facts should mak~ clear the enormous influence 
of porosity on flow, and t,he inadequacy of a formula of flow which does 
not take it into account. 

APPLICATION AND ILLUSTRATION OF THE FORMULAS 
OBTAI NED ABOVE. 

12. We shall now propose several problems that illustrate the 
formulas obtained in the precedii1g theoretical work. 

First let us consider the following: 
A layer of sandstone 100 feet thick and 100 miles wide has a dip from 

north to south of 5 feet per mile, and is underlain and overlain by 
impervious material.· Ifthe:ue is a catchment area at the upper end, 
and if the ground water has free means of escape at a cliff or cut at the 
lower end, let us determine what is the delivery of water in cubic feet 
per minute for each linear foot of section at right angles to the dip. · 
First, suppose the stone has a mean size of grain of 0.15 mm. and a, 
porosity of 30 per cent. These values substituted in ( 46) give 

q ~ [7.8169-10] )~cubic feet per minute. (48) 

The cause of the flow of ground water is supposed to be the difference 
of head of 5 feet per mile. Substituting, therefore,p =·5, h = 5,280, and 
s = 100, we obtain 

q = .0006213 cubic foot per minute, 
= .8946 cubic foot per day, 

for each linear foot of the cliff or cut. 
If the stratum of sandstone serves as an artesian water supply we 

may readily estimate to what extent the natural supply transmitted by 
the water-bearing stratum is drawn upon by a given well. Suppose, 
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for example, that 5,000 cubic feet per day are drawn from a well. This 
is equivalent to the ordinary supply transmitted by a strip of the sand
stone a mile in width, so that if the artesian area is 100 miles square, 
only 100 wells of the capacity named could be supplied by the sandstone 
without permanently lowering the water table, granting, of course, the 
absence of open cracks and fissures in the stone. 

This limited capacity of a sandstone to transmit water is still apparent 
if we suppose the size of grains and the porosity to be largely increased. 
For example, if the size of grain in the above problem had been given 
as 0.25 mm. and the'-l)orosity as 32 per .cent, the flux would have been 

q = [8.3537 -10] ~s cubic ~eet per minute, 

which reduces to 

q = .00214 cubic foot per minute, 
= 3.08 cubic feet per day; 

(49) 

for p = 5, h = 5,280, and s = 100. If 5,000 cubic feet per day are drawn 
from a well, the ordinary natural supp~y from a strip of the sandstone 
1,500 feet wide would be exhausted in supplying the well. • 

If the size of grain be taken as 0.5 m~. and the porosity as 32 per 
cent, the flux for each linear foot of section of stone would be 

q= .00856 cubic foot per minute, 
= 12.32 cubic feet per day. 

The well furnishing 5,000 cubic feet per day would in this case represent 
the natural supply from a strip of the sandstone about 400 feet wide. 

The hypothesis of fissures, either in the sandstone itself or in the 
underlying or overlying strata, will, of course, radically modify the 

· above figures. The limited quantity of the .artesian supply will 
usually appear, however,- from other considerations: As an illustra
tion, suppose that the catchment area is equal to the artesian area and 
that the rainfall on the catchment area is 36 inches per year, one-third 
of which finds its way, we will suppose, into the catchment rock, two
thirds either running off in surface streams or supplying the evapora
tion. Then, if' no allowance be made for loss from leakage or the 
supply of springs, etc., a well in the artesian area using 5,000 cubic 
feet per day represents the available rainfall ·that is collected on a 
square 1,350 feet on a side. Thus, even if perfect means of communi
cation by means of fissures existed between the catchment and the 
artesian areas, wells of the capacity named_ could not be placed, on the 
average, any nearer to each other than 1,350 feet. 

13. It is not unreasonable to suppose that the effective size of soil 
grains can be determined by measuring the time required to pass a 
given quantity of air under a given difference of pressure through a 
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cylinder filled with the soil. This method was first proposed by Prot: 
F. H. King, and is based on the assumption that formula (44) holds for 
air as well as water. It was at the suggestion of Professor King that 
formula (44) was produced in the first instance. For computing the 
value of d, it is convenient to rewrite the formula as follows, substi
tuting the. value of the coefficient of viscosity of air, and. substituting 

. 5,000 c. c. f<?r q, 

d 2 = ic___!!__t [8.9434-10]. 
sp 

(50) 

In the formula, t is the time necessary to draw 5,000 c. c. of air at 
temperature 20° C. through a cylinder of soi1 having a cross section of .s 
square centimeters and a length of h centimeters. K is to be taken 

. from Table II and [8.9438- 10] is the logarithm of a factor. The pres
sure at which the volume of the air passed through the soil is measured 
must be the mean of the pressures at the ends of the column. Meyer1 

has shown that the law of flow through capillary tubes holds for gases 
if the volume of gas be measured at the mean pressure.2 

• 

The coefficient of viscosity of air at 20° C. used in this formula is that . 
due to Obermayer 3 and is equal to 0.000179. 

Obermayer's formula for J-t for air is 

J-l =flo (1 + .0038585 fJ- .00000105 fJ 2), 

in which 

JA-0 = .0001705, 

and in which fJ stands for temperature centigrade; 
The following formula 4 may be used to determine Jl for water: 

.0178 
J-l = 1 + .0337 tJ + .000221 (J z• 

This formula is due to Helmholtz. 

10. E. Meyer, Ueber die Stromung der Gase durch Capillarrohren, Poggendorff's Annalen, Vol. 
CXXVII, pp. 269, 270. 

2 See introduction to this paper for experimental results published by Prof. F, H. King while this 
paper was in press. 

3See Basset, Hydrodynamics, Vol. II, p. 250. 
4 Lamb's Hydrodynamics, p. 513. 
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TABLE H.-Constants jo1' vm·ious po1·osities of an ideal soil. 

[ m is the porosity expressed as a percentage.] 

~ n. LogK. d. CologK.I 
---1-

26 9.37 1. 9258 563 8. 0742 
27 9.93 1. 8695 504 8.1305 
28 10.45 1. 8191 490 8. 1809 
29 10.98 1.7701 502 8.2299 
30 11.55 1. 7199 467 8.2801 
31 12.10 1. 6732 455 8.3268 
32 12.66 1. 6277 430 8.3723 
33 13.22 1.5~47 438 8.4152 
34 13.78 1. 5409 410 8.4591 
35 14.34 1. 4999 407 8.5001 
36 14.91 1.4592 400 ~.5408 

37 15.49 1. 4193 377 8.5807 
38 16.05. 1. 3816 371 8.6184 
39 16.61 1. 3445 367 8.6555 
40 17.19 1. 307·8 353 8.6922 
41 17.75 1. 2725 351 8.7275 
42 18.32 1.2374 345 8.7626 
43 18.90 1. 2029 339 8.7971 
44 19;46 1.1690 '320 8.8310 
45 20.03 1.1370 312 8.8630 I 

46 20.57 1.1058 329 8.8942 
47 21.17 1. 0729 ·----··" 8.9271 
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P1·opm·tional pm·ts. 

563 504 502 490 467 455 438 

1 56.3 50.4 50.2 49.0 46.7 45.5 43.8 

2 112.6 100.8 100.4 98.0 93.4 91.0 87.6 

3 168.9 151.2 150.6 147.0 140.1 136.5 131.4 

4 225.2 201.6 200.R 196.0 186.8 182.0 175.2 

5 281:5 252.0 251.0 245.0 233.5 227.5 219.0 

6 337.8 302.4 301.2 294.0 280.2 273.0 262.8 

7 394.1 352.8 351.4 343.0 326.9 318.5 306.6 

8 450.4 403.2 401.6 392.0 373.6 364.0 350.4 

9 506.7 453.6 451.8 441.0 420.3 409.5 394.2 

430 410 409 407 377 371 367 
1 43.0 41.0 40.9 40. 7 37.7 37.1 36.7 

2 86.0 82.0 81.8 81.4 . 75.4 74.2 73.4 

3 129.0 123.0 122.7 122.1 113.1 111.3 110.1 

4 172.0 164.0 163.6 162.8 150.8 148.4 146.8 

5 215.0 205.0 204.5 203.5 188.5 185.5 183.5 

6 258.0 246.0 245.4 244.2 226.2 222.6 220.2 

7 301. 0· 287.0 286.3 284.9 263.9 259.7 256.9 

8 344.0 328.0 327.2 325.6 301.6 296.8 293.6 

9 387.0 369.0 368.1 366.3 339:3 333.9 330.3 

353 351 345 339 329 320 312 

1 35.3 35. 1 34.5 33.9 32.9 32.0 31.2 

2 70.6 70.2 69.0 67.8 65.8 64.0 62.4 

3 105.9 105.3 103.5 101.7 98.7 96.0 93.6 

4 141.2 140.4 138.0 135.6 131.6 128.0 124.8 

5 176.5 175.5 172.5 169.5 164.5 160.0 156.0 

6 211.8 210.6 207.0 203.4 197.4 192.0 187.2 

7 247.1 245.7 241.5 237.3 230.3 224.0 218.4 I 

~ 
282.4 280.8 276.0 271.2 263.2 256.0 

~ 317.7 315.9 310.5 305.1 296.1 288.0 280.8 
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TABLE III.-Coefficients of viscosity jo1· water j01· va1·imts tempemtu1·es centig1·ade. 

ll=tempera· p.=coefficient ll=tempera- "=coefficient I 
ture of ture of 

centigrade. viscosity. centigrade. viscosity. 
I 

0 0.0178 10 0.0131 
1 0.0172 11 0.0128 
2 0.0166 12 0.0124 
3 0.0161 13 0.0120 
4 0.0156 14 0.0117 
5 0.0152 15 0.0114 
6 0.0147 16 0. 0111-
7 0.0143 17 0.0109 
8 0.0138 18 0.0106 

I 

9 0.0135 19 o;J 10 0.0131 20 0.0101 



CHAPTER II. 

GENERAL LAWS OF THE FLOW OF GROUND WATERS. 
\ 

1. Experimenters have usually claimed that the velocity of the flow 
of a liquid in a given direction through a column of soil is proportional 
to the difference in pressure at the ends of the column and inversely 
proportional to the length of the column. This law is often referred 
to as "Darcy's law," 1 and may be expressed by a formula, as follows: 

1J 
1.' = kli' (1) 

'in which v is the velocity, p is the difference in pressure at the_ends of 
the column of soil, and h is the length of the column. The pressure 
at the ends of the column must be taken jm;t inside of the soil itself, 
and not in the liquid outside of the surface of the soil. There appears 
to be a 'sudden reduction in pressure as the liquid enters the soil, just 
as there is a loss of head due to the orifice of influx in case of water 
entering an ordinary water main.2 The constant k depends upon the 
si.ze of the soil grains, the porosity of the soil, and the viscosity of the 
liquid. The form of this constant was investigated from a theoretical~ 
standpoint in Chapter I. (See Chapter I, equation (47).) Darcy and 
others have determined its value experimentally for different soils, 
and have suggested various forms of experimental filters suited for 
this purpose. 3. 

Darcy's law is entirely analogous to the well-known law of Poiseuille 
for the flow of a liquid through a capillary tube,4 and, like this latter 
law, it fails to hold for high pressure gradients; for example, the law 
may be true for a pressure variation not exceeding 1 gram per leng-th 
of 10 centimeters, but may fail to hold for a pressure variation of 10 
grams per length of 1 centimeter. ·The limits within which the law 
holds, and the modifications which a second approximation require, can 
be determined only by exhaustive experiments on a wide range of 
materials. -

1 H. Darcy, Les fontaines publiques de la ville de Dijon, Paris, 1856. Darcy·Bazin, Recherches 
hydrauliques, Paris, 1865. 

2 .AJlen Hazen, Some physical properties of sands and graYels: Report Mass. State Board of 
Health, 1892, p. 541. Consult also bibliography in the appendix. 

3Hazen, loc. cit., and Otto Lueger, Wasserversorgung der Stadte, Stuttgart, p. 125. 
4Tbe most important memoirs on the flow of liquids and gases through capillary tubes are the fol

lowing: Poiseuille, Recherches sur le mouvement des liquids dans les tubes de tres-petits diametres: 
Acad. Sciences, Savants estrangers, 1842, Vol. IX, p. 433. Graham, On the motions of gases: Phil. 
Trans. Royal Soc. London, 1846, p. 573; 1849, 'P- 349. 0. E. Meyer, Ueber die inn ere Rei bung der Gase: 
Pogg . .Annalen, Vol. CXXVII, 1866, p. 253; Vol. CXL VIII, 1873, p. 1. M. Couette, ~tude sur le 
Frottement des liq~ids. ' 
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Equation (1) may also be written 

oP 
v = lc Jh' 

2. If a fluid in a porous medium is not required to move in a single 
direction, but has liberty to move in any direction, then if at a given 
point, P, the motion is in directions we may write 

7 Jp 
V = IC os' (2) 

in case the motion is steady, using the term "steady motion" in its 
usual sense in hydrodynamics, as descriptive of motion which does not 
vary with the lapse of time. The pores of a soil are arranged in such a 
haphazard manner that we are at liberty to suppose that at any particu
lar point the fluid is free to move in any desired direction. The flow of 
a fluid in a soil, then, is not different from the flow of a hypothetical 
fluid which we may suppose to replace both the fluid in the.soil and the 
soil itself, which hypothetical fluid has the law of flow for steady motion 

· given by the equation 
Jp 

v = 7c 58. 

In case no external attractive forces are acting, the equations of motion 
in three dimensions of the hypothetical fluid are 

U - dx -'kJP, 
- dt- Jx 

dy Jp 
v = dt- = 7c jy' 

dz Jp ' 
w = at. = 7c -JZ. 

The equation of continuity is 

c)U oV JW 
~1X + oY + oz = o, 

(3) 

(4) 

the same as in the case of ordinary liquids. The equation of continuity 
holds for bot.h perfect and viscous liquids, and is simply the mathemat
ical statement that a given mass of the liquid does. not change its 
volume during the given motion-that is, that the liquid is incompressi
ble. If we substitute from (3) into ( 4) we obtain 

azp Jzp ;Pp 
Jx2 + Jy2 + oz2 = 0. (b) 

3. This equation (equation 5) is the familiar equation oceurring in 
nearly all branches of applied mathematics, known as Laplace's equa
tion. The functionp, which satisfies this differential equation, is called 
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a potential function, and from equations (2) and (3) it is observed that 
the velocity in any direction is the differential coefficient of the poten
tial function with respect to that direction. In the hydrodynamics of 
perfect fluids the function that poss.esses this property is called the 
"velocity potential," but in the hydrodynamics of the hypothetical 
fluid ·now under consideration the velocity potential (omitting the con
stant k) is identical with the pressure function., The coincidence of 
the pressure function with the potential function is a matter of great 
interest and importance, and ,presents a striking analogy with the 
mathematics of electrical action. 

If, as some claim, the velocity of ground water is not directly propor
tional to pressure, but varies in an arithmetical progression of the 
form 

v = kp + c, 

then equations (3) above must be modified by the addition of a constant, 
but equation (5) will be unaltered. Thus Laplace's equation is satisfied 
in either case. 

It seems remarkable that the fact that the solution of ~iny problem 
in the motion of grouiul waters depends upon the solution of the differ
ential equation (5) has not been pointed out before. 'fhe existenc~ ot 

-this function is made the basis of nearly all the work in the following 
pages. 

4. If we assume that an external impressed force, as gravity, acts 
upon the liquid in t.he z direction with constant intensity g, and if the 
density of the fluid be p, then the expression for w becomes 

w = k (Jp + pg dz)· 
az dz 

Therefore the equations of motion with gravity acting are 

dx oP 
U=- =k-, at ax 

v = ay _ koP 
at- ay' 

dz Jp 
w = at = k az + kpg. 

(6) 

(7) 

These hold, of course, only for the case of steady motion. Equations 
(4) and- (5) are unchanged by the new hypothesis. 

5. We have, therefore, shown that a problem in the steady motion of 
ground waters is mathematically analogous to a problem in the steady . 
flow of heat or electricity, or to a problem in the steady motion of a 
perfect fluid. The unknown function.p must be determined from the 
partial differential equation (5), subject to the boundary conditions 
present in each particular problem undertaken. The function p is 
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necessarily finite,. continuous, and single valued at all points of the 
hypothetical liquid, and the general methods usual in potential theory 
apply. In a determinate problem the value of p must be given over 
a closed boundary, or along a given .axis in space, from which we shall 
be able to derive the value of p at every point of the region expressed 
as a function of x, y, and z. After p has been determined by the appro
priate solution, of (5) for a given problem, the equationp=c will give, 
for different values of c, a series of surfaces upon each one of which the 
pressure has the constant value assigned. These are the equipotential 
or equipressural su1jaces. Orthogonal to this series of surfaces there 
exists a series of lines in space, along which the particles of liquid 
actually move. These lines are the lines of flow. 

Equations (7) introduce an interesting series of problems, in which, 
however, the boundary conditions are somewhat more difficult to handle 
than in the case of equations (3). · 

The equations above written involve the assumption that the medium 
in which the.flow is taking place is everywhere of the same structure
as, for example, a soil or rock which does not essentially change, from 
place to place, the size or character of its pores. Such is usually the 
case within the same geological formation, b'ut in stratified material the 
conf$tant 7c is apt to be different for vertical motion from what it is for 
horizontal motion. 



CHAPTER III. 

MOTION OF GROUND WATER IN HORIZONTAL PLANES. 

1. If steady motion of ground water is taking place in two dimen
sions, as, for example, in a horizontal stratum-of porous rock underlain 
and overlain by impervious material, the equations of motion become, 

. in their simplified form, · 
dx Jp 

U=- ·=k-, dt {)x 

(1) 
dy Jp V= -=k--, 
dt Jy . 

and "the equation for determining p becomes 

;yZ p + J2 p = 0. 
J af J y2 

(2) 

(See Chapter II, section 2.) 
If the value of p is given along a straight line or along two parallel 

lines, or around a rectangular boundary, we may solve equation· (2) by 
means of Fourier's series or Fourier's integral. If the value of pis given 
around any other boundary we must rely chiefly upon the method of 
conjugate functions or upon the method of images. 

In respect to the method of conjugate functions, it must be rem em- . 
bered that it is not in general possible by known mathematical methods 
to solve Laplace's equation so as to fulfill given boundary conditions, 
but we must be content in most cases to solve the inverse problem of 
assigning a value to the potential or pressural function p, determining 
in each case the boundary conditions which will render the proposed 
function the true solution. In fact, a large number of the problems 
which have been solved in mathematical physics have been attacked 
by this inverse process. ~tis important for this reason that wesbould 
have before us the ·solution of as many problems as possible, since the 
most likely method by which we shall be able to solve a new problem 
is by reducing it to one of the cases in which a similar problem has 
been C'onstructed by the inverse process. Indeed, one must often be 
content to secure an approximate solution in a given case by searching 
among ·problems already solved for one whose 'equipotential lines or 
surfaces have a form somewb_at resembling the given boundary, and 
then so to modify the problem by tentative methods as to produce ·con
ditions more nearly corresponding to those of the given problem. For 

333 
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this reason it is desirable to solve all possible kinds of problems in the 
motion of ground waters, whether they seem to be "practical" or not. 
lVIoreover, the drafting board should be freely used to c~nstruct lines 
of flow and lines of pressure, in the expectation that light will be thrown 
on other problems whose solution may be desired. · With this material 
at band, a new problem will likely have analogies to those already 
constructed, and at least a partial solution of the new problem will be 
possible. 

2. There exists in every case of plane motion of ground waters a 
function, 1jJ (x, y), from which the lines of flow may be determined. 
The equation of continuity for plane motion is 

(3) 

This is the analytical condition that u d y - v d x should be an exact 
d ifteren tial. Let, therefore, 

(4) 

Hence 

(5) 

We may write equation (4) in the form 

( 
d'lf dx) difJ = u ~ - v - ds 
ds ds ' (6) 

in which ds is. the element of any path in the plane· xy. But d.1J and 
ds 

- d~i!?_ are the direction cosines, l, m, of the inwardly drawn normal to ds • . s 
Whence we write 

¢= iP (lu+mv)ds, {7) 

in which A and P are any two points on the pathS. It is plain that 
the right side of (7) is the expression of the Jlow from right to left 
across the path AP. Therefore, if P moves so that¢ does not change 
in value, no flow is taking place across .AP, and P must describe a line 
of flow. That is 

(8) 

is an equation of a line of flow, and 1/J may be called the cur'rent function. 
Since p is the velocity potential, we have the relation 

(9) 
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These are the conditions that p + i f• should be a function of the com
plex variable x + ·iy; 1 that is 

.P+if·=f(x+iy). (10) 

The curves p =constant are the curves of equivelocity potential, and 
are, of course, also curves of equal pressure; the curves ?/J = constant 
~re, as above stated, the lines of flow, or the actual paths traced by the 
particles of fluid. 

Equations (9) give, by multiplying by J1J and Jl{·, respectively, and 
Jx Jy 

adding, the equation 

(11) 

which shows that the two systems of curves cut one another at right 
augles. It is also evident that we may look upon the curves f· =con
stant as the curves of equal pressure, and the curves p =constant as 
the lines of flow; that is, from every problem solved we may construct 
the solution of a new problem iii which the lines of flow of the first 
problem become the lines of pressure in the second problem, and vice 
versa. 

3. Let there be any arbitrary distribution of pressure a:Iong the line 
X X' in fig. 67. Let this pressure be represented by p =f (x). Then, if 

y 

/ 0 

~------------------~----------------

/ y 
Fro. 67.-Coordinate axes. 

we suppose that the pressure is zero at an infinite distance from X X', 
we must solve the equation 

()2p J2p -
Jxz + J yz -,0 

subject to the boundary conditions 

]J =f(x) when y = 0} 
p = 0 when y = oo · (12) 

1 A. B. Basset, Treatise on Hydrodynamics, Cambridge, 1888, Vol. I, Chap. V. Horace Lamb, 
Hydrodynamics, Cambridge, 1895, Chap. IV. Clerk Maxwell. Treatise ,on Electricity and Magnetism, 
3d ed., Uxford, 1892, Vol. I, Chap. XII. W. E. Byerly, Integral Calculus, 2d ed., Boston, 1892, p. 272. 
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Using the usual method 1 for determining the value of the Fourier's 
integral which satisfies equations (12), we obtain 

l oofoo . 1 -ay 
P = 71: 0 · e f (fJ) cos a (fJ -x) dadfJ. 

-00 
(13_) 

This gives, performing the a integration, 

(14) 

If /(fJ) is an even function, we obtain 

p = ~ fooo y.f{fi{y'+(~-x)'+ Y'+(~+x)']dfi; (15) 

and if f(fJ) is odd, 

- 1 f-:rJ [ 1 1 J 
P = 7iJo yj(fJ) y·l+(fJ-x)2 ~l+(fJ+x)z dfJ. (l6) 

4. Suppose that a pressure equal. to unity is maintained at all points 
of X X' to the right of the origin 0, and that the pressure is zero at all 
point8 of X X' to the left of the origin, as in fig. 68. .As an approxi-

FIG. 68.-Diagram illustrating the problems discussed in sections 4 and 5, Chapter III. 

mate illustration, we may suppose that there is a long ditch dug in a 
level region to the depth of the surface of the ground water, and 
divided by a dam 0 A. Water is maintained at a given height in the 
part 0 X, but the water is pumped out of the part 0 X', so that its 
level is reduced to the normal level of the ground water. The problem 
is to determine the flow from one ditch to the other through the sur· 
rounding soil. 

From the equation (14) above we derive 

1 1 t -l y 
p = -7i: an --x· (17) 

I See W. E. Byerly, Fourier's Series ancl Spherical Harmonics, Boston, 1893, pp. 70 and 73. · Nearly all 
of the integrals that occur in the following sections will be found in Cha,pter IV of Byerly's excellent 
treatise. 
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The expression for· 'if), the function conjugate to the above, is 

1 1 
1/J = r- loge (x2 + y2

) =- loge 1·, (1S) 
27f 7t 

which can be found from (17) by the relations given by (9) above.1 

Equations (17) and (18) may be written in the form 

y = -x tan c1 1r, (19) 

(20) 

If we assign to c1 and Cz a series of values differing by a constant 
amount, we get froni (19) and (20) the series of orthogonal lines and cir-

FIG. G9.-Lines of fiow and lines of equal pressure for tl1e problems discussed in sections 4 and 5, 
Chapter III. ' 

cles represented in fig. 69. The straight lines are equipressural Jines 
and the circles are lines of fl.ow. The velocity of outflow perpendicular 
to 0 X at a distance [.e from 0 is 

lc 11?_] = _!!____, (21) 
Jy y=o nx 

J See W. E. Byerly, Fourier's Series and Spherical Harmonics, p. 74, footnote. 

19 GEOL, PT 2--22 
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The flux across 0 X from x = a to x = x is 

l •xJc dx k X f = - =- loge -. 
a nx 7t a 

(22] 

5. The meaning of the equations just obtained can best be illustrated 
by considering a particular case. Suppose that the ditch A X, fig. 68, 
is 5 feet deep and that the dam 0 A is 2 feet thick. If the bottom of 
the ditch and the dam are both impervious to water, we desire to know 
how much water escapes from 100 feet of the ditch immediately to the 
right of the dam if the soil has an effective size of grain of 0.15 rnm 
and a porosity of 30 per cent, and provided that the water is 1 foot 
lower in the ditch A X' than in A X. 

In this case we have 

f __ 2 X 5 (7.8169 -10] 
---"-------------=-- loge 100, cubic feet per minute, 

7t 

in whi~h the bracket incloses the logarithm of 7c for the kind of soil 
· mentioned, as previously determined in Chapter I, equation (48). The 

factor 2 is placed in the result in order to include the flow of water 
from both sides of the ditch. Performing the computation, we obtain 
f = .09616 cubic foot per Jpinute, or about 5.8 cubic feet per hour. 

If we interchange the functions p and 'if; above, we produce an inter
esting problem which is the inverse of the.given problem. In this. case 
the· straight lines converging toward 0 (fig. 69) become the lines of flow 
and the circles become the lines of equal pressure. In this case we 
may imagine that the ground water is being "created" or "annihi
lated" at the point 0, which point is then designated as a "source" or 
"sink." As a concrete case, we may suppose that there. is a wen at the 
point 0 in which the water is being kept permanently at a constant. 
level below the normal water table, so that the water flows into tile 
well along the straight lines converging at 0. The lines of equal pres
sure are the circles with centers on the axis of the well. The well, of 
course, corresponds to a "sink." 

An extended account of the well problem will be found in Chapter V. 
6. Let the following distribution of pressure be given along the line 

XX': 
p = 0 if x < -1 or x > + 1, and p = 1 if x is between - 1· an rl + 1. 

(See fig. 70.) 
We may easily determine the form of p by means of equation (15): 

P=- tan --+tan-~-- . 1( _11+x 1-x)· 
7t . y y 

(~3) 

The conjugate function is 

(24) 
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From (23) we derive the equipressurallines, 

x 2 + (y- cot c1 7r? = csc2 (Jt 7(' 

and from (24) we derive the lines of flow 

(x + coth Cz 7r)2 + y2 = csch2 c2 7r. 
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(25) 

(26) 

This system of orthogonal curves consists of the two series of circles 
represented in fig. 71 and is the well-known "dipolar" system of circles. 
The velocity normal to 0 X at any point of 0 A is equal to 

kJp] . -~-k-. 
JY 11=o-7tl-x2 

(27) 

The flux normal to 0 A for any region between x = 0 and {YJ = x is 
given by 

f= ~(, dx=- --:t=-tanh- 1x .f . ., 2 kJ:"' dx 2 k 
o 1r 0 1-x 7t 

k l+x 
=-log--. 

7r el-x 
(28) 

This expression gives the amount of water which percolates through 
each side of the ditch for each foot in depth of percolating surface. 

Y. 

~-'------------,-----~0~--------T-----------
P=O !{_ P=J P=I A P=O 

I 
y 

FIG. 70.-Boundary conditions for the problems discussed in sections 6 and 7, Chapter IIL 

The inverse problem to this is the case of a source at A and a sink at 
A', or vice versa. The line of flow from A to A' are shown in the 
rliagram by the lines joining A and A'. The other lines are of equal 
pressure. , 

7. The significance of the above discussion is best shown by a par
ticular example. Suppose that the ditch A A' is 200 feet long, and 
that it contains 5 feet of water. Let the water be 2 feet lower in the 
ditches A X and A' X', and let the dams at A and A' be 1 foot thick.·. 
The perc·olating. surface 0 A is then 5 feet deep by 99 feet long. The 
difference of head under which the water flows is 2 feet, so that the 
flux from 0 A.is 

f=~x5klog 1.99. 
7! ~ .01 
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This result must be doubled to give the flow from A 1 A, and must be 
doubled again in order to account for the flow from both sides of the 

99 
ditch. The number 

100 
appears for x because 0 A was taken equal to 

unity in the· work from which equation (28) was derived. The constant 
k depends upon the character of the soil. If we suppose that the soil 
grains have an effective size of 0.15 mm. and that the porosity is 30 
per cent, the value of 7c will be that used in section 5 above, and desig
nated by the logarithm (7.8169-10). The natural logarithm of 199 is 
5.2833 and the total flowage is easily computed to be 

0.5556 cubic foot per minute. 

FIG. 71.-Lines of flow and lines of equal pressure for the problems discussed in sections 6 and 7, 
Chapter III. Lines of flow are indicated by arrowheads. 

Inasmuch as we are not at present taking account of vertical flow, 
but are merely considering the horizontal motion of ground waters, we 
·must suppose that the bottom of the ditch reaches a level impervious 
stratum, so that no percolation takes place through the bottom. 

8. Let the following distribution of pressure be given along X X': 
p = - 1 if x < _..:. 1, p = 0 if - 1 < x < 1, p = 1 if x > 1, as shown in 
fig. 72. 
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The form of p is easily determined from equation (16) above. 

p =! [tan-t1 + x- tan-tl- x]· 
71' y y 

(29) 

The conjugate function is 

(30) 

The equation of the equipressurallines is, therefore, 

(31) 

and the equation of the Hues of flow is 

(32) 

The orthogonal system of· curv~s consists of the system of rectangular 
hyperbolas and Cassinian ovals shown in :fig. 73. 

To illustrate approximately this case of motion, imagine X X' to be 
a ditch in a soil in a region where the ground water is level. Supp"ose 
the ditch to be dammed at A and B and the pressure of water main
tained in the portions of the ditch X' B, B A, A X in the scale of the 
numbers 1, 2, 3. The water in A X will finally find itself in the ditch 
B X', the water in the ditch to the right of K moving into B X' with
out first passing into A B, and the water in the ditch between A and K 
moving into B X' by first passing into the portion 0 A and out again 
through the walls of 0 B. 

~'----------~----~04------+---------- ~ P=-L A .P=O .P==O A P=+I 

FIG. 72.-Boundary conditions for the problem discussed in section 8, Chapter III. 

If we interchange p and 1), we shall have the solution of the problem 
in which we have either two sources or two sinks at A and B, respec
tively. We may suppose, for example, that a level water-bearing 
stratum is pierced at A and B by two artesian wells which· are· being 
pumped simultaneously under the same loss of head, or which are flow
ing under the same head. Then the hyperbolas in the diagram repre
sent the lines of flow into the well and the ovals represent curves of 
equal pressure. 
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A discussion of the mutual interference of the two wells presented 
by this problem is discussed in Chapter V, section 16. 

FIG. 73.-Lines of flow and lines of equal pressure for the problem discussed in section 8, Chapter III. 
Lines of fiow are indicated by arrowheads. The dotted lines are the asymptotes to the hyperbolas. 
The point K is at the right-hand end of the lemniscate. l 

9. In general, if we have given any distribution of pressure, f~ (x), 
along X X' and any distribution, / 11 (y), along YY', we obtain the follow
ing solution : 

If/, (x) =a and/11 (y) = b, we obtain 

p =a+ ! (b- a) tan-1 ~' (34) 

(35) 
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10. If we have given a distribution of pressure along two parallel 
lines, say 

p =f,(x) when y = 0 

and 

.p = F, (x) when y = b, 

we obtain the following solution: 

1 . ny1' 
00
[ f~ ( (J) 

p = - SID - - 7t . 7f 
2b b _00 cosh 7i (j3- x) - cos -if_ 

+ F., ( (J) Jdj3. 
7t nv 

cosh b (j3 - x) + cos b (36) 

11. If we have given a distribution of pressure around the edges of 
a rectangle, we may express the value of p at any point of the plane in 
terms of four Fourier's series. If the boundary conditions are 

we obtain 

n=oo 

p =f, (x) when y = 0, 
p = F, (x) when y = b, 
p =fy (y) when x = o, 
p = Fy (y) when x:::::;: a, 

· hnnyfa J + Sill ~ F, (fJ) sin nn(J dj3 ) 
sinh nn a 

a 0 

[ ( 

. h n7t ( )fb 2 SID -b- a·- X n7tj3 . nny . + b sin-b- . . n7ra . /y (fJ) sin -b- dj3 
smh -b- 0 . 

n=1 

· · hn7rxfb J Sill b . 
+ . n1ra F v (j3) sin n~(J dj3) . 

s1nh -b- 0 

(37) 
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If the pressure on each of the four sides of. the ·rectangle is h this 
reduces to 

n = oo n7t nn'lj . 

4 ~ h (sinh a (b-y)+ Sinh. -a:-) . 'n7tX 
p = _ - Sill·--

7'( n n7tb . a 
1 sinh---n= a 

If a = b, this becomes 

)'~ (sinh~?: (a- .x) +sinh n7tx) 4 h a a . nny 
+ - - sinh n7t sm -- · 7t n a 

n=l · 

METHOD OF CONJUGATE FUNCTIONS OR CONFORMAL 
TRANSFORMATION. 

(38) 

(39) 

12 . .As previously stated, many important problems in .two-dimen
sional potential can be solved by the method of conjugate functions. 
For the complete theol:'y and the details of the method the reader must 
be referred to special treatises, such as the chapters of Bassett, Lamb, 
and Clerk Maxwell, referred to in section 2, or to A. G. Webster's 
Theory of Electricity and Magnetism (New York, 1897), pages 79-90 
and 307-324, but especially to Gustav Holzmiiller's Einftihrung in die 
Theorie der isogonaleu Verwandtschaften (Leipsig, 1882). 

Briefly stated, the metbQd of conjugate functions depends upon the 
fact that if a finite single-valued and continuous function of a complex 
variable, as, for example, 

f (x + yi), 

be broken up into its real and imaginary parts, say p and 1(-i, so that 

f (X + yi) = 1J + 1Ji, 

then p and 1jJ are each functions of x and y, which satisfy Laplace's 
equation. .Also the equations 
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when represented geometrically for arbitrary values of c1, and cz, give a 
SY.stem of orthogonal curves, one set of which are the equipotential or 
equipressurallines, while the other set are the lines of :flow. 

Stated geometrically, the process consists in transforming the system 
of orthogonal straight lines 

x= c', 
y = c", 

by means of the function or operator /, into a system of orthogonal 
curves 

which curves, like the system, of straight lines, will constitute a m3w 
and possible scheme of equipotential lines and lines of :flow. When 
looked at from this point of view, the process is called "conformal 
transformation," or ''conformal representation." · 

The form of the function f may be selected in an unlimited number 
of ways, and the orthogonal curves may be determined for an unlimited 
number of problems, but it is usually inadvisable to attempt to assign 
in advance the form that must be given to fin order to produce curves 
of a given kind. The usual process is tentative and indirect, and con
sists in assigning the form of f. .An interesting solution of the problem 
of section 13, below, by a direct method, may be found in Webster's 
Treatise on Electricity and Magnetism, page 315. 

In the following paragraphs we shall uniformly employ the notations 

z = x+ iy (40) 

and 

w =f(z) =f(x + iy) = p + i¢. (41) 

13. Let us perform the transformation 

-lz 
w=cosh -, 

c 

or, what is the same thing, the transformation 

that is 

Therefore 

z= c cosh w; (42) 

x + iy = c cosh ( p + i¢) ( 43) 

= c (coshp cos¢+ i ~inhp sin¢). (44) 

x = c coshp cos¢, 
y = c sinh p sin ¢, 

(45) 
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and eliminating p and ¢ in turn, 

(46) 

(47) 

FIG. 74.-Lines of flow and lines of equal pressure for the problem discussed in section 13, Chapter 
III. Lin!3s of flow are indicated by arrowheads. 

These equations represent a system of confocal ellipses and hyper
bolas, as shown in fig. 74. Solving (46) for p and (47) for¢, we obtain 

in which 

p =COsh-1H, 
¢=cos-1H, (48) 

(49) 
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For the values of p and ¢ along XX' these reduce to 

. X 
P = cosh -l - for x > + c and < - c, c . 

for x < + c and > - c, 

·¢=cos -l~ for .v < + c and > - c, . . c 

for x > + c, 

for x <-c. 

347' 

(50) 

(51) 

(52) 

(53) 

(54} 

t Fm. 75.-Lines of :flow and lines of equal pressure for a modification of the problem discussed in sec
tion 13, Chapter III. Lines of :flow are indicated by arrowheads. 

This problem admits of several interesting modifications. If we 
maintain a pressure 0 along the line AB, and a constant pressure along 
any one of the ellipses, then t'9.e hyperbolas are lines of flow as repr~
sented in fig 7 4. If the pressure is maintained equal to - k along the · 

I . 

upper half of one of the ellipses and equal to + k along the lower half 
of the same ellipse, and if A X' and B X are impervious partitions, 
then the lines of flow. are represented by the hyperbolas as marked in 
fig. 75. If the signs of k be reversed in both instances mentioned, the 
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arrowheads will point in the reverse directions. If, however, pressure 
is maintained equal to 0 along A X' and equal to 7t along B X, then the 
ellipses become the lines of flow as marked in fig. 76. Thus we may 
say that fig: 7 4 represents the lines of flow and the lines of pressure 
when ground water is flowing into the ditch A B, or, in the case of fig. 
76, we have the case of ground water flowing from the ditch B X into 
the ditch A X' through the surrounding soil, the water being 3.1416 
feet higher in B X than in A X'. 

FIG. 76.-Lines of :flow and lines of equal pressure for a second modification of the problem discussed in 
section 13, Chapter III. Lines of :flow are indicated by arrowheads. 

The chief value in the results of a problem of the kind just mentioned 
is qualitative rather than quantitative. To appreciate fully all the 
qualitative results that follow from the discussion we must remember 
that any pair of ellipses or any pair of hyperbolas may be taken as 
t}le boundaries along which a constant pressure is maintained; the 
included parts of the orthogonal curves will then represent the lines 
of flow. 

An interesting modification .of the present problem is brought about 
by increasing the di~tance .AB indefinit~ly. In this case the ellipses 



SLICHTER.) MOTION IN HORIZONTAL PLANES. 349 

and hyperbolas become an orthogonal sy~tP.m· ·of ·parabolas as rep:e
sented in fig. 77. The equations to these are 

y2 .= 4p (X + p ), 
y 2 = 4j: (x -'lj;). 

14. Another interesting transformation is furnished by the substitu
tion 

or 

Therefore 

Z='W + e"', 

X+ iy = p + i¢ + eP+i!f, 

X ::;::p + eP COS1f', 

y = x + e~' sin if. 

FIG. 77.-Lines of flow and lines of equal pressure for the problem discussed in ~ection 13, Chapter 
III, as they exist after increasing indefinitely the length of .A. B, fig. 74. Lines of flow are indicated 
by arrowheads. 

The lines of flow and lines of equal pressure are shown in fig. 78. It 
is the case of flow into a porous medium from the canal BB' AA' with 
the impervious walls AB and A'B'. If the lines connecting AB with· 
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A'B' are taken as the lines of flow, then we must have a constant pres
sure maint~ined along BA and B' A' and a pressure zero along XX', 

FIG. 78.-Lines of liow and li.nes of equal pressure for the problems discussed in· section 14, Chapter 
III. (After Helmholtz and Clerk Maxwell.) 

or a constant pressure maintained along BA, with a constant lower 
pressure along B'A', or vice ver.sa1

• 

J See H. von Helmholtz, Wissenschaftliche Abhandhengen, Vol. I, p. 154. 



CHAPTER IV. 

MOTION OF GROUND WATER IN VERTICAL PLANES. 

1. The important distinction between motion of ground water in hor-. 
izontal and the motion of ground water in vertical planes bas already 
been pointed out.I This distinction is necessitated, of course: by the 
important control of gravity upon the motion of anything that has 
vertical freedom of motion, which control becomes nil in case vertical 
freedom vanishes. 
_ The equations of motion for the vertical plane xz, as determined in 

Chapter II, section 4, are: 

u = Jr)P, (1) 
{)X 

w = k {)p + kpg, (2) 
{)Z 

{)2p {)2p-' 
{)xz + {)zz - 0. (3) 

Laplace's equation for the determining of p is the same as in the case 
of horizontal motion, but the boundary conditions are, of course, of 
quite a different character from those occurring in the class of problems 
already discussed. The effect of gravjty is shown by the presence of 
the additional term kpg in the expression for the vertical component of 
velocity, w. 

2. Let the following diagram, :fig. 79, represent a vertical section of a 
rectangular tank :filled. with sanq, having an impervious bottom, but 
with the portions 0 Band 
.A C of the ends made of Y. 
pervious material, such as 

. wire gauze, and so con
structed as to permit the 
free escape of the water. 
Let the distances 0 B and · b 
.A C be represented by b 
and let a given head of 
water, h, be maintained 
above the surface of the 
soil B C. If the distance 

FIG. 79.-Diagram for a problem in the vertical flow of 
ground water. 

0 .A is 2a, we require the 
lines of flow and lines of pressure throughout the soil in the ~ank, and 
the quantity of water escaping at the ends. 

1 See Chapter II, section 4. 
351 
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The boundary conditions are 

P= 0 when x=O, 
p= 0 when x=2a., 
p = h when z = b, 
w = 0 when z = 0. 

This last condition may be written 

Jp =-gp when z = 0. 
Jz 

(4) 
(5) 
(6) 
(7) 

(8) 

Following the usual method for the expression of the solution of 
Laplace's equation in a Fourier's series satisfying the boundary condi
tions, we obtain 

n = oo cosh nn:z 
4h ~ 1 2a . nn:x p =- - Slll--
7( n h nn:b 2a cos --

n=l 2a 

n = oo . h nn:(b-z) 
Sill . 

4gp 2a ~ 2a . n7r.rXJ . + -•- ------ Slll -· 
7T: 7T: nz cosh nn:b 2a 

· n = 1 'ia 

(9) 

In this series n is to take on the values of successive odd numbers 
only. 

From this equation we easily determine by differentiation the expres
sions for the velocities: 

· n = oo h n:;;z 
2hk ~ cos 2a nnx 

'U, - -- ---- cos~-
- a h nn:b 2a 

cos -2 
n=l a 

n=oo . hn77.(b-z) 

L 
Slll 

4g pk 1 ~a n7T:x 
+ ·---:;r- n ~osh n7rb cos 2a ' 

n=1 2a 

(10) 

n = 00 sinh nn:~ 
2hk ~ 2a . n7rx 

W =-- bSlll -
a cosh !!'7!.__ 2a 

n=l 2a 

n = oo h nn(b-z) 

L 
cos 

4gpk 1 2a . n7rx k 
--- - b Sln-+gp. 

7T: n cosh nn 2a 
n=l 2a 

(11) 
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3. The amount of the fluid flowing out of one end is 

f=Jb udz. (12) 

If h be ,taken equal to zero, the integration of (12) gives 

n=oo 

Sa ~[1 f=-gpk -
1Cz nz 

n=l 
n 2 cos~ "-2"-J-] 

(1.'3) 

in which n is an odd number. If we take in turn a = b, 2b, and 4b, we 
obtain the following results: 

Value of a. 

b 
2b 
4b 

Flux. 

(.674) g p k b 
(.737)gpkb 
(.739) g p k b 

In converting these results into cubic feet per minute we must sub-
stitute the value of' 7c used in our previous work for g k in this formula, 
since we have agreed to measure pressure in terms of water height and 
not in dynes or pounda1s. For water the density p may of course be 
placed equal to unity. 

4. The lines of equal pressure for the case of a= b = 10 are shown 
in fig. 80. Water is supplied to the upper surface B C just as fast as 

· it will percolate into the sand, and the end surface A B is the surface 
that is supposed to be constructed of wire gauze or other material per
mitting the free flowage of the water through it. If the end A B be· 
made impervious, the lines of equal pressure will bec~me the horizon
tal lines, marked 0, 1, 2, 3, etc. In the case represented in the diagram 
the lines A B and B C are the lines of zero pressure, and the curves of 
higher pressure are represented by the hyperbola-like curves, marked 
''Pressure= 1," "Pressur.e = 2," etc. 

A remarkable fact brought out .bY this diagram is the distinction 
that must be made between the level at which moving ground water 
stands and the actual pressure to which the ground water is subjected 
at a given point. It is often assumed that the level of the surface of 
the water in a well indicates the position of the water table and that a 
change in the height of water in a well indicates the same change in 

19 GEOL, PT 2--23 
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the level of the water table. This assumption is fallacious, unless the 
water exists in a purely statical condition. For example, the podition 
of the water table in the section A B C D coincides with the surface B C, 
yet the pressure within the section has various values for points on 
the same horizontal line. The variation in pressure along H K is very 
slight, the pressure being zero at H and less than 1~ at K. The pres
sure along M N has various values. but nowhere reaches a value so 

s 
M H 

7 6 5 ..,. .3 2 / 

Pres-. ure= o 

---~ ~ ....... 
.......... 

"' ' 

2 

3 

........ 
~ '\ ~ ~ I ;g ... 

....__ 

~ \ "1 ---.. ~ 

~ II ..... \ 

s 

"' ' '\ \ 
<:) 

C!c>~o.f' 

~ r-.... 
~ 

~ ' \ \ ~ 

~ ~-'\:. - ~ 
~ " ~ \ \ \ - ~ ~ 

7 

9 

~ ~ ' '\ ' \ ---- ' ~ r\ \ ~ I 
K 

FIG. 80.-Approx:imate position of the lines of equal pressure for the problem in the vertical flow of 
ground water discussed in section 4, Chapter IV. The horizontal plane through A D and the 
•ertical plane through C D are impervious. Water is free to escape through the vertical plane 
through A B, and the surface B C is kept covered with a thin layer of water. 

high as 10, which is the pressure that would exist at the bottom if per
colation at A B were stopped and a statical condition prodnced. A 
well sunk at M N would probably show an increasing depth of water 
as the well was dug deeper and deeper. A common well point 
driven to various depths would doubtless show a water level corre
sponding closely to the p;ressure lines in the diagram. An o~dinary well, 
since it can receive water throughout its entire length, would probably 
disturb the equipressural lines in its neighborhood, and the surface 
of the water in the well would not be likely to correspond closely with 
the original pressure line at the bottom of the well. 
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The pressure along AD would be everywhere 10 if the surface A B 
were closed and a statical condit'-on produced. As it is, the pressure 
varies rapidly along AD, but does not reach the value 10 at any point. 

We conclude, then, that the wells in a given district mig~t b~ seri
ously interfered with by the construction of a drainage flume near them, 
and yet the water table in the neighborhood of the wells might show 
but little change of level. Nevertheless it is sometimes maintained 
that a drainage flume can not be the cause of the lowering of the water 
in the wells of a district unless the amount of water entering the flume 
in a given time after it is first used is enough to lower the entire water 
table of the district by an amount equal to the measured fall of the 
wells during that time.. Thus, if the wells of a district containing one 
square mile are found to have fallen one foot after a new drainage flume 
has been used for a month, and if the water-bearing. soil contains 20 
per cent of water, then the argument is that the drainage flume has 
not caused the fall of water in the wells unless the flume has actually 
taken oft' t of 5,280 2 cubic feet of water in the month considered. A 
general lowering of even a few feet in the water table of a district repre
sents an enormous amount of water, and a flume is seldom likely to be 

• held responsible for an interference with wells if tested by the principle 
just mentioned. The lowering of the wells, although a fact, would have 
to be explained by the hypothesis of a "dry season" or by some other 
convenient hypothesis. 1,he facts as represented in fig. 80 show, how
ever, the fallacy of the.argument. The flume may not cause a lowering 
of the water table for any great distance from its walls, but the lowering 
of the pressure, as indicated by the lowered position of ~he water sur
face in the wells, may extend to great distances. This h; a fact that 
nonmathematical reasoning shows must exist. The water supply for 
the flume comes from the surrounding soil; hence the water in the soil 
is in motion. The motion of tlie ground water against the resistance of 
the capillary spaces of the soil requires the existence of an adequate 
moving agent. This moving agent must be a pressure gradient extend-

. ing away from the walls of the flume. This pressure gradient must 
come into existence as soon as· the water begins to move and before 
there is time for au appreciable lowering of the water table to take 
place. The drop in the water level in the wells shows the change in 
pressure of the water in the surrounding soil and does not necessarily 
indicate a change in the position of the water table·. 
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5. If a is indefinitely increased in length, the Fourier's series in sec~ 
tion 2 becomes a Fourier's integral of the form 

;;
00;;00 . . 1 sinha b-

P =- ·-· (h -··by) [cos a (f3- x)- cos a (f3 + x)J gpdf3da, 
7t 0 a cos a · 

.(14) 

d 
. 7 Jp 

an , Since U = iC oX' 

u = ~ f
00 

foo sinh ah(b ~ Y) [sin a(f3 -x) +sin a (f3 + x)j gpdf]da. 7(Jo Jo cos a . 
(15) ' 

For x = o, we get 

Uo = 2 k g p ~inh a (b -_Y) sin af3df3da, lo
~oo;;oo 

7t .0 cosh a b 
(16) 

and from D. Bierens de Haan's Nouvelles tables d'integrales de:tinies, 
table 265, formula 2, we secure the integration and obtain 

1
00 • h/3 7r • b-y 7( 

SID -SID--·-

Uo = 2 gbp k O 2 b b 2 d j3 
cosh fi_ !!_+cos (b-y) 7! • 

b b 

Changing the variable to t = cosh 1 ], we get 

u _2 g p k si'n b- Y!!_ioo dt 
o-. 7( " b 2 1 t2- a2 

I 

2gpk , y7! = - -- log tan - -. 7( b4 

The flux at one end is then 

j )b j~rr/4 2 · k 
gp Y7! 

f = u dy = -- log tan - - dy 
w 0 7t . b 4 

8 " (-1)" 
= n2 b g p k .i,_; ( 2 n + 1) 2' 

by Bierens de Haan, table 286, formula 11. We may then write 

8 [ 1 1 (1 1 1 f= n2 b g p k (1 + 32 + 52 + . . . ) - 2 32 + 72 + 1P + 

( 
16 [ 1 1 = b g p k 1 - 7(2 32 + 72 + ... ]) 

= (.7420) b g p k. 

. (17) 

(18) 

(19) 

(20) 

(21) 

(23) 

(24) 
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6. The meaning of this "formula is illustrated by the following 
problem: 

A bed of sandstone 200 miles square and 100·feet thick has one side 
exposed so that seepage takes place freely. What annual rainfall can 
·be disposed of by this bed of sandstone if the stone have a mean size of 
grain of 0.15 mm. and a porosity of 30 per cent~ 

The distance of 290 miles is so J.arge in comparison with 100 feet that 
we may suppose a to be infinite. The constant k for stone of this kind 
is given in section 12 of Chapter I, but the constant there used is equiv
alent to g k of the present problem (equation 24), as pressures were 
measured in feet of water in the formula of section 12. Taking. 
[7.8169-10J, the logarithm of the constant k, from that work, and sub
stituting p = 1, b = 100 in equation (24) we obtain 

f= [9.8169-10] X (.7420) 
- .4867 cubic foot per minute 

as the flux from each linear foot of the clifl:'. This flux requires a rain- · 
fall of 0.00864 inch per day, or 3.153 inches per year, over the area 200 
miles square to furnish an adequate supply of water. 



CHAPTER V. 

FLOW OF ARTESIAN WELLS AND THEIR MUTUAL 
INTERFERENCE. 

1. We shall first attempt to compute the flow into an artesian well 
which completely penetrates a level homogeneous water-bearing stratum, 

IMP£RVIOVS 

STR,IITUM 

~~·o .. 

WATER BEARING 

STRATUM 

r 

height ofwa.Ler /n welL 
when-pumped. 

t 

FIG. 81. -Section of a well which completely penetrates a water-bearing stratum. 

the stratum being overlain and underlain by impervious material. Let 
:fig. 81 represent a section through the well and rock, and let 

r =radius of ~the well; 
a = thickness of water-bearing rock; 
h = amount of lowering of water in the well by pumping. 

358 
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The amount of water flowing into the well under the constant head 
h can easily be deducted from the general equations of Chapter II, sec
tion 3, first transforming the equations to polar coordinates, or it may 
be deduced from the inverse of the problem of section 4, Chapter III, 
but it is quite as easy and more instructive to proceed independently of 
these gener"'Jl methods. 

The velocity at a point P distant p from the axis of the well is given by 

dp 
'V = k dP' 

in which p represents the pressure at the point P and in which k repre
sents a constant 1 determined by experiment or estimated from theoret
ical considerations as explained in. Chapter I, eqt{ation (47). We also 
know that the ·velocity toward the well must vary inversely with the 
distance from the axis of the well, since the circumferences of concentric 
circles with their centers on the axis of the well are crossed by equal 
amounts of ground water in equal times. Thus we have 

c 
'V = __ , (2) 

p 

in which cis a constant to be determined. From (1) and (2) we write 

and from this we derive 

c loge p = kp + O, (4) 

in w~ich loge stands for the natural or hyperbolic logarithm. We know 
thatp = h when p = r. If we assume that R is the distance from the 
wall of the well at which the pressure may be assumed to be equal to 
its normal value (that is, p = 0 when p = R + r) we obtain · 

Whence, 

c loge (R + r) = C, 
c loge r - kh = C. 

c loge r = kh + c loge (R + r). 

Therefore, 

kh 
c 

( 
R -=km,, 

loge 1 + r) 
in which 1n is a constant. 

(5) 
(6} 

(7) 

I k iS the quantity Of water that WOUld be transmitted in Unit time through a cylinder Of the StOne 
of unit length and cross section, under unit difference in head at the ends: 
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Substituting the constant c in (2) we obtain 

lch v- . 
- p loge ( 1 + ~) (8) 

The velocity at the wall of the well is found by placing p = r; and 
by multiplying the velocity at the wall of the well by 2 n r a, the sur· 
face of the well, we obtain an expression for the total amount flowing 
into the well in unit time, or 

f- 2nhlca 

-loge (1 + ~) 

2nhka b. fi . 9 

( 
600)cu IC eet per mmute. ( ) 

loge 1 +- · 
r 

Tbe reason for taking R = 600 feet will be explained later. 
By substituting tbe value of the constant c in equation (4) we 

obtain 

and since p = h when p = r, we obtain 

loge-Rp +r 
p=h---r ' 

logeR+r 

(10) 

(11) 

which is the law of variation of the pressure along the radius vector p. 
pis seen to be of the form (as indeed equation (4) shows), 

p = rn loge p + C, (12) 

which agrees with equation (18), Chapter III. 
By using the fluxf as the constant instead of h, we may write (11) in 

the convenient form 

(13) 

2. To illustrate the use of these formulas it is well to apply them at 
once to a particular case. Suppose, for example, that we have a 6-inch 
well penetratjng a level bed of water-bearing sandstone 100 feet thick, 
and that the sandstone has an effective size of grain of 0.15 mm. and a 
porosity of 30 per cent. What is the quantity of water furnished by the 
well if the water in the well be lowered by pumping 10 feet below its 
normal level~ 



SLICHTER.) FLOW OF ARTESIAN WELLS. 361 

Here h = 10, a= 100, r =·1/4, and the value of kmay be taken from 
equation (47), Chapter I, where we find 

d2 
k = [1.184~] K, 

or, with the values of d and k substituted, as written in equation '(48), 
Chapter I, 

k = [7 .8169 - 10], 

in which the bracket incloses the logarithm of the true value of k. 
The value of R, or the distance from the wall of the well to a point at 

· which the pressure is essentially normal, is usually taken as 200 meters, 

or about 600 feet. 1 The natural logarithm .of (1 + ~) is· in this case . r . 
7.7835. From this data, equation (9) furnishes the flux of the well. 

f = 5.234 cubic feet per minute. (14) 

4 

3. If we assume a larger sized soil grain and a larger porosity, say 
d = .25 mm. and porosity = 32 per cent, the other elements of the 
problem remaif!ing the same as above, we shaH, of course, optain a 
much larger flow. The value of k for the data just given can be found 
in Chapter I, equation (49). It is there found to be [8.3537 -10], which 
gives a flux of 

f = 18.01 cubic feet per minute. (15) 

4. It is observed from formula (9) that the yield of a well is directly 
proportional to the amount that the surface of the water in the well 
is lowered by pumping. The statement for a flowing artesian well 
should be, of course, that the yield is proportional to the change in 
head from a static to a flowing condition. In the case of flowing wells, 
however, tho yield may be largely or entirely controlled by the capacity 
of the tubing or well hole to transmit ~water. The equation ·(9) is 
obtained on the assumption that the bore of the well is large enough 
to carry off without appreciable resistance all of the water furnished 
by the percolating surface of the well. Undoubtedly, in many actual 
cases, where, for example, the s"tone is very coarse-grained and the 
static pressure at the well is enormous, the controlling fact is the 
capacity of the pipe and well-hole to carry water. In a given instance 
the effect of the frictional resistance of the tubing and well wall may 
be taken account of by means of the usual hydraulic formul::e or tables 
for the flow of water through pipes, as will be illustrated later. 

5. If the capacity of the pipe and well is sufficient to carry off, with
out appreciable resistance, the water that comes to them, 3fn increase 
in the size of the ,well will have but a slight effect on the amount of 

l This seems to be the value used by Lueger, Friihling, and other Continental authorities. 
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water furnished by it. This is because that part of the expression for 
the flux of the well which depends upon the radius of the well, namely, 

R loge (1 +- ), r 
(16) 

varies but slightly foF a variation in r. In fact, if we compute the flow 
of a 2-inch, a 4-inch, and a 12-iuch well, with all other circumstances 
the same as in the last article, we obtain the following results: 

TABLE IV.-Capacity of 'Wells of vm·ious sizes, extending 200 feet into sandstone of a given 
kind, flowing undm· 10-foot head. 

[No allowance is made for friction on sides of well or pipe.] 

Is;,. or, .. nl Capa~tt, 
.

1 

per mmute. 

Inches. Oubicjeet.l 

2 15.79 

4 17. 11 

Li_t ~::~~I 
Of course the friction in the 2-inch well would cut the above figures 

down enormously, but the figures for the 6-inch and the 12-inch wells 
would not be, modified materially for any length of suction pipe that 
would probably be used. 

6. To illustrate the important part which pipe friction plays in the 
capacity of these wells, let us suppose that in case of each of the 
above wells the friction of well wall and suction pipe is equivalent to 
200 feet of straight pipe of the same size as the well. By the use of 
Weston's Hydraulic Tables 1 we are able to take account of the retard
ing influence of friction. Turning to page 55 of Weston's table, we 
notice that a mean velocity of 12 feet per second (which corresponds to 
the computed flow of 15.79 cubic feet per minute for the 2-inch well) 
would require to maintain it a head of 24.62 feet per 100 feet.. Inas
much as we have assumed in the above problem~ that the total effect
ive head available is only 10 feet, it is plain that a capacity of 15.79 
cubic feet per mi~ute is impossible for a 2-inch well if we count the 
resistance of 200 feet of pipe. On page 54 of the same table we note 
that a vel~city of 4.08 feet per second gives a loss of head of 3.63 feet 
per 100 feet or of 7.3 feet per 200 feet. This would leave but 3.6 feet of 
the available head of 10 feet to produce a flow into the well, which, 
then, would give a velocity of only 36 per cent of 12 feet per ~econd or 
4·.3 feet per second. This nearly agrees with the tabulated velocity 

-- ---~·- ---·--------
t Edmund B. Weston, Tables showing loss of head clue to friction of water in pipes, New York, 1896. 
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4.08, so that the actual capacity of the 2-inch well is about 36 per cent 
of 15. 79, or about 5. 7 cubic feet per minute. 

The particular entry in Weston's table that gives the desired correc. 
tion can easily be found by a few trials. The correction· for a 4-inch 
well can be found on page H7. The flow, 17.11 cubic feet per minute, 
found above corresponds to a mean velocity of 3.3 feet per second. .A 
mean velocity of 2.81 feet per second gives, from page 97 of Weston's 
table, a loss of head of 1.83 feet per 200 feet. This is a reduction of 
head of 18.3 per cent of 10 feet, and a reduction of.18.3 per cent from 
the mean velocity of 3.3 gives a velocity of 2. 7, which is fairly close to 
2.81, the velocity used. .A reduction of 18.3 per cent from the capacity 
17.11 found above for the 4-inch well gives a corrected value of about 14 
cubic feet per minute. 

The correction for the friction of 200 feet of 6-inch pipe for the 6-inch 
well gives a reduction of about 3 per cent in the capacity of the well, 
or a corrected value of 17.5 for the flow in cubic feet per minute. The 
12-inch well presents but an inappreciable amount of friction. 

The results just found are given in the following table: 

TABLE V.-Capacity of the wells of Table IV, allowing in each case for the friction of 200 
feet of pipe same size as well. 

Size of Capacity 
well. per minute. 

Inches. Oubicjeet. 

2 5. 7 

4- 14.0 

I 
6 ~~-~~·' 

---12---~ 
The variation in pressure in the water-bearing stratum as we pass 

away from the well along a radius is. given by equation (10) above. 
It is seen from this that the greatest drop in pressure is in the imme-

- - --r-r----- .... __ 
............. 

Ft. 20 19 18 17 16 15 14 13 12 11 10 9 8 6 5 4 

......... 

' \ 
\ 

2 

Ft. 

5 

3 

2 

0 0 

FIG. 82.-Curye showing the variation in pressure in the neighborhood of a 6-inch well. .A.bscis,;as 
inilicate distance from well and ordinates pressure. The total drop in pressure in the well is sup-
posed to be 10 feet. ' 

diate neighborhood of the well, although the pressure gradient is 
nowhere very high. The variation in pressure for the well described in 
section 2 is shown graphicaUy in fig. 82. The gradient becomes less 
and less as we get farther from t?e well, finally vanishing altogether. 
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TABLE VI.-Drop in pressure at va1·ious distances from a 6-inch 1oell which is lowered 
10 feet by pMrnping. 

Dropin Distance Dropin Distance from center pressure. of well. pressure. from center 
of well. 

Feet. Feet. Feet. Feet. 

10 0.25 5 12.25 

9 . 54 4 26.67 

8 1.19 3 57.52 

Li 2.~8 2 126.50 I 
5.62 1 275;50 

7. If a well does not pass entirely through the water-bearing stratum, 
the facts controlling its :flow· are somewhat modified. An exact mathe
matical treatment of the problem is probably possible, but a simple and 
roughly approximate method is all that seems to be warranted at 
present. It is probably accurate enough for our purposes to suppose 
that the ground water flows into the end of the well in about the same 
way that it would :flow into a hemispherical cavity, as shown in fig. 83. 
The problem consists, then, in first determining the :flow of ground water 
into a spherical cavity within which the pressure is reduced below the 
normal by an amount equal to the effective head of the well. 

Let r be the radius of a spherical cavity into which ground water is 
:flowing with an effective head equal to h. If pis the distance of any 
point P from the center of. the spher.e, we have for the velocity at that 
point 

dp V=k-. 
dp 

(17) 

The velocity along the radius vector to the point P must vary inversely 
as the square of its distance p from the center of the sphere, since equal 
volumes of water must pass each of the conc~ntric spherical surfaces in 
equal times. That is 

v = _£' (18) p2· 

where c is a constant to be determined. Substituting this value of v 
in (17) and integrating we get 

kp =-~+c. 
p 

We know p = h when p = r, so that 

Whence 

c c 
k (h-p) =-- -. 

p r 

rp c = k (h-p) --· 
r -- p 

(19) 

(20) 

. (21) 
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If we write v .. as the velocity at the wall of the spherical cavity, we 
have from (18) 

(22) 

and substituting the value of c from (21) 

- k (111- p) p 
v- --· .. r r-p' (23) 

as p increases _P_ ap}Jroaches - 1, while p approaches 0, whence 
r-p . . 

.H 4 v,=r' (2) 

wherein the negative sign has been negle~ted, since it merely signifies 
that the velocity is directed toward the center of the sphere. 

Multiplying v by 4 7t r2, the surface of the sphere, we get the flux into 
the spherical cavity to be 

q = 4 7t khr (25) 

and for a hemispherical cavity, 

. q = 2 7t khr. (26) . 
8. The flow into the end of a well of radius r must present an analogy 

to the flux into a hemispherical cavity. To estimate the amount of this 
flow we may imagine that the end portion of the well of height r and 
diameter 2 r is converted into a hemisphere of equal surface; we take 
the surface of the end portion of the well mentioned above as 3 7t r 2, the 
radius of tl;te equivalent hemisphere will be v'f r and the flow into this 
will be, by (26) above, 

q = 2.5 7t khr, (27) 

in which r is the radius of the well. 
The formula for the flow into a well which does not pass thr~ugh 

. the water-bearing stratum is then 

27thk(a-r) · 
f = c· 600) + 2.5 7t khr. 

loge 1 +r 
(28) 

If the well passes through strata of various structure and various 
degrees of fineness, as is usually the case, then if k 17 k2, • • • be 
the constants for the various strata of rock or soil, and if a1, a2, ' • • • 

be the tllickness of the various strata, then (28) must be broken up 
into parts as ~ollows : 

f 
_ 2 7t h ( k1 a1 + kz az + ... ) 

2 5 
k 7 

- ( 600) + . 7t " ttr. 
loge 1 + r 

(29) 
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9. To illustrate the application of (28), suppose that the well of the 
problem in section 3 extended but 50 feet into the sandstone. Then, 
without the end correction, the flow of the well would be 9 cubic feet 
per minute. Equation (27), using the value of k from section 3, gives 

FIG. 83.-Diagram illustrating the flow into the bottom of a well. 

the end flow to be 0.44: cubic foot per minute, which is 5 per cent of the 
total flow. 

10. Suppose, however, that the well is 20 feet in diameter and has a 
depth of 22 feet, the soil grains and porosity remaining the same as in 
sectiou3. We desire to know the capacity of the well if the water is 
lowered 10 feet by pumping. We may consider the lower 10 feet of the 
well to constitute a case of (27) with 1· = 10, the side flow of the upper 
12 feet to be determined by formula (9). For the data of this problem 
(27) becomes 
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q = 2.5 7[ [8.3537 -10] 10 x 10 = 17.73 cubic feet per minute, 

and (9) becomes 

2 7[ [8.3537 -10] 10 X 12 . . f = 1 61 = 4.14 cubic feet per mmute, , oge . 

or a total flux of 21.87 cubic feet per minute. 
11. The following table gives the theoretical flow of a 6-inch well in 

a bed of sandstone 100 feet thick for the effective sizes of grains given 
jn the table and when the water is lowered the distance named by 
pumping. The porosity has been assumed to be 32 per cent and the 
temperature taken equal· to _10° 0. Of course many of the results 
tabulated for large-grained material and high pressure are entirely 
fictitious,. for a 6-inch well can not transmit enormous amou,nts of water 
under such moderate heads. To derive true results from the tabulated 
figures, the depth of the well and the length of the suction pipe must 
be given, so that the friction may be taken account of by means of 
vVeston's tables, as explained above. 

TABLE VII.-Capacity of 6-inch well extending 100 feet in materia.l of vm·ious kinds1 fo1' 
·wrious heads of p1·essure. 

(Flux in cubic feet per minute. Porosity, 32 per cent; temperature, 10° C.] 

1

---;:-

--~rain. _ 

Mm. 

0.02 
.04 
. 06 
.08 
.10 
. 20 
. 40 
.60 
.so 

~ 

I 4-foot head. 

0.0473 
.1893 
. 5796 
.757 

1. 083 
4.73 

18.93 
57.96 
75.7 

170.3 
1,065 

8-foot head. 

0.0946 
.3786 

1.1592 
1.514 
2.166 
9.46 

37.86 
115.92 
151.7 
340.6 

2,130 

12-foot head. 

0.1419 

-~679 

1. 738 
2.271 
3.246 

14. 19 
56.79 

173.8 
:d27.1 
510.9 

3,195 

16-foot head. 

o. 1892 
. 7572 

2.318 
3.028 
4.332 

18.92 
75.72 

231.8 
302.8 
681.2 

4,260 

20-fo ot heod.l 

I 
0.2366 

. 9464 
2.898 
3.785 
5.915 
3.66 
4.64 
9.8 
8.5 

2 
9 

28 
37 
85 

5, 32' ~ 
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WELLS IN A REGION IN WHICH THE GROUND WATERS HAVE 
A CONSTANT VELOCITY IN A GENERAL DIRECTION. 

12. We may suppose that the ground water in a given region has a 
general motion, due to the dip of strata, to a sloping water table, or to 
any other cause. ~uch general motion does, of course, take place in 
nearly all cases of the existence of ground water, 1 but it is only in those 
cases in which the motion is of appreciable magnitude that a consider
ation of it is of much importance. 

13. Assume that a water-bearing stratum has a uniform dip of m feet 
in 100 feet and that the ground water has a motion corresponding to the 
slope of the strata. We must then conclude that the lines of flow are 
straight lines parallel to the dip and that the lines of equal pressure 
are straight lines perpendicular to the dip, forming a checkerboard 
arrangement with the lines of flow. If a well be placed in this region, 
the checkerboard arrangement of lines will be disturbed and a new set 
of lines of flow and lines of equal pressure will be established, which 
will be a combination between the lines for the well and the lines for· 
the dipping stratum. 

The lines of flow and pressure can be drawn· for the combination of 
two cases of flow, if the lines be known for the separate cases, by a 
very simple device. To illustrate the method let us draw the lines of 
flow for the case above mentioned. The lines of flow for the well are 
straight lines converging to a point. The lines of flow for the dipping 
strata are a set of equidistant parallel line::;. Let both sets of lines be 
drawn, as in fig. 84. .As a result of this construction the plane is 
divided up into a large number of quadrilaterals, as A C B P, etc. 
Indicating on each side of these quadrilaterals the direction of motion, 
a diagonal may be drawn possessing the elements of motion due to 
both systems of lines. In fig. 84 the lines are purposely drawn far 
apart in order to illustrate the method of drawing. If the lines of flow 
be taken closer together, it is easy to draw the resulting curves with 
great accuracy. Sixty lines of flow were used in drawing the curves 
of Pl. XVII. 

14. Having drawn the lines of flow representing the combination 'of 
two sets of lines of flow, it is easy to combine with the resultant lines 
any other desired system of lines. Thus by combining the lines of 
flow of a second well at Wz with the line of flow of P~ XVII the lines 
of fig. 85 result. If one well is drawing more water than the other, 
then the number of lines of flow for the wells must be in proportion to 
the flow of each. Doubling tbe number of lines of flow corresponds 
to the doubling of the velocity of flow. 

In fig. 85 the well W 1 draws water from the region above the curved 

1 See Indications of the movement of water in the chalk formations, by Latham: The Engineer, Vol. 
XLIV, p. 320. 
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line AN B ouly.' The well \V2 uraws water from the region between 
the curved line A N B aud a similar but flatter curv~ passiug throug-h 

FIG. 84.-Diagram illustrating method of drawing lines of flow into wells. 

0 and D. 'fhe water below this last curve never reaches eitller 
well, but continually passes away in the direction indicated by the 
arrows. 

19 GEOL, P'l' 3--~4 
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15. The analysis of the problem of the well in a region of moving 
ground water is quite simple. The variation of pressure in the direc-

FIG. 85.-Lines of flow into two interfering wells in a region in which the ground water has a motion 
in a general direction. The diagram assumes that the general motion of the ground water is from 
north to south. 

tion of flow in a uniformly dipping stratum may be written loO' if x is 

measured in the direction of flow and if 1n represents the drop in pres-
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sure per 100 feet. Combining this with equation (11) above, we may 
write as the law of pressure for the combined problem 

or in polar coordinates 
. p 

1 
loge R+r mp cos 8 

p = rt r + -----roo- . 
loge R + r 

(31) 

The flow into the well is unmodified by the general motion of the ground 
water, for the loss of velocity on one side of the well is just balanced 
by the gain of velocity on the other side. 

The point S is easily determined, for it is the point at which the 
radial velocity toward the well is zero. That is 

dp] _ h 1 + m 
dp o = o -

1 
r p 100' 

oge R + r 
(32) 

wllich is zero if 
. 100 h 

P =WS=--- . 
· ·1n r 

loge R + r 
' (33) 

If h = 10 feet, r =! foot, and R = 600 feet, 

WS = 
128

·
48 

feet. 
1n 

(34) 

If tlle slope of the ground water is 1 foot per 100 feet, m = 1 aud 

WS = 128.48 feet, 
WP = (1.578) WS = 202.7 feet. 

MUTUAL INTERFERENCE OF TWO WELLS. 

16. Suppose that two wells penetrate the same water-bearing stratum. 
If the wells are not too far apart, and if one or both be pumped for a 
considerable time, an interference of one of the wells upon the supply of 
t:he other will soon be developed, which interference may show itself by 
a marked lowering of the water in one of the wells below the point at 
which it would stand if the other well did not exist. It is now proposed 
to investigate this subject mathematically. We shall suppose at first 
that the two wells are alike in size and in all other respects, and by· 
the interference we shall mean the comparison of the flow of either 
well when both are lowered by pumping a stated amount with the flow 
of the same well under like circumstances, supposing the other well to 
be nonexistent. 
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17. Consider t~o wel1s of the same size, distant 2ct; feet from each 
ot.ber and penetrating the same l>ed of water-bearing strata. Let P 

) 

y 

FIG. 86.-Diagram for the problem of the mutual interference of two or three wells. 

(fig. 86) be any point in the stratum distant p 1 from the well \V1 and 
distant p2 from the well W 2• From equation ( 12) above the reduction 
in pressure at the point p due to wl is 

p' = rn' loge Pt + c', 

and the reduction in pressure at the same point due to Wz 

p" = m" loge P2 + c", 

whence the reduction in preRsure due to both wells is 

p =P' + p" = m.i loge Pt P2 + C1. 

(3;)) 

(3G) 

(37) 

It is convenient to pass to rectangular coordinates by the substitu
tions· 

which gives the equation 

p = 11n1 loge [Y2 + (x- a)2J [y2 + (.v + a)2
) + c1• 

To determine the cons~ants ·1n1 and c1 we may write 

' y = 0, and :x; = a + r; p = h; 
y = 6; and x =a+ 600; p = 0; 

(38) 

(39) 

(40) 
(4~) 

the last condition. meaning that the reduction of pressure is assumed to 
be zero at a distance of 600 feet from the well, as explained in section 2 
above. From the conditions (40) and (41) we determine that 

h = 2- m .. 1 loge (r 2
) (r 2 + 4a1· + 4a 2

) + c1, 

0 = 2-m..1 loge (600 2
) (600 2 + 2400a + 4a 2

) + c1, 
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aml neglecting the square of r _in comparison with 4a we may write 

2h 
'mt = --- ~- . ---.--- -- ..... ····--. ·-- -- -- (42) 

loge (4ar3 + 4a2r 2)-loge 360000 (2a + 600) 2 

and 
(43) 

18. The flow into each well can easily be determined, for while the 
velocity of ·the ground water is very slightly greater on the right side 
of \V1 than on the left side, yet the average velocity is very nearly 
equal to the velocity normal to the line OX. at the point (a., r). This 
velocity can be easily found, inasmuch as we have the general telation, 

V=k}P, 
JS 

from Chapter II, section 2. Thus we find from (39) above that 

(1p m1 y I m1y 
Ji; = yz + (x __:_-a,)z + yz + (x+ a)z' 

aml for ,x; =a andy= r this becomes 

(lp 2r2 + 4a.2 m1 

(1y = m1 (r2 + 4a2)r=-r· 

(44) 

(45) 

The last substitution is made on the assumption that r is much smaller 
than a., as is the case unless the wells are but a few feet from each 
other. 

The average velocity at the wall of the well is then 

(46) 

I in which m1 has the value given in (42) above. 
19. Suppose that the wells W1 a.n<\ W 2 are 6-inch wells, and that the 

water is lowered 10 feet in each well by pumping, and that the wells 
are 200 feet apart. Then in ( 42) h · 10, r = !-, a= 100, so that we find 
that 

'll~t = 1.087. 

The velocity at the wall of a single well is, from (2) above, 

km 
v = -, ... , 

in which, from (7) above, 

Prom the data given 
10 10 

m = iog~- 2401 = 7.8725 = 1.270· 

(47) 

( 48) 

(49) 

(50) 

Now, the velocity of ground water at the wall of one of the two we11s 
is to the Yelocity at the wall of a single well as 1.087 is to 1.270. Thus 
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e~ch of the two wells under discussion will have a flow 15.35 per cent 
less than the flow of a single well of same size. We shall describe this 
fact as an" interference of 15.35 per cent." ' 

Keeping the size of wells and the amount of lowering by pumping, 
the same as above, but gi.ving various values to the distances between 
the wells, we have computed the results given in Table VIII. 

TABLE VIII.-Mutual interference of. two 6-inch wells placed various distances apart. 

Distance Interfer- Distance Interfer-apart of apart of 
wells. ence. wells. ence. 

Feet. Per cent. Feet. PM""'·i 5 38.33 200 15.35 

~ 
34.53 400 

~ 0 20.09 1,000 3 

20. The lines of flow into two interfering wells are shown by fig. 87. 
(See also fig. 73, Chapter III.) The lines of flow into two wells, one of 

FIG. 87.-Lines of flow and lines of equal pressure for two interfering wells of equal capacity. The 
lines of flow are indicated by arrowheads. 

which is furnishing twice as much water as the other, may be easily 
drawn by the method explained in section 13. The lines of flow into 
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the well of double capacity should b<r represented by twice as many 
rays as there are used for the lines of ·:f:l~w of the smaller well, and 

:FIG. 88.-Lines of fl. ow for two inferfering wells in the case in which one well bas double the capacity 
of the other. The well W 1 is here represented to have double the capacity of the well W 2• 

simiiarly for any other ratio of flow. Fig. 88 was drawn in thi:s man
ner, W 1 having twice the capacity of Wz. 

MUTUAL INTERFERENCE OF THREE WELLS. 

21. In fig. 86, let W 1, 0, and Wz represent three ~ells of the same 
size penetrating the same water- bearing stratum. We desire to deter
mine the interference of the wells upon each other, and for that purpose 
we shall compare the flow of one of them with what wou~d be its flow
were the other two wells nonexistent. It is supposed that the water 
is lowered the same amount in each well by pumping. 

The reduction in pressure at the point P is found in an entirely 
analogous way to that of section 17. It is easily seen to be 

p = -k m2 loge (y2 + [x- a]2
) (Y2 + [x + a]2

) (x2 + y2
) +c2• (51) 

The constants 1nz and Cz may be determined from the data 

y = r, x =a, -a, or 0, whenp = h, 

x=O, y=600, whenp=O. 

From these considerations we find 

h 
'lnz - ---o-:~o-n-,-----..-:-~,------.---,.-, 

-loge (6002 + a 2)-600 -log·e a2r 

Cz = -ntz loge (6002 + a2
) 600. 

(52) 

(53) 

(54) 

(55) 
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22. Proceeding exactly as in section 18, we find that the average 
velocity into the wells is proportional to 

(1p mzy 'mzY 'lnzy (56) 
iiJ = y2~- ( .x:- a? + y2 + ( .r + a,) 2 + ,l:z + yt.' 

for the values 

This gives 

.'C = 0, y = 1·, 

x = ·a, .71 = r, .• 
x=-a, Y='~"· 

J P] 2 '1Jlz1' ?nz 

Jy X= 0 = rZ + ((} + r' 

Jp] _ ~r___ _ -~~__!___ mz. 
,1y x = ± a - '1"2 + 4 a,2 + r2 + at + r 

(57) 

(58) 

Since a, is large in comparison with r, both (57) and (58) reduce to_21~, so 
r 

tbat the average velocity at the walls of either of the wells is 

• _ 'lrtz k 
'V- . 

r 
(59) 

23. SupfAlSe that the wells are 6-inch wells and that the water sur
face is lowered 10 feet by pumping. We may then determine m2 from 
(54) by putting h = 10 and 1· = t· By taking a equal to 5, 10, and 100 
feet in tnl'n, we find for the corresponding values of 1nz, 

a = 5, · ?nz = .576; 
a= 10, m2 = .626; 
a= 100, m2 =·.878. 

The value of m. for !1 single well of same size all(l under same bead was 
found (equation (50) above) to be 

1n = 1.270. 

Therefore, since the flow into one of tbe three wells bears tlle same 
ratio to the flow into a single well as m2 bears to m, the interferem:e 
may be written as percentage~ as follows: · 

TABLE IX.-Mutua-l intm:(e1'ence of th1·ee 6-inch 1rell8 placed ra1'i0118-distance8 apart. 

1 Distance 
between 

wells. 

Feet. 

5 

10 
100 

Interfer· 
t·nce. 

l'er cent. 

55.0 
i'i0.7 
30.9 
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By comparison of these results with the results of section 19, some 
interesting conclusions are reached. Thus it follows from section 19 
that two wells 10. feet apart will furnish 131 per cent of the tlow of 
a single well. If a third well be placed half way between them, so as 
to mal\e three wells 5 feet apart, we see from the table just given that 
the total flow from the three wells taken together would be but 135 per 
cent of the flow of a single well. The gain on account of th_e ~xtra well 
is seen to be very slight-but 4 per cent. If, however, the distances 
apart are greater, say two wells 200 feet apart, the total flow from th_e 
two combined is about 169 per cent of the flow of a single well. If, 
now, a third well be placed half way between the two so as to make a 
row of three wells 100 feet apart, the total combined flow from the three 
wells is about 207 per cent of the flow of· a single well. 

24. With aU tbe conditions the same as in the case of the 20-foot 
well of section 10, what will be the capacity of the 20-foot well, if one, 
two, and three 6-inch wells extend through the bottom of the 20-foot 
wen 200 feet into the sandstone"? 

The cavacity of the 20-foot well was found in section 10 to be 21.87 
cubic feet per minute. The capacity of a single 6-inch well in the 
given material is given in section 3 as 18.01. cubic feet per minute for 
a well 100 feet deep, and is consequently 36.02 cubic feet per minute 
for a well 200 feet deep. This makes a total capacity of 57.89 cubic 
feet per minute, if we ueglect the interference of the 20-foot well upon 
the small well. As a matter of fact, the pressure varies inversely as 
tlw square of the distance from the large well, which fact would lea.ve 
about 20 feet of the upper end of the small well useless. vVhile, of 
conrse, tliis part of the small well would fnrnish some water, it would 
be chiefly at the expense of the large well. Therefore, it seems more 
reasonable to assume that the capacity of the G-inch well would be 
redueed to at least 3~.G cubic feet per minute, giving a total capacity 
of 54.5 cubic feet per miuute for the two wells. 

If two fl-inch wells are drilled through the bottom of the 20-foot well 
200 feet deep into the sandstone the capacity of the combined system 
can be determined from Table VIII above. Taking. the capacity of 
each well as 32.6 cubic feet per minute, then if the wells are 5 feet apart, 
the double of this, 65.2. must be reduced by 38.33 per cent, which gives 
a capacity of 40 cubic feet per minute for the two small wells; or 61.87 
cubic feet per minute for tbe entire system. If the wells are 10 feet 
apart the reduction by Table VIII will be 34 5 per cent, giving a 
capaeity of 42.6 for the two wells, or a total of G4.5 for the system. 

If three 6- inch weHR are drilled through the bottom of the large well 
for a distance of 200 feet into the sand~tone the capacity of the three 
wel1R can be determined by means of Table IX. If the wells are 5 feet 
apart the capacity would be 55 per cent less than three times 32.G, the 
capacity of eacl1, or 44 cubic feet per minute. Tl.te total flow for the 
system would then be ();j,9 cubic feet per minute. If the three wells 
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are 10 feet apart the interference would be 50.7 per cent and the com· 
bined capacity of the three small wells would be 49.58 cubic feet per 
minute, and the total capacity of the system would be 71.5 cubic feet 
per minute. 

MUTUAL INTERFERENCE OF A LARGE NUMBER OF WELLS 
ARRANGED IN A ROW. 

25. If there are a large number of wells arranged in ?..! row, and pen
etrating the same water-bearing stratum, the mutual interference wil1 
be much greater than for the row of two or three wells considered 

>& 
I 
I 

' 

I I ,y 

B D 

FIG. 89.-Diagram for the problem of the mutual interference of a large number of wells. 

above. Let the wells be at distances of 2a feet from each other, as rep. 
resente~ in fig. 89. If the number of wells is very large, no flow will 
take place across the planes AB, CD,. A'B', C'D', etc., drawn half way 
between the wells and perpendicular to the line joining them. In fact, 
the lines of flow and pressural lines for the region A'B' .AB will be 
the same as for each similar region, as .AB CD,. etc. The reduction in 
pressure at any point P can be found by the method of images, as 
explained in Basset's· Hydrodynamics, Vol. I, p. 59, and is expressed 
by the eq nation 

P = ~m3 lo2·e cosh _.!._ - cos2 - + o3 
· (" z m; 7rX) 

2 = :Jet . ~a ' (60) 

in which m3 and o3 are constants to be determined by the conditions of 
the problem. 
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If r is the radius and h the amount of lowering of the water surface 
in each well by pumping, we may write 

y = r, x = 0, whenp ='h; 
y = 600, x = 0, whenp = 0; (61) 

supposing that the lowering of the pressure is not important at a 
distance of 600 feet from a well. These conditions give 

(62) 

(63) 

The velocity at the well-wall is proportional to 

. h 7tY . h 7!Y ::m 'm3 COS -2 Sill -2 U.J:' _ 7! a a 
Jy 2a 7f y 7! x ' cosh2 --cos2 -

2a 2d 

which, for x = 0 andy== r, reduces to 

(64) 

if r is small in cqmparison with a. Thus, since tne velocity at the wall 

of a single well is proportional to ";, where 1n has the meaning of sec

tion 3, the velocity at the wall of a well of the row of wells under con
sideration has the same ratio to the velocity at the wall of a single 
well as m3 has to 1n. 

26. If the wells are 6-inch wells and if the lowering of the water in 
each well by pumping is 10 feet, we have r = ! ·and h = 10. We may 
then determine m3 frQm (62) above for various val_ues of a and tabulate 
them as below. This table may be compared with Tables VIII and IX 
with much interest. 
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T~BLE X.-M1ttual interfe?·ence of a 1·ow of tvells 1clwsc mem.bm·s a1·e 1:a1·ions distances 
apm·t. 

I D;etanee I Interfer-apartof , m .. 

--~~lls._c__l_ 
ence. 

Feet. Pe1· cent. 

100 0.4347 65:8 
200 . 7007 45 

.400 . 9755 2± 
600 1.1007 H I 

1,000 1. 2002 ~ 
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GEOLOGY OF THE RICHMOND BASIN, VIRGINIA. 

By N. S. SHALER and J. B. WooDWORTH. 

INTRODUCTION. 

Geographic position of the Richmond Basin.-Tbe area described in. 
this report lies within the region known as the Piedmont district, which 
forms the Atlantic face of the ancient Appalachian ranges. This bench, 
as is well known, begins at the eastward at a line indicated by the falls 
or rapids of many streams which flow into the Atlantic (see Pl. XVIII), 
having along this line an altitude of about 100 feet, and rises 
thence in a gradual manner to a height of 500 to 1,000 feet, when it 
meets the escarpment of the Blue Ridge. This rise is not perfectly 
uniform, but is divided into several indistinct steps. As will be seen 
by the maps, the Richmond area lies on the eastern edge of this district, 
on either side of the James River. The total length of t.he area in a 
nearly north and south direction is 33 miles, and its maximum width 
is 9.5 miles, its area being about 190 square miles. 

Topography of the area.-Although geologically a very evident basin, 
having a maximum der>th of at least 3,000 feet, the Uichmond area bas 
not a distinct topographic character, such as the geologist is accustomed 
to associate with mountain-built rocks. Its surface is that of a rough
ened plain or low ·table-land, which is somewhat intersected by the 
lesser streams and is divided by the relatively broad and deep gorge of 
tl!e James River. ~he ancient granites and gnei~ses of the periphery 
of the area, as well as the numerous dikes w,ithin its limits, are all worn 
down to about the same level with the deposits of the basin itself, the 
materials of which are relatively more liable to decay and erosion. Only 
here and there is it possible for even the trained observer to trace any 
very distinct topographic indications of tlJe contact between the sedi
mentary deposits contained in the trough and the igneous and crystal
line rocks of the surrounding country. Except in certain rare localities, 
the surface in no wise reveals their juxtaposition. 

Distribution of streams.-The relief of the Richmond area is, as before 
sta.ted, low, like that of the surrounding Piedmont district. The James 
and the Appomattox rivers, which cross the area, have cut trenches 

. ~ 
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from 100 to nearly fOO feet deep. The course of the former stream 
across the area exhibits the most marked indifference to the struc
ture of the basin, flowing eastward across north and south belts of 
granite, gneiss, sandstones, and shales. The Appomattox River flows 
around, in a hit-or-miss way, the southern border of the area, as if 
it were controlled iu its course by the conjunction. of the sandstones 
and shales with the gneisses. On the other hand, the smaller stream 
known as Swift Creek flows southeastwardly across the middle of the 
area in an almost direct line. Except f<?r the north bank of the James, 
which forms a blutt; here and there precipitous, the upper walls of these 
stream valleys have widened out-retreated-so that the descent to the 
streams is not steep. The rivers, where they are not artificially inter
fered with, are eroding their channels, as is indicated by the rapids over 
which they flow. This action is particularly noticeable -in the Appo
mattox. 

Between the larger streams are well-d.efined divides, which likewise 
traverse the area an·d the neighboring reg4on of crystalline rocks in the 
form of ridges at right angles to the trend of the rocks. The ridge 
between the Appomattox and Swift Creek has been followed by a nar
row-gauge railway from the edge of the Piedmont district to Farmville, 
thus avoiding the expense of building bridges. This divide separates 
the Clover Hill district from the Midlothian coal field. A similar ridge, 
having its culminating point in High Hill, in Powhatan County, is 
followed by the Buckingham-l\Iidlothian turnpike. The profile of this 
latter divide is less even than that pas~ing through Skinquarter, for 
the reason that some of the small tributaries of the James have pushed 
their headwaters far to the south. 

The manner in which the soft shales of the lower· part of the Newark 
·section are brought to the surface on the eastern and western margin~ 
of the area in the James River section has led to tributaries of the 
James gnawing back from that stream along the outcrop of these rocks. 
Tuckahoe Creek, on the eastern margin, and Jones Creek, on the west. 
ern margin, have thus been in large part determined. By reason of the 
development of the headwaters of Tuckahoe Creek over t!Je Newark 
area north of the James River, the north bank of the last-named stream 
has the form of a divide, sloping gently northward into the Tuckahoe 
drainage and steeply on the south into the James. 

These divides are the healthiest portions of the area, the- inhabitants 
enjoying a relative immunity from fevers and, owing to the porosity of 
t!Je Newark rocks, an abundant supply of po~able water, obtained 
from wells. 

Econmnic importance of the area.-The Richmond area is important 
from the economic as well as from the scientific point of view. It con
tains the only freely-burnable coal lying immediately adjacent to tide 
water In the eastern portion of the United States. The quantity of this 
fuel, as will hereafter be shown, appears to be sufficiently large to g~ve 
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it a value in the industria;! arts, and its quality is· for many purposes 
satisfactory, as has been proved by nearly a century of local, yet con
siderable, use. The only other area containing coal on the Atlantic 
shore Jirie of the United States is that of Narragansett Bay, where the 
extremely graphitic nature of the deposits has hitherto limited their 
utility~ The several areas of the mari~ime provinces of panada in Nova 
Scotia, Cape Breton, New Brunswick; and Newfoundland are remote 
from the ports of the United States and are in large part debarred from 
them by import taxes. Thus the deposits of the Richmond area, pro
vided they can be cheaply mined, promise to afford a low-priced fuel 
which will be accessible to the deep water of the James River with rail
way transportation of from 20 to 60 miles. 

Scientific proble1ns of the area.-The purely scientific problems of 
this district are numerous and of much significance. They concern the 
accumulation of the deposits and their subsequent history; the manner 
in which the geologic basin in .which they lie was formed; the disloca
tion of the beds and the relation of these movements to the forces which 
produced the Appalachian uplifts, and, finally, the natur~ of the erosion 
which has brought about the complete effacement of the mountainous 
uplifts which were evidently in existenc~ in this :field d~ring _at least a 
part of the Jurassic period. · · . 

It should be said that the work of N. S. Shaler, the senior contrib
utor to this report, began in 1870, and has been continued in a number 
of visits to the field. On these excursions he had an opportunity to 
note the conditions in several mi:Q.es which have since been abandoned 
and are no longer accessible. · On the other hand, the junior contributor, 
Mr. J. B. Woodworth, who first visited the district in 1895, has spent 
in all about five months on the ground, and bas personally examined 
nearly all of the surface exposures and such mines as were open. To 
his labor is due the greater part of the details contained in this report. 
He was assisted in the field season of 1896 by Mr. George B. Richardson. 



OHAPTEH I. 

CONDITIONS AND HISTORY OF THE AREA. 

USE ·oF THE TERM NEW ARK. 

The strata of the Richmond area, as will be seen by reference to the 
next division of this report, consist of a great thickness of shales and 
sandstone.s and scanty conglomerates, belonging evidently to one or 
more geological epochs lying above the base of the Trias. There lies 
above the section, which by its abundant fossils exhibits relations with 
the Rhetic of the Old World, a thickness of 2,000 feet or more of shales 
and sandstones, with traces of lignite, the geological position of which 
is, from the lack of well-determined fossils, somewhat uncertain. The 
beds contain petrified trees identical with those in the lower section of 
the area, and with forms founq in the so-called Trias of the Rocky 
Mountain region. It must be admitted, however, that the higher beds 
may include a portion of the Jurassic. On this account the term New
ark, which has come to be applied to this and similar groups of rocks 
lying along the .Atlantic coast to the northward, will be used as a gen
eral term to designate the strata ot this area. This term may seem open 
to criticism for the reason that :It is very indefinite; it is, however, not 
more so than our knowledge as to the age of the strata to which it 
refers . 

.COMPARISON OF THE AREA. WITH NORTHERN NEWARK AREAS. 

It is noteworthy that beds which appear to be related in age, though 
perhaps not identical with those of the H.ichmond area, occur along the 
Atlantic coast line of this continent from the Magdalene Islands, in 
the Gulf of St. Lawrence, to South Carolina. They are abundantly 
developed in the maritime provinces, but from the shores of the Bay 
of Fundy to the Connecticut Valley they are not exhibited. From the 
valley of the last-named river southward to the Carolinas they are 
developed in numerous areas. .As far south as central New Jersey, 
these deposits have a tolerably uniform character; they are in lat·ge 
measure made up of red sandstones and shales, with which are as·soci
ated quantities of conglomerate which bas a like reddish color. Now 
and then dark colored, more or less carbonaceous or bituminous layers 
are found, which in no case contain deposits of coal. They are noted, 
however, for their fossil :fishes. The evidence goes to show that all 
these sections were deposited in fre~h-water basins. 

396 
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As we pass southward from New Jersey, the areas of the Newark 
deposits exhibit a distinct change in character; they become much less 
red, the conglomerate~ diminish in quantity, and in certain of the areas, 
notably in the Richmond basin, the lower part of the section shows, 
except locally, little of the red hue and contains, moreover, several beds 
of coal. These peculiarities make it evident either that there was a 
remarkable difference between the physical conditions of the southern 
and the northern areas, or that the beds of the Virginia district repre
sent, in their lower parts at least, strata of an age unknown in the more 
northerly portion of the coastal belt. 

It does not seem possible at the present time to decide which of the 
views suggested above is to be adopted. It may be noted, however, 
that like variations in the character of the deposits of tlie same age in 
northern and southern :fields are found in the rocks of other ages. The 
Carboniferous and Cretaceous strata evidently redden as we go north
ward. In all these sections, as well as in that of the Newark, the red 
hue in the more northern regions appears to be due to·tbe considerable 
amount of iron oxide which the beds contain. In the case of theN ew
ark, at least, the presence of this iron may be due to the erosion of the 
beds by the agency of giacial ice, which, as in the deposits of the last 
glacial period, has served to bring a large amount of ferruginous mat
ter into the gravels, sandstones, and clays that were laid down near the 
ice front. Under the conditions of glacial erosion and carriage, the 
iron from the crystalline rocks, usua11y in the state of magnetite, oxi
dizes but little before it enters the newly formed strata, wherein· it 
undergoes slow decomposition, staining the beds in which it is con-
tained.1 ' · 

The above-described hypothesis 2 as to the origin of the red color of 
the northern rocks of the formations which have been named finds sup
port from the fact that the beds of the last glacial period are reddening 
in the measure to which they are penetrated by tlle agents of decay, and 
also in the fact that the deposits in question are, as we go northward 
from the line of the Potomac, composed in an increasing measure of 
coarse pebbles, which are often formed of sound, compound crysta.lline 
rocks, particularly of the granites, materials which are rarely brought 
in large quauities into the pebbly or bowldery form ·in an undecayed 
condition unless by glaciation. , It is therefore a reasonable tentative 
hypothesis that the sudden change in the general character of the 
deposits of the Newark formations, as we pass from the area in New 
Jersey to those which lie in the district south of Washington, is due to 
a deciued difference in tbe conditions of preparation and transporation 
of the materials of the northern and southern fields. 

I The origin of red deposits through their derivation from areas of atmospheric decay has been advo
cated by RusselL See Bull. U.S. Geol. Survey No. 52, 1889. 

2 On the geology of the Cambrian district of Bristol County, Massachusetts, by N. S. Shaler: Bull. 
Mus. Comp. Zool., Vol. XVI, 1888, p. 21. 
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If we assume that the northern deposits of the Newark were composed 
of fragmental materials derived from the bed rocks by glacial action 
we have a reason at hand to account for the carbonaceous deposits at 
the base of the section in the Richmond and Dan River areas. On the 
supposition that the more northern areas were formed in conn'ection 
with glaciation, we should not expect to :find there extensive bogs which, 
however, would naturally have been developed in the more southern 
realm, where a moist, cool climate would have existed in an ice time. 
Therefore we may assume that the peculiar aspect. of the rocks of the 
Virginia basins may possibly be explained by the supposition that the 
exceptional features are due to the abov~-noted differences in the con
ditions under which the sediments were formed and laid down. 

AGE OF THE BEDS. 

As has been noted by Fontaine and others, the fossils of the lower 
portion of the beds in this basin .are more closely rela~ed to the Rhetic 
deposits of Europe than to those of any other known horizon. Although 
the identifications are of a rather general nature and relate to a few 
species, they afford quite as much evidence to prove identity of age as 
bas often served as a basis for such reference in other like instances. 
The reason for departing fr~m the customary method of identification 
in this case may be briefly set forth, as follows: 

Recent studies of fauure and fl.orre, which constitute the many organic 
hosts of sea and land, have shown that they are in frequent migration, 
changing somewhat under the influence of geographic and climatal 
variation as they move from one region to another. From the earlier 
stages of Paleozoic time to the present. day these hosts have been 
rather limited in their distribution. It is doubtful if in the past their 
fields have in general been more extensive than we now :find them. 
The assumption that the Rhetic host of northern Europe was coinci
dently on the eastern shore of North America appears therefore to be 
unwarranted. It is indeed moi·e likely that the beds on the opposite 
sides of the Atlantic Ocean which contain the fossils of that assemblage 
are of ages sufficiently far apart to have permitted the migration of the 
host from one region to the other. As an illustration of this principle, 
we may cite the case of. the forests of this country as compared with 
those of Europe. If we would :find the representatives of the existing 
forest trees of the Mississippi Valley in Europe, we need to look not 
to the living forms of that continent, but to those of the Tertiary 
period, which are so like the existing species of this country that they 
could be readily mistaken for them. Thus, if the present woods of the 
central portion of North America were· accessible only as fossil 
remains, they might well lead to grave misconceptions as to the age 
of the beds in which the record occurred. 

In the present state of our knowledge concerning the relations of the 
geological sections in Europe and this country, it is evidently unde-
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sirable to multiply the instances, already too numerous, in which an 
identity of age of beds occurring on the two continents, based on the 
similarity of their fossils, is asserted by a common name. On this 
account it has been deemed best to use the term Newark, following the 
plan of Russell, for the assemblage of beds in the Richmond area, 
which lies between the ancient foundation of the series. and the over
lying strata deposited after the faulting and folding occurred. 

The term Newark, taken from the section of northern New Jersey, is 
itself open to the objection that it postulates an identity of age of 
deposits which have not been fairly proved to be of the same age, and 
which differ somewhat in fossil contents and considerably in their 
physical character. This objection is valid; it is of the same nature as 
that wllich leads to the adoption of the term Newark, but is much less 
weighty, for the reason that, while there may be some difference in the 
age of the two groups of strata, they both clearly lie in about the same 
general position in the Mesozoic s~ction, and were formed in the same 
cycle of geologic events. Used, as it is in this report, to indicate a 
general relation in a series of strata and not as denoting an especial 
period in the earth's history, the term Newark leaves the question as to 
the correspondence in time of these beds with those of the Old World 
open to further inquiry. It is from this point of view a better term 
than Juratrias, which is so vague as to have little indicative value, or 
Rhetic, which assumes a definitm~ess of knowledge not warranted by 
the facts (seep. 519). 

There is one consideration not noted by those who have discu~sed 
the Rhetic affinities of the Newark- series, which may possibly have 
some value in proving the beds .to be of that age. .A.s is well known, 
the Rhetic of Europe generally contains one or more bone beds, com
posed of the remains of fishes. The condition of the occurrence of 
these fossils indicates that the death of the forms was sudden and 
widespread, such as may have been· brought about by earthquake 
shocks, sudden changes in the temp~rature of the waters, or the rapid 
diffusion of some disease. Bone beds of this nature are rarely found; 
none of them, so far as is known to the senior writer, occur between 
the summit of the Carboniferous and that of the Triassic series. In the 
Richmond area, as is noted elsewhere in this report, there are layers of 
remains which indicate an apparently sudden destruction of a very 
great number of fishes. The coincidence, though interesting, may be 
merely accidental. 

CONDITIONS OF THE AREA AT THE TIME OF T~E DEPOSITION 
;OF THE NEWARK BEDS. 

The facts set forth later in this report show that the deposition of 
the Newark beds in the Richmond area began upon a surface composed 
of igneous and crystalline rocks froin which any unmetamorphosed 
strata formed at an earlier date had been swept away. This series of 
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beds, as is shown in Pl. XXII, begins, at points where the basement is 
seen, with a bowlder bed, which lies immediately on the contorted igne
ous and crystalline rocks. So far as this incomplete evidence goes it 
is reconcilable with the existence of strong transportative agents, com
petent to bring into the area very coarse debris at the time when the 
formation of these strata was begun. But it may be explained by the 
supposition that the fragments were formed by antecedent decay of 
rock in place, followed oy a slight rearrangement of the materials by 
water action, the bowlqers being the bard remnants of. blocks formed 
by decay proceedi'ng along joint planes. 

It is a matter of importance to determine the shape of the surface 
at the time when deposition began. The opinion which may be formed 
on this point affects not only the scientific aspects of the problem; it is 
also, as will shortly be seen, related in an immediate way to the ques
tion as to the continuity of the coals in the basin and their probable 
extension in other basins of the same age, which occur in Virginia 
and the Carolinas. It is evidently possible that either of two con
ditions existed at the time when the beds of the Newark of this 
district were formed. They may have been laid down on the seaboard 
face of the continent or Appalachian land in the manner in which the 
beds of the Carboniferous of fresh-water origin were deposited along 
the western face of the Blue Ridge, or they may have been accumulated 
in a valley lying between the site of that ridge and an ele,·ated district 
on the eastward. If the first supposition is accepted, it then follows that 
the several basins of the Newark of this district are to be regarded as the 
remnants of an originally continuous sheet of strata, wbieh owe their 
preservation in their basin-like form to their down faulting into troughs, 
due to mountain-building action. In this case the beds of coal con
tained in the Richmond area should have had an original extension 
quite independent of the present limits of that trough. They are 
likely to have extended far '1nd wide over the :field in which the present 
detached fragments of theN ewark beds oecur. If the seeond supposi
tion be correct, it is clear that each of these basins may have had its 
independent history, and that the deposits of any one of them do uot 
aftorrl a criterion for determining the character of those contained in 
the areas which lie near by . 

.. It has elsewhere 1 been urged by the senior contributor to this report 
that along the Atlantic coast of North America, and presumably along 
all continental shores which have been subjected to great and repeated 
changes of level, it not infrequently occurs that deep and broad ,~alleys, 
excavated in crY.stalline rocks by rh·er action, are partly depressed 
beneath the sea or, as the modern geographers term the action, d1·ou:ned, 
thereby be~oming the seats of rapid sedimentation. If after these 
troughs are filled. or during the process of filling they are subject to 

!Geology of the Narragansett Basin, Part I, uyN. S.Shaler: Mon. U.S. Geol. Survey, Vol. XXXIII. 
(In press.) 
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the action of mountain-building forces, they may be much compressed, 
the more so as the rocks. which they contain are likely to offer rela
tively weak resistance to the pressure which is applied to them. 
They .will therefore give way and be sharply folded and otherwise 
distorted, while the surrounding crystalline beds may show no Ruch 
evidence of dislocation. It is, in a word, evi(1ent that while on a 
gently and uniform sloping shore line, such as now exists on the coast 
of the Atlantic south of New York, strata will be deposited in broad 
continuous sheets to be afterwards folded into mountains, which will 
have their shapes determined by relat~vely simple conditions, it is quite 
otherwise with strata that are laid down in submerged valleys in the 
manner in which it is possible that the beds of the Richmond area 
were deposited. Beds thus formed will be exceptionally conditioned as 
regards their accumulation and the ~ffect of subsequent accidents, such 
as are brought about by compressive strains. Their foldings wilr 
differ in character from those which are produced in normal mountains. 
In place of the symmetrical ridges, which are characteristic of the 
typical elevations of the Alleghanies, we may expect to have the strata 
cast into more irregular folds and faults, which will be steepest on the 
margins of the old valleys and nearly flat in the central portions of the 
field, where the region is removed from the thrust of the rigid unyield
ing masses of the old crystalline rocks, which, having no distinct bed
ding, move with little freedom when impelled by mountain-building 
forces. Moreover, in such filled valleys we should expect to find the 
deposits consisting of masses of detdtu~ brought iu by a number of 
streams from the various sides of the bay, or lake, or river, each mass 
having the general character of au alluvial fan or delta, the several 
contributions of sediment overlapping one another in an irregular way, 
giving to the deposit a measure of local variation such as does not 
exist in an area found in the bed of the open sea or in some parts of. 
the Carboniferous rocks formed on the surface of a widespread swampy 
lowland. · 

A study of the Atlantic coast deposits from the beginning of the 
Carboniferous to and through the Newark makes it seem probable that 
in the region north of the Carolinas ~ large part of the strata of the 
periods of most considerable accumulation have been formed in· preexist
ing valleys, and have been mountain built under conditions determined 
by these peculiar lodgments. As has been noted in the memoir on the 
Geology of the Narragansett Basin, 1 this appears to be the condition 
of the Carboniferous rocks in that area, it being held that they occupy 
the valley of an ancient river system which now in part lies in the 
bay of the name. The Carboniferous deposits of Nova Scotia and 
New Brunswick were most likely formed within similar antecedent 
valleys, the beds having afterwards been more or less dislocated by 

I Mon. U. S. Geol. Survey, Vol. XXXIII. 
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orogenic forces. An excellent instance of this relation ·of previously 
ex:lsting depressions to the deposition of the Newark strata is afforded 
by the narrow valleys radiating from the principal troughs, which now 
appear as filled with deposits of somewhat doubtful but possibly New
ark age. Thus at Gays River, Halifax County, Nova Scotia, the valley 
in crystalline rocks and ancient auriferous shales and schists which leads 
down to the Bay of Fundy is in large part :filled with a conglomerate 
made up of debris from the neighboring fields. This valley has a width 
of not more than a mile; the conglomerate which occupies it has been 
proved to exist to a depth of 138 feet and has probably more than 
twice that thickness. The beds have been somewhat affected by moun-

. tain-building stresses. This is not shown b'y dislocations of the ordi
nary kind, the deposits being, it would .seem, too massive for such 
movements, but by the compression of the pebbles, which indent one 
another in a manner common to massive co~glomerates where they 
have been subjected to pressure. A lesser instance of the same nature 
is to be seen in the town of- Dartmouth, Nova Scotia, where, a little 
west of the railway station, a cutting reveals a small river gorge filled 
with material of the same nature as that at Gays River. This channel 
is not over 60 feet in width, the upper part having been evidently 
eroded away, the material in which it is excavated being the auriferous 
slate of the region, which yielded readily to the glacial wearing. 
Since the formation of the deposit the ·movements of the slate walls 
have apparently caused them to crowd over the conglomerate; it is 
impossible, however, that this overhang may have been an original 
feature in the river gorge. 

Turrring now to the more southern areas of the Newark, we find 
that of the Connecticut Valley, where the beds were pretty certainly 
formed in an antecedent valley which was walled on either side by the 
ancient crystalline rocks of the Berkshire Hills and the Worcester 
plexus of ridges. The pebbles and other detritus have evidently been 
derived from one or another shore of the ancient bay in which they 
were deposited. The deformation of the area is considerable and pecul
iar. It evidently departs far from that which gives us the typical folded 
mountains of the Allegheny type. 
· So much of the Lower Hudson River Valley as is occupied by rem

nants of the Newark affords conditions in large part the same as those 
of the Connecticut field. The beds must have been laid down in a rel
atively narrow valley, and their deposition has been effected under the 
peculiar limiting conditions which such a field affords. In New Jersey 
there is no sufficient evidence that the deposits of Newark age were 
laid down in lakes or other distinctly and narrowly bounded areas. 
This, indeed, seems to be the one portion of the Newark deposits which 
may have been formed as a broad sheet. Yet here, as elsewhere in the 
deposits of this age along the Atlantic ·coast, we note that the fossil 
contents, as well as the general character of the beds, are alike evi-
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deuce that the materials were gathered not in the sea, but in shallow 
lakes or in estuaries to which the ·ocean water had but scant access, if, 
indeed, it penetrated to them at all. 

The same fresh-water character of the organic and inorganic sedi
ments of our coast line which has just been noted in the case of the 
Nova Scotia deposits, is also to be found ·in other northern beds of Car
boniferous age. The evidence alike makes for the conclusion that they 
were laid down in submerged valleys. This conclusion is forced when 

. we note tbat both these formations contain thick deposits of conglom
erate, the fragments of which are o(ten more than a foot in diameter· 

. and show marks of wear, such as could not well have been effected 
except by the action of mountain torrents operating on glacial pebbles. 
In lake basins we could not look for the production of such bowlders. 
The action of waves on their beaches is not sufficiently energetic for 
the work, and there are no currents competent to impel the fragments 
to considerable distances from the shores. The only conditions in which 
they could well be formed are those afforded by torrents building their 
cones and deltas from the ~bore line outward in the manner so commonly 
found in lakes or river valleys which have high borders. 

Where, as in the ca~e of the Carboniferous strata west of the Blue 
Ridge, we find deposits of detritus accumulated to a great thickness and 
extended for a great distance outward from the old shore line they are· 
characterized by certain very marked features. The sheets of the strata 
are tolerably uniform and continuous. The pebbles, where such are 
present, are of small size and of the most enduring materials. Gen
erally they are of quartz or ·quartzite, rarely of corr1pound rocks, and 
the fragments are commonly less than an inch in diameter. Such are 
the conditions of the millstone grit, the most characteristic monument 
of the outward washing of the debris into an extensive basin. It is 
only in the northeastern areas of the Carboniferous in the di.strict 
where we have tolerably good reason to suspect that the beds were laid 
down in submerged valleys that we find coarse conglomerates and an 
irregular bedding, such as raise th'e presumption that they were formed 
in restricted areas which were invaded by torrent deposits. 

In the ease of the Richmond and the other like areas of the Pied
mont district, the evidence as to the original condition of the surface 
on which the deposition of the Newark was made can not be regarded· 
as complete. In favor of the supposition that the beds were laid down 
as a broad sheet of sediments which connected the many detached 
areas of the formation that occur between the Potomac River and 
South OaroJina the following may be said: In the first place, the pre
sumption is that the processes of construction which went on in this 
region were those that have usually occurred where beds once united 
have been faulted by orogenic action and the uplifted masses have been 
destroyed by erosion, leaving the depressed portions in the form of 
detached basins as the remnants of the deposits. Moreover, the sev-
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eral troughs in which the strata lie have their axes approximately 
parallel to the present coast line and to the Blue Ridge, a position· 
which is quite in accord with the view that they are due to normal fold-_ 
ing, but is not accordant with the supposition that they are the seats 
of ancient deep erosion valleys. If such valleys had existed. we should 
expect to find them developed transversely to the slwre, as in the Con
necticut and Narragansett areas, rather than parallel to it, as is the 
case here. Furthermore, in none of the8e basins do we find any evi
dence of the original drainage outlet of the trough. In that of Rich
mond, the depression now has a depth of not less than 3,000 feet-it is 
likely that in places it exceeds that measure. If any considerable por
tion of this depth were due to an initial depression eft'ected by erosion, 
we should expect that a wide valley connected it with the sea; of such 
a valley in the case of this or the several other basins of the district 
no trace has been found. 

Against this array of considerations others of nearly equal strength 
which make for the other view are to be set; these are as follows: The 
Richmond area, at the few places on the western side where the con
tact with the subjacent rocks can be traced, shows, at the bottom of 
the Newark series, a coarse conglomerate, the materials of which might 
well have been brought into place by torrent action. Above this the 
beds are accumulated in a manner which indicates a very rapid aggra
dation; there is apparently little continuity of strata except in the 
shale deposits. The order, or rather the lack of it, is such as would be 
brought about by the interlocking of detrital fans or deltas a.nd not. 
by the growth of great sheets of strata a-ccumulated as were those of 
the Millstone grit. The beds of coal vary greatly in their position and 
their relations to one another. In one instance, at least, and probably 
in several, the beds divide, the partition increasing laterally in thickness 
until the separation is wide. Accidents of t,his nature are easily to be 
explained on the supposition that the infilling of-the area was brought 
about by the extension of deltas which progressed until the basin was 
in some measure filled up. On the eastern margin arkose deposits, 
evidently derived from neighboring high ground, have been abun- _ 
dantly accumulated. 

The character of the sediments in the basin, except the shales, is such 
as we would expect it to be in case the sources of supply had always been 
near the seat of deposition. As compared with our standard example 
of distant offshore carriage, the Millstone grit, the difference is strik
ing. The Newark deposits of this district are, as regards certain of 
the beds, imperfectly assorted, or, where well distributed, coarse and 
fine beds rapidly alternate. 

A theory, or rather a combination of working hypotheses, which 
seems to explain the conditions of deposition of the beds in the Rich-_ 
mond area may be set forth as follows: 

Before Newark time the rocks of the Piedmont d~strict from the Con-
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necticut area southward were, probably since the Silurian period, above 
the level ,of the sea. This is· shown by the absence of any beds of the 
later Paleozoic. series in the field. \Ve may fairly presume that tlle 
regio'n was the seat of more or less considerable river yalleyR, and tllat 
these depressions were broad, and also that the margin of the land was 
much farther east than it is at present. 

The geographic change which attended the beginning of the Newark 
deposits did not admit the sea to this area, but led to the development 
of sedimentation in the river valleys, which were possibly locally or 
temporarily converted into lakes, the materials being brought in about 

· the low grounds by torrents from 'the highlands. At first these valleys 
were probably shallow, but as the deposits accumulated their weight 
would tend to bear their foundations down until the section of strata 
they contained became_ much thicker than the original depth of the val
leys would have permitted them to be. In this deposition and conse
quent subsidence the main channels of the streams-those which led to 
the sea-probably received relatively little sediment, and, therefore, if 
they were filled at all, were not occupied by any considerable thickness 
of strata and, therefore, did not subside; so that in the subsequeutly 
occurring erosion of the area about to be noted these exit river channels 
might well have disappeared. 

So far as can be dPtermined by the sediments of the Hichmond area, 
the erosion which supplied them was not eft'ected by glaciers. The 
detritus appears to have passed through torrents of moderate steep
ness, the coarser debris, except that locally accumulated at the base, 
apparently indicating a fall of the streams of 50 to 100 feet to the mile~ 
This determination is based on a study of the carrying force of the 
stre~ms in the Appalachiaus and the Cordilleras. 

After the strata now remaining in the Richmond area had been laid 
down, it is· possible, indeed probable, that a continuation of the series 
may have been· formed which extended far beyond the limits of the 
present border of the Newark rocks;. It is possible tllat the extension 
was sufficiently great to luiv~ covered this portion of the Piedmont dis
trict connecting the several areas of these strata jn one field. There is, 
however, no clear evidence that such was the case. The probability of 
it rests upon the fact that much ,erosion has occurred iu the long inter: 
val during the Jurassic period, in which time this district was appar
ently above the level of the sea. This view also receives support from 
the similarity of the succession of deposits exhibited in some of the 
southern areas. 

When the epoch of deposition was over, there was a reelevation of 
the land, coming· rather early iu the Jurassic period. It was most 
likely at this time that the main stressing of the deposits took place, 
though ·some as. yet unassignable portion of it may have occurred 
during: the period of deposition. The result of this priucipal devel
opment of mountam-building work was, so far··as we may judge from 
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that wbich is known concerning the structure of the area, to break 
the beds into many fault blocks and dependent folds, and probably at 
the same time th~re was an extensive penetration of trappean masses. · 

The faulting and folding, as well as the intrusions of the trappean 
rocks in this basin, differ widely from that which is found in the 
normal west Appalachian Mountains-the anticlines and synclines of 
the Alleghanies. In those mountains, especially in the synclines, 
faults are relatively rare; the synclines are indeed very uniformly 
boat-shaped in their structure. They lack the numerous small folds 
of the strata, t~e heavy faults, and the numerous dikes which are so 
characteristic of the Richmond area. 

So far as can be determined from the evidence at hand, the dikes 
which intersect the Richmond Basin series were formed at a much 
greater depth 'in the earth than they now occupy. Some of these 
intrusions show a tendency to depart from ar vertical path and to 
extend as sills parallel to the bedding, even where the planes of the 
layers are at relatively low inclinations. This is shown in the case of 
the coal beds which have been changed to coke by contact with the 
traps. The only known sills are near the base of the section, h1 the 
coal measi1res. · 

As yet there is no evidence that the igneous action which occurred 
in this region was of a true volcanic sort. No ash beds have been 
discerned, nor is there reason to believe, from the bedR that remain, 
that any contemporaneous flows of trap exist. There is but one pos
sible case of stock or volcanic pipe; the walls of the dikes are not much 
metamorphosed, as they would have been if they had been the path 
of a long-continued upward flow of lava. 

It is a notewortlJy fact that in the case of all the areas of Newark 
rocks on .the Atla11tic seaboard which are of a nature to lead to the 
supposition that they ~ere accumuJated in preexisting valleys, we 
:find evidence of much diking and occasionally of true volcanic action. 
This geographic association is suggestive. Thus in the Connecticut 
Valley there are many dikes and flows of lava within the basin, whiie 
a few miles beyond its border, beyond the region which the Newark 
may have. occupied, there is reason to believe that such· lavas broke 
through the basement rocks in much less proportion. It seems, indeed, 
possible tliat the great local thickness of the accumulations which were 
formed in these periods may have in time served to bring up the 
isogeothermal planes so that the melting zone of the rocks was near 
to the base of the stratified section. Thus when the mountain
·building stresses were brought to bear on the mass, the movements 
of the crust bel~w it may well have been sufficient to afford exits to 
the molten matter. 

It is easily seen that the conditions of folding when the pressure 
acted on a broad area of slowly built strata, such as that of which the 
Alleghany Mountains.were formed, may have been very different from 
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those which existed in thick localized· accumulations laid down on 
floors of preexisting gradually down-sinking valleys. In the former 
case the influences tending to bring about the upward movement of ' 
the igneous rocks might be much less considerable than in the latter. 

In summing up the evidence concerning the question as to the depo
sition of these Newark beds in a preexisting valley, it may be said that 
it is more reconcilable with the supposition that the beds were laid 
down in troughs of lakes or rivers than that they were formed as a 
broad, tolerably uniform sheet. That they were not laid down in the 
sea is clearly indicated by the absence of marine organic remains and 
by the abup.dari.ce of land and fresh-water plants, as well as the remains 
of fishes of groups which may fairly be deemed of fluviatile or lacus
trine habits. Therefore, the choice in conclusions is between a large 
valley-one of sufficient area to have included all the neighboring 
areas of these formations-or a number of lesser basins, each of so 

·limited an area that it would have been filled with coarse sediments 
derived from the highlands about the depression; or, thirdly, a widely 
extended sheet formed' on a seaward ·sloping plain, such as that of 
northern Siberia of to-day. Taken in connection with what is known 
of the history of the Atlantic coast in the Paleozoic and Mesozoic 
ages, the facts gathered in the l{.ichmond district lead us to believe 
that the area was high land during the greater part of t·he time from 
the Silurian to the close of the Paleozoic, and that at the beginning 
of the Newark time the surface abounded in broad valleys which 
became filled with lake or river deposit.s. It is evident that the climate 
was humid. and "equable, so that it for a time permitted the development 
of peat deposits, which have since been converted into coal. 

TOPOGRAPHY OF THE PRE-NEWARK TERRANE. 

In the repeated changes of land form on the Atlantic coast since 
Triassic time no vestiges of the surface of that period can h.ave escaped 
destruction except where it was covered by deposits and further pro
tected from denudation by burial beneath the ultimate base-level of ero
sion of subsequent geologic periods. The floors of the several Newark 
areas, from Nova Scotia to South Carolina, thus a~ord, since they have 
been locally preserved in the manner .described, the sole clue to the 
geography of that time other than such inferences concerning the land 

. as may be derived from a study of the Newark sediments and organic 
life. The exposurel3 of the Newark land surface are extremely limited. 
I.n. most of theN ewark areas the visible evidence is found along the line 
of boundary on the basal edge of the tilted beds. Locally similar obser
vations may be made on the opposite border, where similar conditions 
occur. In the case of the Richmond' area the eastern border presents 
by far the most continuous exhibit of facts concerning the Triassic land 
surface. From point to point on the western margin evidence of the 
contac~ of the Newark beds upon the ancient gneisses may also be had. 
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The information obtained from the study of these fragmentary por
tions of the old. ·land floor points to a few conclusions which· are pre
sumably true for this immediate region. ·First, it-is evident that the 
area had been one of long and deep erosion, since both coarse granites 
and gneiss were exposed at the surface, both of these rocks indicating 
by their structures an original thick cover of rock. Secondly, the 
denudation of these rocks appears to have gone so far· as to have 
reduced them to something like ~n even surface. So much disturb
ance of the rocks bas since taken place that it will be necessary to 
explain the apparent objections to this latter statement. 

The eastern boundary of the Richmond basin has a general direction 
east of north. Viewed in its several parts, it consists of more or less 
straight segments, which are determined by one or the other of two 
conditions of the Newark strata in relation to the basement rocks. 
The .longer of these segments appear on examination to be formed by 
the intersection of the present Piedmont plain with the ancient tilted 
lan4 surface on which the Newark strata repose. Although the actual 
contact of the Newark strata with the granites and gneisses is seldom 
seen, the essential straightness of the line of contact, as shown by the 
strike of the coal measures of the basin and the distribution of granite 
and gneiss exposures for long distances, leaves no room for those 
irregularities in the line which must have resulted bad the Newark 
beds been laid down on the rugged surface supposed by some to have 
existed here in Triassic times. 'fhe localities which exhibit these rela
tions will be described in detail in the account of the bo~ndary. 

The shorter of the segments, which are those parts of the boundary 
line departing most widely from the general direction, afford evidence 
of faults. 'Vhen due allowance is macte for these disturbances of the 
eastern border, the ancient surface of the. granite and gneiRs appears 
to' have been without much relief. This apparent evenness of the land 
is the more remarkable when it is considered that the centt'al part of 
this floor of the b.asin, on the eastern margin, is composed of granitic 
rock. The topographic relief, in other words, was nearly as weak as that 
of the present surface of the Piedmont district. Such glimpses as may 
be obtained of the east and west extension of this ancient land surface 
bear out the explanation of the irregularities traced along the eastern 
border. In following down the floor of the ba.sin in mines the irregu
larities in the slope are found to be due to disturbancesin the granitic 
basement taking place after the deposition of the c~al measures. The 
evidence. from the western border is in geueral harmony with that· 
already stated. 

The argup1ent thus derived from an examination of the ancient land 
surface i~ suppm;ted by the sedimentary character of the basin. . The 
basal beds especially are rich in the disintegrated minerals of the 
grauites. In a region of steep slopes and abundant waterfall mechan: 
ical abrasion keeps pace with or proceeds faster than the formation of 
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loose material by decomposition and disintegration. On gently inclined 
plain-like surfaces the products of disintegration linger about their 
sources until a change of geographic or climatic conditions gives "(jO 

streams or waves the power to transport and assort the waste. The 
, basal sediments of the Newark group in this field point to the latter 

geographic conditions rather than to those first stated, although the 
real state may have lain between the extremes thus implied. • 

Such is the evidence for the belief that the floor of this area of depo
sition, or at least so much of it as is now revealed, was essentially 
without strong relief. That the lands of the Newark area were not in 
this featureless condition throughout the period of deposition of the 
strata is demonstrated by evidence which is of a more general nature. 
However low may have been the relief of the land at the beginning of 
Triassic deposition, the thick beds of sandstone and shale in this basin 
alone demand an adjacent area of erosion whose constructional height 
above base level must be measured in terms of the detritus derived 
from it. It is not necessary to suppose, hmyever, that high mountains 
at any one time, and particularly at the beginning of deposition, 
existed jn this area of erosion. Concomitant depression in the area of 
deposition, with elevation in the area of erosion, maintaining a moder-

. ate or only slightly elevated relief wouhl have given the same quanti
tative results in the deposits of the neighboring depres~ion as an initial 
mountainous relief. Whatever relief may have existed in this field as 
the result of the Appalachian diastrophe had largely vanished by the 
opening of Newark sedimentation. 

CONDITIONS OF FAULTING AND FOLDING. 

It is evident that the orogenic disturbances of this Newark field are 
due to ·actions which affected the ancient crystalline rocks that underlie 
it. The disturbances have been propagated to the sandstones, shales, 
and coal beds of the basin, which have adjusted t,hemselves to the dis
located foundation. On the supposition that the basin existed before 
the orogenic movements begau, it is difficult to determine how much 
deformation was due to these movements. The extensive faulting of 
the ancient base· appears to have been produced subsequent to the depo
sition of the lower 1,000 feet or so of theN ewark section; it most prob
ably occurred after the whole of that section was laid down; but it is 
possible that some disturbance took place before the upper parts of the 
section were deposited. 

It will be observed that the facts noted in this report lead to the con
clusion that many of the faults pass in their vertical extension into 
flexures or into sections· of the beds where the material of the layers is 
shoved about in tpe state of finely divided bits, which indicate the move
ment to which they have been subjected by the slickensided character 
of their faces. This evidence of comminution and shoving is so general 
that it may well be regarded as a characteristic feature of the rocks in 



410 GEOLOGY OF THE RICHMOND BASIN, VIRGINIA. 

this bas·in. It appears to be due not only to the somewhat local disturb
ance directly induced by the faulting but also to general stresses affect
ing the who~e mass of the rocks, such as would be produced by lateral 
compression . 
. It appears impossible to account for the disturbances of the strata in 

this basin on the assumption that the only movement bas been that of 
· downsinking of its floor attendant on the abundanb block-faulting, the 
result being the formation of a trough of the "graben" type. It is 
necessary to suppose a lateral compression.of considerable though inde
terminable amount in order to explain the evident packing of the strata, 
such as is shown in the several cross sections of this report. 

It is evident that the seat of the stresses which have affected the rocks 
_of this district other than those due to the weight of 'the Newark beds 
lies in the hypogene section. Concerning the origin and adjustment of 
these stresses little of value can be said, except to direct attention to 
certain possibilities as to the source and nature of the movements. 

It appears unreasonable to suppose that the whole of the disturbance 
of these rocks was due to the yielding of the basement on which they 
lie, brought about by the weight of the sediments. The block-fs:tulting, 
with the upthrust oflarge masses, evidently indicates a stress other than 
a simple gravitative downbearing. While the weight of the Newark 
section and whatever else may have rested upon it doubtless entered 
into the equabion of forces which determined the faulting and folding 
of this basin, it bas to be supposed that the principal factors in the 
equation were deep-seated. So far as we can perceive, the only action 
competent to produce the results is the contraction of the deeper parts 
of the earth mass, resulting in a compression of the superficial portion, 
the work done being locaUy affected by the accumulations of sediments 
which took place on this area. · 

Although under certain little-known conditions it is evident that 
massive rocks, such as granites, may be flexed, it is well ascertained 
that they are most likely to yield to the strains involved in mountain
building forces by faulting, the included blocks slipping past one 
another as they have evidently done in this b!tsin. The hypothesis of 
direct downfaulting, unassociated with horizontally acting compressive 
stress, such as is assumed by some writers in accoun.tiug for graben 
valleys, does not seem to be applicable in this area. The order of the 
disturbances, so far as observed, is most reconcilable with the suppo
sition that they were produceil by a thrusting movement acting from 
the eastward, which was competent to urge the basal rocks landward 
against the resisting mass of the Blue Ridge. The strong downfault
ing on the western margin, combined with the remnants of sharp 
flexures much broken by ~aults, appears to indicate that the resistance 
to the thrust was great, while the relatively gentle declivity of the 
trough on the eastern border may be 'taken as showing a less restrained 
movement. 
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There appear "to be reaso·ns for supposing that there 1s a tendency of 
the rocks beneath the sea to thrust against the land. All along the 
.Atlantic coast of the United States, from Boston Harbor to Cape 
Hatteras, there are marks of disturbanc~s of the strata next the shore 
by processes which, beginning in the Te;rtiary, have continued down 
nearly to tile present day, if they are not still in action. The exten
sive dislocations of the deposits on Gay Head and Cape Cod are evi
dences of such action. Like conditionsare s1wwn to exist along some 
of the shores of the Old World. It seems not improbable. that the 
source of these movements may be found in the expansion in the rocks 
beneath the sea floor, which would be brought about by the rise of the 
isogeothermal planes due to the blanketing effect of the strata which 
are accumulating there, where the increase in the depth of the sedi
ments serves to elevate the planes of equal internal heat more rapidly 
than the secular refrigeration of the planet operat.es to lower them, a 
condition which we may deem practica1Jy active whenever sedimenta
tion bas long been going on. The effect is necessarily to bring about 
a tendency to expand in the section thus heated. 

It is evident from the movements of strata involved in mountain
building actions·that, whatever be the nature of the conditions beneath 
the superficial portion of the earth's crust, they permit its ready move
ment nuder tpe stresses to which they are subjected; we may, there
fore, suppose that the result of the expansion from the increase of 
temperature may well be a thrusting action against the coast line of the 
areas of sedimentation. Beneath lands which have long been the seats 
of erosion the isogeothermal planes are presumably lowered. toward 
the center of the earth· in such conditions of cooling. These sections 
would probably not have the softened base which permits the ready 
movement observed in places where great ~edimentation takes place. 
It will be observed that this hypothesis is little more than conjecture, 
but in this difficult :field of inquiry it appears to be worth while to 
suggest it. 

EFFECT OF IGNEOUS INJECTIONS ON CARBONACEOUS STRATA . 

.At no other place in this -country are 'the effects of the intrusion of 
lavas in carbonaceous rocks so wen exhibited as in the Richmond basin . 
.At many points numerous dikes cut the coal beds and bituminous shales, 
and. in several instances they have moved parallel to these deposits in 
the manner of sills. .As yet the relatively slight workings of the coal 
deposits have revealed what is certainly but a small proportion of these 
interesting contacts, yet in half a dozen of the old mines the explora· 
tions disclose them. 

The most evident effect of the contact or even the propinquity of the 
trap injections is the expulsion of the more volatile portion of the coal 
and the rearrangement of the remainder in the form of what is well 
termed ''natural coke." This change has, in cases, occurred at the dis-
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tance of 20 feet or more from the nearest side of the injected matter, 
the alteration being very even in its character so far as it is effected, 
but ceasing along a fairly well· marked line, showing that there was a 
critical. point iu the scale of temperature, beyond which the heat was 
not sufficient to bring about a change. 

It is interesting to note that the heat which was sufficient to coke the 
coal at a considerable distauc~ from the source of the temperature in 
the trap dikes has not distinctly affected the conditions of the other 
rocks at like distances fi·om the originally molten mass. These rocks 
are slightly indurated, but not often sufficiently so to make them resist 
weathering more effectively than those remote from the paths of the 
dikes. 

It is a noteworthy fact that the distillates arising from the coking of 
tlle Richmond coal in the presence of the trap have left no traces in the 
rocks about the changed ueds. These beds of natural coke are not 
infrequently thick. At places they have been found 10 feet or more 
in depth. 1'he amount of the volatilized material may be estimated at 
about 01ie·third of the coni. pact coke which remains, yet there is no trace 
of oil, beyond a slight odor of that substance, or of coal tar in the 
neighboring strata, though these aro quite open enough to aftord a 
place for them. These heavier products of the coking process hav:lng 
disappeared, it is not to be expected that the more volatile gases. would 
have remained. It may be noted, however, that no traces of them have 
been found. 

It seems unlikely that the materials which were expelled from the coke 
at the time when it underwent its change from coal could have found 
their way to the surface without le.aving any traces on .their path of 
escape. It is a natural suggestion that they might have entered .into 
various combinations, as with the iron oxide, but nothing has been 
observed that warrants this conjecture. . The interpretation of the facts 
must await further study. 

It has been suggested that the formation of diamonds is brought 
about where beds of carbonaceous materials are penetrated by dikes. 
This hypothesis is evidently warranted, for the reason that this crystal 
has been, in its smaller and least perfect forms, produced by subjecting 
carbon to a high temperature. There seemed one bit of evidence, 
slight but possibly instructh~e, which sen·ed to make it not improbable 
that these gems had been formed in the natural laboratory of the dikes 
of the Richmond basin. According to a well supported tradition, a 
diamond of some size was found many years ago in the terrace deposits 
in the western part of the town of Manchester, some 10 miles down the 
James from the east~rn margin of the coal field, in a position where it 
might reasonably be supposed· that it came from the rocks of that area. 
It is, indeed, by no means. unlikely that the Newark b.eds originally 
extended to the eastward as far as the place where· the crystal was 
discovered. 
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Acting on the clew aboye noted, a considerable amount of the gravelly 
material from the small streams which drain the region about Midlo
thian, where the traps cut the beds of the basin, was subjected to a 
careful study. This study, which was performed by Dr. Palache, 
showed no trace of crystalized carbon. 

It should not be understood that the test above indicated. bas more 
than a slight negative value. It is, perhaps, overweighed by .the fact 
that one diamond has been found in the area. It seems desirable that 
some one who has had experience in searching for these crystals, and 
whose eye is accustomed to their aspect in the rough state, should make 
a careful study of the country. Such an inquiry should be directed 
to the region about the eastern margin of the field, for there the coal 
beds which have been affected by the beat of the trap have been subject 
to disintegration. 

If a study of the rock in the mines with reference to the occurrence 
of dian1onds is undertaken, as seems desirable, the effort should be· to 
select the deepest points at which the dike stones can be found cutting 
the carbonaceous layers. It is evid.ent from the effect the injections 
had upon the coal that the lava parted rapidly with its heat in the 
higher portions of the dikes. Its temperature when it entered the 
stratified deposits may have been much higher than in the places 
remoter from the sources of supply. 

In this connection it may be noted that the injection of the dikes 
appears to have taken place with less than the usual violence. No brec
ciation has been observed, nor any inclusions of the country rock in the 
igneous masses. The sheets are uniformly rather thin; their walls 
show little of the effect of chilling. These facts point to the conclusion 
that the injections occurred at a considerable depth, and probably in a 
slow manner. 

FORMER EXTENT OF RICHMOND NEWARK AREA. 

It is evident that the field now occupied by the Newark beds of the 
Richmond basin was at one time ~uch more extensive than it is at pres
ent. U.s extreme limits can not well be determined. As is well known, 
the eastern margin of the field is bordered by several small detached 
areas, in which are preserved the lower coal-bearing strata.· In the 
opinion of the miners of the district, other undeYeloped basins lie yet 

, further to the eastward. Occasional patches of sands hav!ng the hue 
. common to the decomposed beds of the Newark are exhibited in shallow 
road cuts and gullied fields for some miles east of the recognized out
crops of the rocks. It is not improbabl.e ~at small basins similar to the 
Black Heath lie bene.ath the common mantle of residual deposits as 
far to the east as the meridian of Richmond, or, say, 12 miles fro.m the 
ascertained exposures of the Newark series. It should be noted that 
the considerable area of Newark rocks at Taylorsvjlle is wen toward· 
the edge of the Piedmont district. No effort has been made to· seek 
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for these smaller outliers; their discovery will depend on chance cut
tings or on searching for water, or on a systematic exploration by 
borings, a work which, though of importance from a scientific stand
point, c.an not at present be commended to those in search of coal. 

On the w.ester.il margin the same conditions of detached small basins 
may exist, as is inrlicated in the field to t.he -eaatward; but the higher 
elevation of the country and the deeper incisions of the streams make 
it less probable that such areas have been ove,rlooked in that part of 

. the. field. One such, however, exhibiting the basal conglomei-ate, is 
noted on page 490 of this report. 

On the .northeastern margin of the Richmond basin· there are two 
small subsidiary basins, those of Deep Run and Taylorsville, which are 
much further separated from the main area than those lying in the east
ern and western margins; they are also much longer than the other. 
outliers. 

The general arrangement of the several Newark areas in Virginia 
exhibits a rude en echelon order1 such as is usually found in the position 
of mountainous folds. .About th~ greater basins lie those of smaller 
size, which are similarly distributed. The grouping is in general con
sistent with the supposition that these troughs are due to mountain
building action, in which the faulting of the basement of pre-Newark 
rocks has had more influence on the attitude of the stratified beds 
than is evident in the structures of the .Alleghanies. This feature 
is perhaps more apparent than real, for the reason that the founda
tions of the folds in the western field of disturbances is not revealed 
to us. The distribution of the remaining portions of the Newark beds 
in Virginia is consistent with the hypothesis that the deposits once 
mantled that field over, the several areas still existing owing their 

. preservation to their inclusion in the troughs arising from the dislo
cation of the basement. It is also reconcilable with the supposition 
that the beds were laid down in preexisting valleys, the lesser basins 
grouped about the greater being peripheral remnants of the once more 
ex,tended areas. ~ 

The fact that the coal-bearing beds of the Newark group fail to 
appear in several of the basins of the Virginia district is presumptive 
evidence that the conditions of the areas differed as regards the 
development of swamps. From what is known of these basins the coal 
beds, with the exception of those of the small area north of the James 
River, seem to be limitecl to the. field south of that stream. 

EXTREME EROSION OF THE EASTERN APPALACHIANS. 

It is evident that the disturbances which have affected the district 
east of the Blue Ridge must have produced a mountainous topography, 
which has been lost by the processes of denudation that have brought 
the region to its present level, while .mountains formed on the western 
side of the Blue Ridge at probably an earlier period exhibit a strong 
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topographic relief. This feature of an excessive amount of effacement 
of mountain-built structures in the region next the coast as compared 
with that of regions farther inland is distinctly to be observed from 
Georgia to the Potomac and less evidently thence to the Bay of Fundy. 

There are two obvious ways in which this difference in the condition 
of the inland and coastal reliefs may be accoun~ed for. It may, on the 
one hand, be explained by the supposition that the form of the Pied
mont area is due to the action of the sea, mainly by its waves, which, 
with the incessant changes of level, have acted in a zone extendin.g 
from below the present coast line to the height of some hundred feet 
above that plane. On the other hand, it may be accounted for by the 
hypothesis that the western region has been uplifted at one or more 
periods, so that its relief bas been worked out by streams since a time 
when it had the level character of the Piedmont area on its eastern 
side. As the evidence from the Richmond Basin is but a small part 
of that which has to be considered in the discussion of this question, 
the matter will be passed by with the suggestion that a close study 
of a section from the eastern border of the Piedmont district across 
the Blue Ridge to the western portion of the Alleghanies rs likely to 
afford valuable data for the iuquiry.1 · 

RECENT CHANGES OF LEVEL. 

' The rapid fall of all the rivers of the Atlantic coast is evidence that 
this shore land has been subjected to a slight uplifting movement In 
relatively modern time·s, so recent, indeed, that the rivers have uot been 
able to cut down their beds to the normal depth. Thus the James. 
River has evidently done but little work since it was revived by the last 
elevation of the district in which it lies. 

The amount of the last downsinking of this district can not be accu
rately determined. As noted in a report on the Dismal Swamp area,2 

many of the flooded valleys have deeper water some distance from the 
coast line on the great bays, such as Pamlico Sound, than exists in them 
nearer the sea. In some cases this inward deepening amounts to 40 
feet or more. Allowing the least possible amount for sedimentation in 
these still, deep channels, it appears likely that the last incursion of the 

' sea carried it to a level between 50 and 100 feet higher than it was 
when the river valleys took their present form. 
·It is possible that some of the obscure terrace-like structures along 

the James River to the seaward of the Newark Basin may represent 
the work of the sea rather than that of the river. So, too, the curious, 
small shelf morasses of the county of Hanover, north of the James 

1 See Hayes aml Campbell on the Geomorphology of the Southern Appalachians (Nat. Geog. Mag., 
Vol. VI, 1894, pp. 63-126), wherein the ground is tak.en that the Piedmont district and the Appala
chians were base-leveled by subaerial agencies, and that the Appalachians have been subsequently 
uplifted, allowing the streams to carve out valleys in that part of the continent. 

2 See Teuth Ann. Rept. U.S. Geol. Survey, Part I, 1890, pp. 313 et seq. 
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River, may owe their origin to deposits of' marine sands formed during 
some one of th_e recent subsidences of this region. What is known of 
this section of the country makes it admissible to suppose frequent 
~dvances of the sea to the lower part of the Piedmont slope. ' 

At first sight it might be supposed that this section of the country had 
been much~ more subjected to marine invasions than the other parts of 
the eastern United States, but a comparison of the evidence of such 
action with that which may be obtained in New England or in the more 
northerly parts of the continent shows that the Virginia district is in 
this regard in no way exceptional. In the report on the geology of 
Mount Desert 1 the existence of more than half a dozen elevated shore 
lines is noted. In the Cape Cod district of Massachusetts there is evi· 
dence of at least four advances and recessjons of the ocean waters since 
the beginning of the"Pleistocene epoch. The nu..mber is probably much 
greater than is noted.2 In fact the more the shore-land district of this 
country is studied the more it becomes evidep.t that the relations in 
height of the land to the sea have been subjected to continuous and 
swiftly repeated changes. 

As before remarked, the advance or recession of the sea on the face 
of land may be due either to the rise or fall of the sea level or to a 
p.ositive movement of elevation or subsidence of the land itself. In 
most cases, as both sea and land are undergoing independent move
ments, the position of the shore at any one time is likely to be deter
mined by an equation between these two independent swayings. It is, 
of course, quite impossible, in most cases, to say to which of these 
groups of causes a particular change of level is to be attributed; but in 
the case of the last great movement of the sea, that which has recently 
drowned the lower part of the river valleys of this region, it may reason
ably be assumed that the action was due to a positive uprising of the 
ocean. This is indicated by the fact that, throughout the world, all 
shores, with rare exceptions, exhibit the same drowned valleys which are 
so conspicuous a feature on the Virginia coast. That they are rather 
more evident on this shore than elsewhere is due to the fact that here 
the streams are ~mall, a11d owing to the generally decayed and open 
nature of the subjacent rocks, they carry little sediment wherewith to, 
form delta deposits, which, as in the case of the Mississippi River, 
has so often served to obliterate the original incursion of the sea. 

CLIMATAL CONDITIONS OF NEWARK TIME. 

The evidence as to the cliniatal conditions of the time during which 
these beds were laid down, though not great in amount, is interesting 
enough to warrant some discussion of the matter. As regards the 
temperature of the district, the beds lying at the base of the section 

I See Eighth Ann. Rept. U.S. Geol. Survey, Part II, 1889, pp. 987 et seq. 
2SeeEighteenth Ann. Rept. U.S. Geol. Survey, Part II, 1898, pp. 497 et seq. 
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contain numerous plants which must have had permanently living 
foliage, and which thereby indicate a substantial immunity from frost. 
The part of the section containing the distinct coal beds has a th~ckness 
not yet accurately known, but which probably does not exceed 100 feet. 

During the time when the coal beds were bei~g deposited the climate 
was presumably humid, for it permitted the aecnmulation of thick beds 
of peat, which ,in general character must have been not unlike those 
formed during the Carboniferous era. As such masses of peat rarely, 
if ever, are found in tropical conditions, it may be presumed that the 
mean temperature was not much above what it now is in this field. As 
the production of thick morass deposits does not go on in regions which 
have regular and long dry seasons, we may conclude that the climate 
was one of tolerably constant humidity. These conditions would hardly 
be satisfied by the present climate of the area, but they would be met 
were the extremes of winter cold and summer drought excluded. 

After the deposition of the lower coal-bearing section there came a 
distinct alteration in the conditions of this area, which may have been 
due to a change of climate, but is explicable on the supposition that it 
was caused by topographic alterations. The beds no longer contain 
evidences of ancient swamps. They show the existence of conditions 
such as may he found in the low lands of rather arid fields. The like 
may be found in the valleys of the Cordilleras, where the rainfall is less 
than 20 inches per annum. On the other band, the thick beds of detrital 
materials show that at certain time~ of the year, at least, the rainfall 
was considerable. 

Although no trace bas been found of salt deposits in this field, the 
assemblage of facts leads one to supJJose that the upper part of the sec
tion, which amounts to 2,000 feet or more in thickness, was accumulated 
in arid rather than in humid conditions of climate. Th~ beds were 
probably laid down in a fresh-water lake or in a broad river valley. It 
is evident that vegetation frequently developed upon the shores. That 
it attained no great depth can best be explained by the supposition 
that the climate was not such as to favor the growth of peat deposits. 
These conditions would be met by the assumption that while there was 
rainfall sufficient to produce strong erosion, a dry season inhibited the 
development of thick peaty deposits. 

EVIDENCE FROM THE CONGLOMERATES AS TO PERIODS OF 
METAMORPHISM. 

Conglomerates such as those of the :Newark have a peculiar but much 
neglected value in that they afford what may be termed a census or test 
of the conditions of the rocks whence the fragments were derived at 
the time when the pebbles were formed. Such information, when once 
approved, enables the geologist to fix the period when the chem~cal an.d 
physical changes of the rocks of a country were effected. By safe 

19 GEOL PT 2--27 
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methods of inference the evidence may lead to conclusions as to the 
ancient deep burial of rocks which are now exposed at thP. surface, and 
as to the .former extension of deposits which are now limited in their 
area, or which have quite disappeared by erosion, or which have been 
changed in their mineralogical character. In a word, a true conglom
erate is likely to be a collection of the rocks of the country in which it 
lies. one made at the time when the strata were formed. 

As the pebbly deposits of the Richmond Basin have escaped other 
changes than those of the slighter sort, such as arise from compression 
and a trifling amount of iron deposition, we are from their contents 
enabled to make the affirmations stated below. The first of these is 
that the foundation rocks of the James River district had in Newark 
time the character we now find impressed upon them. They were crys
tallized, sheared, and hard€ned as they are at the present day. The 
only difference between their present and their ancient aspect consists 
in the fact that the dike stones are new. This is indicated by the 
absence of pebbles of distinctly igneous rock, such as would have been 
derived from the dikes which cut the sedimentary deposits. The sec
ond affirmation is that the only sedimentary deposits abundant at the 
time when the pebble beds were formed, but now rare, were certain 

' quartzites which form a large share of the fragments that make up the 
pebbly beds of the more superficial deposits which overlie the Newark. 
These quartzites have been pretty generally cleared away from the 
James River Valley, except in an.d near the B~ue Ridge. 

AGE OF THE UNDERLYING ROCKS. 

As to the age of the fundamental plexus in this region there is no 
evidence of value. The deposits, however, probably date to Laurentian 
or Huronian time. So far as it goes, the evidence as above noted indi
cates that in Newark time there were no beds accessible to the streams 
which drained into this basin of newer age than Cambrian or pre
Cambriait. In other words, the upper Paleozoic section was wanting in 
this field. 

It is to be noted that the James River now cuts a great variety of 
Paleozoic beds, and that its current conveys waste from all the 
important members of that section, from the Cambrian to the Carbon
iferous, inclusive. It therefore seems probable that tJ1is river, or a 
stream draining through the Blue Ridge, did not exist 'at the time when 
the deposits of the Richmond Basin were accumulated. This view 1s 
consistent with the hypothesis that these strata were deposited in an 
antecedent basin which was part of a system of drainage different 
from that which now exists in this field. The map of the basin shows 
that there is no trace of a prolongation of the beds in the axis of the 
existing- valley. The margins cut directly across that trough, as they 
would not be likely to do if the basin had existed at the time when 
they were formed. 
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The most reasonal,le supposition concerning the derivation of the 
pebbly beds of the Newark is that they came through purely local 
streams, and that the James River drainage bad not worked through 
the Blue Ridge, but, so far as its upper waters are concerned, forced ·a 
way parallel to that barrier to some other point of discharge into the 
sea. The narrow, canyon-like character of the water gap in that great 
ridge indicates that the streams which more or less completely traverse 
it have cut their passage in relatively modern times. The upper James 
Hiver may have been a part of the Shenandoah drainage, or perhaps 
of the Hoanoke system, which was here diverted or robbed by the cut
ting back of a tor~·ent that at one time headed near Lynchburg. 



CHAPTER II. 

THE ROCKS OF THE AREA. 

ROCKS BORDERING AND UNDERLYING THE BASIN. 

The term geologic basin implies a mass of strata surrounded on the 
present surface and underlain by rocks of more ancient date, present
ing frequently a marked difference of attitude an_d invariably of struc-

. ture; at least such is the conception gained if we examine the areas to 
which the name basin has been, in the common· use of geologists, 
applied. Of the distribution of the rocks of this earlier group beneath 
the Richmond Basin we have as yet no knowledge other than those 
apparently valid supposition~ which may be based upon a fair inter
pretation of the dominant structure of the rocks about its margin. 

The porphyrit·ic granitite.-The bordering rock on the eastern side of 
the area is a coarse porphyritic granitite, well developed in the vicinity 
of Midlothian, and extending with variations of texture as far north 
as Gayton and as far ·south as Wiuterpock. Its large porphyritic 
crystals, often in the form of Carlsbad twins, are arranged in a general 
north-and-south direction, due to the flow of the once fluid rock (~ee 
Pl. XIX). The disintegration of these feldspars has played an impor
tant part in the development of the Newark sediments. 

This granitite shows, at least in the middle of the area in which itis 
exposed, no signs of dynamic metamorphism. It is cut by a few small 
aplite dikes in the vicinity of Midlothian, but its relations to the neigh
boring pre-Newark rocks have not as yet been investigated. From the 
general distribution of the mass, it is evident that it underlies the 
eartern part of the Richmond Basin, but its extent toward the west and 
the position of the line of contact between it and the gneiss of the western 
border are not definitely known. 

The gneisses.-The extreme northern and southern ends of the Rich
mond basin are bordered by gneissic rocks, which are continuous along 
th~ western margin except for occasional dikes of granite interpolated 
in them. The gneiss appears to be largely igneous rock also, but in an 
altered condition from the effects of pressure and shearing. The most 
common type resembles quartz-porphyry, which has been extensively 
sheared, faulted, and jointed. Some of its secondary structures are 
shown in the accompanying reproduction of a photograph taken along 
the western border where streams have removed the weathered subsoil 

.(see Pl. XX). 
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Gneiss is exposed in the southern end of Cornwallis Hill, near 
Manakin, where quarries have been opened for" road. ballast." The 
intrusion of granitic sills gives the rock a banded structure, the dill of 
which is low .. :Minute cavities in these rocks sometimes contain freely 
terminated black quartz crystals, and are said to yield a few drops of 
"coal oiU' The overlying carbonaceous shales have probably furnished 
this material. This quarry also exhibits two faults, the bearing of 
which on the structure of the basin is described on page 464. · 

These rocks are everywhere, except in stream beds and artificial 
openings, deeply decayed (see Pl. XXI), and their detaHed investiga
tion has been postponed until the mapping of the area surrounding the 
Richmond basin is undertaken. It is sufficient to state here that 
granites and gneisses were exposed at the surface in this part of the 
continent at the time deposition began in the Hichmoncl basin. The 
age of these rocks is not loeally determinable. 



CHAPTER III. 

STRATIGRAPHY OF THE RICHl\:lOND AREA. 

The grouping of the strata in this area and their representation on 
maps has never before been attempted. 'l'he nearest approaches to a 
classification of the strata made by those actually acquainted with the 
field are the t~bles given by Sir Charles Lyell and Oscar Heinrich. 
The former geologist recognized a lower coal-beating zone and an 
upper .series of sandstones. To these obvious subdivisions of the 
strata in the Richmond area this distinguished geologist gave no dis
tinctive names beyond the reference to a European horizon with 
which be considered the coal measures contemporaneous. Heinrich's 
grouping of the strata is based on local observations in the shafts and 
mines· about Midlothian. Other schemes of grouping have been pro
posed, but in no case bas the attempt been made to apply these stand-. 
ards to regions outside of the section whereon the subdivisions were 
based. 

A casual observer, traversing the Richmond area on any one of the 
section lines described in this report, can not but note that there are 
several leading lithological features displayed in bands. by which the 
strata may be roughly grouped. When one seeks to trace c;mt these 
bands along the strike of the strata t~e futility of the task is at once 
apparent. It is only on tl;te broadest possible lines and probably with 
a considerable error in the placing of boundaries between distinguish
able groups of strata that a mapping of tbe basin can at present be 
carried out. 

422 
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The accompanying table of divisions is an expression of the present 
knowledge concerning the lithological and biologic characters of the 
area. 

Table of formations in the Richmond area. b Lithologic, 

~~~~-. • Subdivisions. 

Biologic divisions. General characters. 

Otterdale sand-

stones. 

Araucarioxy

. Ion beds. 
Coarse sandstones, often feld-

spathic, with silicified trunks 

of Araucarioxylon; well devel

oped north, south, and west of 

Otterdale. Thickness, 500+ 

feet. 

Vinita beds ...•. ~ . Estheria beds . Black fissile shales, carrying 

Estheria owta, pa..ssing up

ward and intercalated with 

gray sandstones; in James 

River bluff, west of Vinita 

station, on Tomahawk Creek. 

Thickness, 2,000 feet. 

r Productive 
measures. 

coal Macrotrenio p

teris beds. 

Interstratified beds of bitumi

nous coal (usually 3 seams), 

coke, black shales (a, fish 

bearing; b, estheria shales; c, 
vegetal shales), sandstones 

(feldspathic and micaceous), 

fossil plants; teeth, bones, and 

tracks ofreptiles. Thickness, 

500 ( f) feet. 

I 

Lower barren beds. . . . . .. . . .. . . . . . . Sandstones and shales under 

coal beds~ often with arkose. 

Thickness variable, from 0 to 

300 feet. 

l Boscabel bowlder 

beds. 

Local deposits; bowlders of 

gneiss and g•anite, Thick- I 
ness variable, 0 to 50 feet. · 

~--~----------------~----------~----------

The divisions of the strata thus recognized will now be described 
more in detail. 

THE TUCKAHOE GROUP. 

The Tuckahoe group includes the lower coal-bearing beds of the 
Newark system in the Richmond Basin. . 

The beds are well exposed in the shafts and mines bordering Tuck
ahoe Creek, in Goochland County, in the vicinity of Gayton. At 
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various points in the area the fact~ go to show the existence of a series 
of beds of variable thickuess,...belo.w the coal-bearii1g strata; and, 
throughout the. group, although shales predominate, feldspathic sand
stones and arko&e beds occu1\ The Tuckahoe group, as a whole, may 
be treated under the head ·of (1) the Boscabel bowlder beds, (2) the 
lower barren measures, (3) the vroductive coal measures. The thick
ness of these strata amounts, in certain sections, to as much as 500 
feet; in some localities the formation containing coal' appears, from 
trustworthy information, ~to measure not more than one-tenth of this 
estimate. 

THE BOSCABEL BEDS. 

Bowlder deposits, beli~ved to be associated with the Newark rocks, 
are found at two points on th~ western m~rgin, north of the James 
·River. Heinrich 1 reports their existence at the base of the formation, 
at Midlothian, on the eastern margin; but such deposits have not been 
discriminated ~t the surface in that district. It may be that the large 
granitic blocks left upon the granitic area at the border line by atmos
pheric decay form a part of this layer, but there is no proof to that 
effect. · 

The bowlder deposits .aloug the \Yestern margin are best exposed at 
Boscabel Ferry, in a small area separated from the main basin at 
Manakin by the gneissic ridge of Cornwallis Hill. The deposit con
sists of subangular fragments of gneiss of various origins. While a 
few of the fragments are rounded, others show almost unabraded joint 
faces. Flat blocks 3 feet long· and 2 feet wide, and even 4 feet long, 
occur in pell-mell disorder, with a partial bedding of readish gritty 
sandstone. 

This conglomerate, so far as can be determined from th~ intercalated 
sand bands above-mentionecl, dips westward, as do the shales on the 
south side of the James River, in the same wedge of strata. The beds 
sink southward, and, although their thickness is not exactJy ascertain
able, it is at least 50 f~et at th~ western base of Cornwallis Hill. 

A second and more extensive exposure of a conglomerate of the type 
above noted is met with on the Manakintown road just north of its 
junction with the Three Chop road. This deposit is exposed only in 
the road cutting. The locality is three-fourths of a mile we.st of the 
boundary of the Richmond area, with an intervening strip of the pre
N.ewark gneisses. The stratigraphic relations of the bowlder deposit 
to the Newark.section are therefore undeterminable by direct evidence. 
Analogy with the area to the south and with similar outlying patches 
of sediments ·suggests its correlation with the base of the strata in the 
IUchmond area . 
. The bowlders of gneiss and pegmatitic granite here assume large 

dimensions. One rounded block of gneiss is u·pw·ards of 6 feet long, 4 
feet wid~1 a~d as m~ch as 2 feet thick. The accompanying photograph 

1 Trans. Am. lust. Min. Eng., Vol. VI, 1879, p. 227. 
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(Pl. XXII) exhibits this bowlder and the adjacent smaller fragments, 
together with the characte:~;istic pell-mell structure which results from 
some of the fragments lying on their sides and some on their ends. 
The bowlders exhibit none of the decomposition and disintegration 
previous to their deposition which must be supposed to have taken 
place in the case of the granitites of the eastern margin of the Hich
mond area. As will be shown in this report, deposition in this area 
began with land to the eastward strewn with the products of the 
weathering of granites. The difference irn aspect between these bowL 
der deposits of the western margin and the basal arkose beds of the 
eastern margin is in part accounted· for by the presence of metamor
phosed quartz-porphyries in the gneiss of the former district. It is a 
noticeable fact in the rocks of the Atlantic slope that the ancient sur
face or volcanic equivalents of granite, viz, quartz-porphyry and fel
site, weath~r much more slowly than rocks of the granitic family under 
the same conditions of exposure to the atmosphere. This difference 
in the nature of the rocks of the eastern and western margins of the 
Richmond area, coupled with the probable action of water in remov
ing the finer products of disintegration from bowldery accumulations, 
makes it possible_ to regard the Boscabel beds as .local phases of the 
area of deposition. 

In the two small tracts in which these bowlder beds have been 
studied,. the materials present a strong local character, neither their 
lithological peculiarities nor their form calling for distant transporta
tion. A search for striated surfaces failed to bring to light evidence 
of the glacial abrasion or transportation of the bowlders. On the con
trary, when we consider these deposits in connection with other sedi
ments at the base of the section ·in the Richmond basin, it· is probable 
that weathering, aided by the work of running water or possibly by 
waves, affords a satisfactory explanation of these basal accumulations. 

THE LOWER BARREN MEASURES. 

It was the opinion of Prof. W. B. Rogers that the coals of the Rich
mond basin rested immediately upon the granitic terrane of the eastern 
margin. vVhile this view appears to be true of some of the sections in 
the old mines, investigations made subsequent to his studies have shown 
that there is frequently a considerable thickness of strata interposed 
between the actual base of the Newark group and the lowest coal bed. 
In some of the instances in which the coal has been seen resting on the 
granitic basement it is known that the relation has l:>eeu brought about 
by faulting. In other cases the occurren.ce of barren beds at the base 
of the section is to be explained. bytbe local failure of coal-making 
conditions rather than by the supposition that the beds in question 
were laid down before the lowest coal bed elsewhere deposited in the 
area. In many cases in this basin, where barren strata occur beneath 
a coal bed, it is impra.cticable to determi!le whether these beds are 
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older than the coal measures proper. The fact, however, that a consid
erable thickness of sandstones and shales has been encountered below 
the coal beds where these are fully developed seems to indicate that 
mere variation in the thickness of the coal beds is not a sufficient 
explanation of the facts. 

Arkose beds.-In tlle areas which have produced coal these lower 
barren measures consist of beds of arkose often resting on the gran
itite of tlle region. This arkose is often so little changed in appearance 
from the Jess porphyritic varieties of the granitic rock as to be iudis
ti,nguishable to the in'expert eye. Indeed, it is probable that in some 
sections the ancient disintegrated granitite grades upward by con
stantly increasing rearrangement and wear of its constituent feldspar 
and quartz grains into the recognizable arkose beds. The occasional 
occurrence of a waterworn pebble of vein quartz or cleavage fragment 
of tlw large porphyritic feldspar, where the attrition and rounding of 
the smaller grains or granitic quartz and feldspar is not apparent, will' 
suffice to determine the passage of the granitic rock into arkose. 

vYhile the arkose fs the basal member on the eastern margin, there 
is no llorizon to which it may be said to be limited. Beds of arkose 
reappear from horizon to horizon with increasing marks of water wear 
throughout the section in the Richmond Basin. The beds of it are, 
however, best developed about the granitic masses of the eastern mar
gill. From their stratigraphic position, it is probable that the basal 
beds of arkose are the approximate equivalents in time of the bowlder 
beds of the .western margin. The arkose beds thus become of impor
tance in determining the general conditions under which deposition 
elsewhere in the area began .. 

It is well known that when a member of the petrographic group of 
granites disintegrates under exposure to the atmosphere, grains of 
quartz and feldspar are set free in a condition to be· transported by 
wind. and water. The nearly equal weight and hardness of these com
mon rock-making minerals and the approximate identity of size of 
thousands of the particles thus formed make it possible for the agents 
of transportation to remove them indiscriminately to nearly equal dis
tances. The result is the formation of a new clastic rock having the 
dominant minerals of the granite family. 

The iron-bearing silicates of the granitites decompose more readily 
than the 'feldspars with which they are associated, and may thus break 
·up into new compounds before transportation of the loosened bed rock 
.sets in. Even when these iron-bearing silicates are micaceou:-:, or 
become so through alteration, their lightness and their softness lead 
quickly to their separation from the heavier grains which make, the 
arkose beds. · 

If the weathering of the land surface goes so far that the feldspathic 
rocks are kaolimzed, the resulting products of erosion arid transporta
tion will be beds of quartz sand an.d of clay rather than arkose. Such 
is th~ condition of preparation of the granitic rocks at the present sur-
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face in the area about the Richmond Basin, at least in the superficial 
portion of the decayed zone. The arkose beds at the base of the New
ark section therefore indicate a condition of the ancient granites in 
which disintegration rather than decomposition of the feldspars lJad 
been attained. 

The arkoses of the Richmond Basin in the higl1er beds, as well as 
near the base, except' for recent discoloration by iron oxides, are pre
vailingly white or gray. These whitish arkoses are noticeably free 
from the micaceous element of the original granitite. On the contrary, 
in some of the fine-grained arkose beds of the central and higher por
tions of the basin reddish colors appear in association with bleached 
micas, probably the biotite of the original granitite, the iron from 
which mineral has oxidized after transportation and deposition, and so 
has discolored the surrounding rock. Had the biotite of tbe,p~rent 
rock decomposed or lost its iron before erosion set in the contiguous 
feldspars would have received the coloring matter in their cleavage 
planes, so that red arkoses like those of the Connecticut area would 
have been widespread in this field. 

Russell 1 bas shown that red sandstones are in certain cases the result 
of slow disintegration of the bed- rock previous to the transportation 
of the material. The bleaching and whitening of sediments is a corre
lated process,.also dependent on the co~1ditions affecting the detritus in 
situ. "rith the slow bleaching of the beds near the surface in the zone 
of the subsoil the iron-beariug solutions work downward, giving red 
iron-stained sedimentary grains out of which to ·recompose red sand-· 
stones, leaving above whitened materials for the making of white clays 
and light-colored sands. The manner in which these zones of color 
are massed and the mode in which they are eroded will necessarily 
vary and may result in the formation of white sandstones and red sand
stones or alternations of these rocks. 

A peculiar variety of feldspathic rocks found on the eastern margin 
of the basin consists of a rna trix of carbonaceous compact clay inter
spersed with quadra11g~lar cleavage pieces of the large porphyritic 
feldspars of the granitite (see Pl. XXIII). The means by which these 
feldspar fragments were di~persed in the clays without accompanying 
grains of quartz and the more minute feldspar fragments is not in 
accordance with the ordinary :work of running water. Wind or floating 
ice is apparently demanded for the transportation of the feldspar grains, 
since currents of water strong enough to bring the large feldspar pieces 
to the area of deposition would have swept away the mud; moreover, 
such currents would have assorted and stratified the materials. 

Clinwte as indicated by arkose.-Dr. Geo. P. Merrill 2 has shown that 
the disintegration of feldspar may proceed to the point of furnishing 
particles for transportation .without perceptible decomposition of these 

JSubaerial decay of rocks and the ori_gin of the red color of certain formations: Bull. U S. Geol. 
Survey No. 52 • 
. 2 Rocks, Rock-Weabhering, and Soils, 1897, pp. 241-242. 
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complex ~ilicates. Fragments of this cbaracter may thus form in arid 
or cold climates, where the chemical and mechanical work of running: 
water is at a minimum. The geologists of' India 3 have argued from the 
abundance of. detrital feldspar in cert.ain formations of that region that 
theRe deposits mark periods of cold, when disintegration was in excess 
of decomposition. Applying tbe inference from the occur:rence of feld
spar detritus just stated to the Richmond Basin, we should suppose that 
the Newark time opened with a cool climate; but this supposition does 
not exclude the idea of aridity as well: . Since it h .not proved that the· 
pre-Newark land surface was in this district at sea level, it may be that 
a low-mean annual temperature was the effect of. high elevation rather 
than'that there was a lower temperature in that latitude than now pre
vails there .. It should be noted also ~hat the argument tor cool climate, 
based on the occurrence of feldspar, relates to the time of disintegra
tion of the arkose r~ther than to the ti~e of its transportation and 
deposition. That a marked climatic change was possible between the 
time of preparation of the material and its deposition is mahife<st from 
the very considerable geographic change which brought a part of the 
pre-Newark land surface to the condition of an area of deposition. 

Barren shales.-On the western margin of the area a series ·of shales 
'is exposed on the west bank of Jones Creek, near the James River. 
:from their position, with reference to the bowlder beds and the Corn
wa~lis Hill fau]t block, it is inferred that these shales underlie the coals 
which outcrop on the east of that disturbed section. The strata meas
ured in the road are as follows: 

Section nea1· Boscabel Fer1·y, on Jones Creek. 

I Strata. 

~~----
Thioime"·l 

Ft. In. 

Clay, brownish and whitish .............. ~ ..... . 70. 0 
Shale, carbonaceous ....... _ .... _ .............. . 2 0 
Clay, gray, decomposed shale .. ___ ._ .. ___ .... _ .. 35 0 

Sandstone, brown ....... _ ... : . ................ . 1 0 
Shale, slate-colored ... · .............. L ......... . 2 0 

Shale, brown_ anC!- gray, lami~atecl ......... · .... . 14 0 

Shale, brown ... " ...........• :· .... · .... -... : .... : . . . 8 0 
Sandstone.· ..................... · .............. ~. 0 6 
Shale, hro,vn .. _. _ ............................. . 10 0 
Sanustone, red ........ _ .......... _. _ .......... . 6 0 

Shale, brown................................... 16 0 

Sandstone, reel ....... _ ........ _.. . . . . . . . . . . . . . . 6 0 . 

Shale, brown ........ _ ......... _.. . . . . . . . . . . . . . . ~6 0 

I Sandstone ...................... ·----~ .......... _ ~ 0 

Total . _ .... · ............. __ . . . . . . . . . . . . . . . 21<:> 6 

3 R. D. Oldham, A Manual of tl1e Geology of India, 2d ed., Calcutta, 1893, p. 201. Also Green, Quart. 
Jour. Geol. Soc., Vol. XLIV, 1888, p. 244. 
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This section dips 2oo W. The base is not seen, but the upper tilted 
surface of the Oornwallis Hill fault block rises up out of the creek on 
the east side.of the stream, so that this section is near the local base of 
the Newark. 

Southward, in the Turkey Branch section~ where the coal measures 
appear to fail or to be represented only by red and green shales, the 
lower beds of the Newark are decidedly of a local character, showing in 
a marked way their derivation frorpethe neighboring gneisses. White 
clays and thin ·layers composed of angular fragments of gneiss occur. 
Still farther south, in the sections exposed on the approaches to the 
Goode and Bevil road bridges, on the Appomattox, the basal beds of 
the Newark are clays and sands-decomposed rocks-without trace of 
carbonaceous material. In these localities the lower barren beds, 
which rest directly on the gneiss, exceed 50 feet in thickness. 

THE COAL MEASURES. 

The term coal measures, as applied to the Richmond basin, i,s used in 
the sense of a group of coal-bearing strata of variable thickness lying 
at or near the base of the Newark section, but being usually separated 
from that base by the stratified rocks already described. The areas in 
which these coal beds may be seen are restricted to the margins of the 
area or to the detached tracts which occur on the east of it. · 

TIIE OLD wcnmiNGs. 

The coal measures are best known from the old -workings on the 
eastern margin. From the published accounts of the s~ctions exposed 
in these mines, it is clear that usually three and sometiriies five beds of 
coal are met with, separated by beds of sandstone and shale. The 
upper of these seams has usually been found to be the thickest, the 
estimates varying from 30 and 40 feet in the old workings about Mid
lothian down to 5 and 8 feet at otlter points .. From the vicinity of 
~idlothian northward to Gayton (Edge Hill or Carbon Hill of the old 
reports) this uppermost becl is wholly or partly converted into coke 
from the proximity of igneous rock. At Dover, on the western margin, 
Lyell states there was an upper bed of coal16 feet thick, with two thick 
beds below. 

The Raccoon shcift.-The accompanying plate, reproduced from a paper 
by Mr. Cli:tl'ord, sets forth all the known information concerning the 
abandoned Raccoon shaft~ on the eastern margin, near the Appomat
tox River (see Pl. XXIV). The middle seam in this section is the 
thickest, the co-al-bearing beds being comprised within 100 feet of strata. 
The pinches or rolls where the basement rock takes the place of the coal 
beds is well 8hown in the section. A similar disturbance of the section 
was observable in a slope driven through the old workings of the Cox 
shaft at Winterpock in 1896. 

Jewett's cok-e shajt.-The section at Jewett's coke shaft, aear Midlo
thian, not now accessible, was studied by Clifford, who gave the section 
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represented in Pl. XXV, reproduced from his paper. He also gave a 
plan showing the relations of the Black heath .field· to the main basin 
(Pl. XXV) and a section of the Blackheath district. Explorations 
made during the progress of the present survey showed that the thick 
coal seam of this tract is brought against the granite on the north eud 
by a fault, and that there is a thin seam of coal below the main bed, 
separated from it by a few feet of shale, which rock again intervenes 
between this coal bed and the granite. 

The SctlU and Burjoot tra.cts.-Three beds were encountered in the 
Salle and Burfoot tracts~ the uppermo~t being converted into coke. 
According to Lyell, this tract afforded a seam of coal30 feet thick at its 
outcrop. , Between the· coal and the granite were 200 feet of strata con
taining two beds of coal, the upper 3 and the lower about 1 foot thick. 

Special map of the Midlothian district.-The accompanying map of the· 
Midlothian district (Pl. XXVI) was prepared to show the position of 
the outlying ba~ins of that part of the area and to exhibit the position 
of the coal beds~ In ·part the tracing of the outcrop of the coal is based 
upon old surveys. The extension of the main seam of coal from the 
region bordering the .James River into the region of Falliug Creek bas. 
not been demonstrated. It is possible that the failure to reach eoal in 
that p·art of the field is due to a coating of post-Newark deposits which 
cap the ridge dividing the waters of Fal.Jing Creek from the James 
River. None but shallow pits have been sunk in this part of the field. 
Properly directed boring at points a few hundred yards west of the 
bank marking the supposed outcrop of the coal-bearing horizon would 
explore a portion of the old marginal coal field ~s yet untouched. 

The llfanalcin mines. 1-At Manakin, on the western margin north of 
the James River, very extensive operations were ·carried on after·the 
civil war, and shaft-s were sunk to depths of 300,400, and even 900 feet. 
Three seams were found, the first 6 to 8 feet, the seco'nd 12 feet, and 
the third 3 to 4 feet thick, and of good quality. The dips varied from 
25o to 90°, being steeper than on the east side aJ?.d frequently compli
cated by f(lults. The 900-foot shaft failed to strike the coal and the 
company abandoned work. 

Scott, Norwood, and Old Domini01i pits.-South of the James, on the 
western border, three seams of coal have been recognized, coal having 
been taken out from the Scott pits,2 the Norwood pits, and the Old 
Dominion pits. 

FOSSILS OF THE COAL MEASURES. 

The fossil plants of the H.ichmon"d area have been thoroughly studied 
and illustrated by Professor Fontaine,:1 and for information concerning · 
them the reader is referred to his monograph and the later writings of 
Professor Russell. 4 

I From notes furnished by Dr . .J. E. 'Wolff. 
2John Bladen: [Report of the] Powhatan Coal Company (1&95), p. 8. This report gives a section 

of the s,trata encountered. 
3Mon. U.S. Geol. Survey, Yol. VI, 1883. 
4 Bull. U.S. Geol. Survey No. 85, ·washington, 1892. 
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The following notes set forth the observations made during the 
present survey upon the occurrence of fossils, heretofore undescribed, 
in the coal measures of the area. Other memoranda will be found 
under the head of the group of rocks with which the fossils are ~sso
ciated. 

PLANTS. 

The following fragments of plants were collected by J. B. Wood worth 
about the old workings in Midlothian: Impressions of the stems of 
cycadean plants similar to forms described by Emmons from North 
Carolina; the fruit of a cycad, Zamiastrobus, similar to that figured by 
Ebenezer Emmons from North Carolina; a bivalvular seed vessel, about 
the size of a cherry stone, stated by Knowlton to be a Ca.rdiocarpon. 

Goal-making vegetation.-No recent microscopic study has been made 
with a view to determine the nature of the plants from which the coal 
beds of the Newark were formed. The species fossilized in the shales 
above these deposits do not afford trustworthy evidence as to those 
which formed the peat. Lyell 1 states, on the authority of Hooker, who 
examined specimens from mines no longer open, that vegetable struc
ture was discernible. This statement may be accepted as well founded. 
The generally close resemblance of these coals in chemical composition 
to those of the Carboniferious period suggests that the ·plants from 
which they were formed may well have been those of the same groups 
mostly related to the mosses and ferns. 

The prevailing small amount of ash in the Richmond. Basin coals is 
evidence that the ancient swamps were so conditioned that they were 
exempt from the influenc~s of river overflows, for such incursions of 
muddy waters would 'greatly change their clu~,racter. It affords a fair 
presumption that these marshes were of large area. 

ANIMAI.S. 

The fish beds.-The remains of fishes were early reported from the 
mines for coal on the, eastern margin of the Richmond area. Sir Charles 
Lyell 2 collected these fossils at l\1idlothian on his visit of 1841 and 
subsequently described Dictyop]tge macrura and a species which he 
referred to Tetragonolepis. Of the correctness of this latter determina
tion, Newberry 3 has since expressed some doubt. 

Fish beds were met with a few years ago in sinking the new shaft 
near the Etna mine, just north of the Richmond and Danville Railroad • 
at Midlothian. In 1896 work upon this shaft had ceased and there was 
no means of determining the stratigraphic relations of the fish-bear
ing layers to the Newark section. 

The fish beds at Midlothian, as exhibited on the Etna sba~t dump, 
are hard, .even, and thinly laminated pelites or shales of black color 

1 Quart. Jour. Geol. Soc. London,Vol. III, 1847, p. 268. 
2Ibid., pp. 276, 277. 
3 Mon. U.S. Geol. Survey, Vol. XIV, 1888, p. 20. In this volume, entitled Fossil Fishes and Fossil 

Plants of'the Triassic Rocks of New Jersey and the Connecticut Valley, Prof. Newberry figured a 
Dictyopyge macrura from Clover Hill, Virginia, on Pl. fCVIII, figs. 1 and 2. 
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and highly bituminous. The remains of ganoiJ fishes are abundantly 
scattered through the layers, and where the entire fishes do not occur 
their scale.s are sometimes so numerous on the parting planes as to 
give the rock the appearance of a dark micaceous schist. Small fish 
bon·es are also commonly found with these scattered scales. 

Small blocks of strata at this locality showed fragments of a layer 
about 4 inches thick entirely made up of these ganoid fish scales and 
bones. The following analysis of the mat.erial wa.s made in the labora
tory of the Survey. 

Analysis of fish-scale bed at Mid loth ian, Vi1·ginia. 

[By Geo. Steiger.] 

~ . . Con•tituont. . 

Insoluble m dilute HCl and HN0,3 ••••••••••••••• 

AhO:l-·----· ················--------------·--··· 
Fe~o3 . _ .............. _ .......... ___ ... _ ......•. 

CaO ................. -··· ...... ---------- ..... . 
P20~ .......................................... . 

co~ .... ·---··----·· ........................... . 

I ~; ~· b·~·~~ ~~:: ~.~;~ ;;. ~~ ~~~. ~~: ·, ~. ~~ .;~;; .~ ~~:: 

P"Mnt.j. 

10.69 
4.73 
8.84 

29.30 
22.02 
1. 44 

~ 
This bed therefore contains about 50 per cent of phosphate of lime, 

but on account of other ingredients is of doubtful value as a fertilizer. 
The content of sulphur probably combined in the form of sulphide of 
iron is so high as to diminish the value of the lime phosphate. At 
Midlothian tLe pyritiferous shales are said to'' burn up" the vegetation. 
It may be noted in this connection, as having a bearing ori the caustic 
properties of the soils in the belt under discussion, that in the case of a 
box of specimens shipped from this region in June, 1896, the materials 
were, when opened in September, unidentifiable for the reason that the 
labels and paper wrapping had been destroyed by the chemical action 
of the soil water coming from the rocks and clays. 

Scattered in the layers with the distinct fiRhes are rounded or ovoid 
masses composed of aggregates of ganoid scales and having a diameter 
of from 1 to 4 inches. Similar masses of fish scales have bee~ reported 
by C. T. Jackson 1 from the Carboniferous beds of Hillsboro, New 
Brunswick. He suggested that these masses were accumulated by the 
action of eddies and whirls. Dr. Gould thought they were the contents 
of the stomachs of fishes. 

The occurrence of the~e balls in the even lamination of clays suggests 
that th~y were not formed by current action, else the bedding of tl1e 
clays would also exhibit signs of the currents. The scales frequently 
exhibit a concentric arrangement, and cases haYe been observed where 

•Proc. Boston Soc. Nat. Hist., Vol. IV 1854, p. 66. 
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a group of scales retain the order of growth as if held together at the 
time of burial by integumentary shreds. ' 

The fish-scale layer before described appears to be but a more com
plete collection of these particles than that in the isolated baps. While 
these rounded masses suggest a coprolitic origin alone, there is little in 
the widespread distribution of the material in the sheet form by which 
to discriminate between the accumulations of current ~weepings and 
the bottom debris of the feeding grounds of ·predaceous fishes or 
reptiles. It remains to note that the occurrence of :fish beds has been 
taken as evidence of the withdrawal of water from a restricted basin 
occupied by the fish, of the occurrence of an earthquake shock, or of 
the poisoning of the :fish by the emanation of deleterious substances, as 
in volcanic eruptions. While these causes may explain the death of :fish 
in large numbers, it is not usually possible to find the evidence which sup
ports the conclusion that any particular one of these agencies operated 
in a given instance. Considering the hardness and durability of ganoid 
scales, it is not improbable that these gatherings represent the death 
and dissolution of the bodies of these :fishes throughout a considerable 
lapse of time. Thus what at :first sight appears to de~and a catastro-

. phic interference in the aquatic life of the Richmond basin may really 
be but one of the effects of its normal development. There may well be 
noted here the "bone-bed" in Europe at the top of the Trias in black 
shales of Rhetic age.1 · · 

Associated with the globular masses of :fish-scales are flattened 
patches of a black bituminous substance, with a subconchoidal frac
ture. A black substance named "molluskite" was described by G .. A. 
Mantell 2 as occurring with the phosphatic nodules of the Upper Green
sand of England. 

The English substance is believed to be phosphatized animal matter: 
The discussion concerning its origin is referred to by Penrose.3 The 

. material from Midlothian decrepitates before the Bunsen burner, and 
burns with difficulty. 

The horizon of the :fish-bearing bed was not ascertainable at the time 
of our visit. Fish-bearing shales are found in all the workings on 
the eastern border, and the waste about the old mines in the western 
part of the field exhibits scales apparently of the same ganoids. The 
scales are generally black, shining flakes, though rarely of a light
bluish color. 

Mr. Oscar Heinrich, who gave an account of the sinking of a deep 
shaft at Midlothian, reported evidences of these fishes at several hori
zons. Sir Charles Lyell, who visited the eastern border when the mines 
were more accessible than now, placed the fossil. :fish horizon in the 
upper part of the lower Newark in a set of beds from 400 to 500 feet 

I .A.. Geikio, Text-oook of Geology, third ed., 1893, pp. 866-867. 
2Medals of Creation, Vol.I, I"ondon, first ed., 1844, p. 432. 
; Nature and origin of deposits of phosphate of lime: Bull U. S. Geol. Survey No. 46, 1888, pp. 87-89. 

19 GEOL, P1' 2--28 . 
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thick, having the coal beds at their base. At present there is not 
enough known concerning their distribution to warrant the use of these 
vertebrates in identifying or distinguishing local deposits in this small 
area. In.~ well at Hallsboro, l\1r. H. G. :Myers found greenish-gray 
shales carrying Tetragonolepis ( ¥). 'l'hese bed.s are probably beneath 
the horizon of the Otterdale sandstones; further than this it is impos
sible to make. a definite statement in regard to their stratigraphic 
position. · 

The thin lamination of the :fish-bearing shales in the lower part of 
the Newark section in this area suggests lacustrine conditions during 
their deposition. But even if the layers were deposited at the bottom 
of standing water, their occurrence, where they bear the footprints of 
small batrachians or reptiles, shows that the depth of water was so 
slight at times ·as to permit the baring of the bottom to the tread of 
wandering quadrupeds. 

Footprints of ~atrachians.-As above noted, tracks of batrachians, or 
possibly in some cases of reptiles, occur on the surfaces of certain 
layers of the thin laminated shales in which the ganoids are found at 
Midlothian. Some of these tracks are represented in the annexed 
figures. The footprints are crowded together in great numbers, and 
exhibit two dominant types, one resembling Cheirotherium, but much 
smaller than the forms commonly "(igured from the European Trias, the 
other lizard-like in the flexible digits and the joints (see fig. 90). All of 
the tracks, where well shown, exhibit more than three digits. 

FIG. 90.-Batracbian footprints from the laminated shales oftheEtna shaft at Midlothian, Virginia; 
natural size. Two of the upper figures show forms allied to Cheirotherium; below are irregular and 
probably partial impressions of the feet of unknown generic affinities; a, fore foot of a living toad. 

The bearing of these track-covered layers on the depth of water in 
which the laminated shales were laid down has already been noted. 
The absence of larger forms may probably be ascribed to the occurrence 
of widespread and deep mud banks on which the larger forms of quad
ruped life could not tread without risk of becoming mired. An apparent 
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exception to this condition is found in the case of a single slab found 
on the dump of the Jewett coke shaft at Midlothian, which exhibits the 
rude i~pression of a somewhat short three-toed foot, with strong nail 
marks. Here, as in the case of the small tracks found on the dump of 
the Etna shaft, the precise position of the track layers with reference 
to the coal is not known, though the teRtimony of old observers in these 
mines would indicate that the track layers occur above the coal seams. 

Annelid b-ttrrows.-.A.nnelid burrows of cylindrical form occur in a 
light greenish-gray shale at Midlothian in the refuse from an old mine. 
The casts are about 5 mm. in diameter. Their surface is marked by 
roughly longitudinal but occasionally 'decnssating raised lines, giving 
the cast the appearance of cord of coarsely woven strands. These 
little ridges are about 3 mm. in length. They are probably the impres
sions of appendages. The casts lie mainly in the bedding, but a bur
row will suddenly pass upward or downward across the laminm or 
become sharply recurved on itself in a vertical plane. The filling is 
not distinguishable from the matrix of the burrows. 

THE CHESTERFIELD GROUP. 

THE VINI'l'A BEDS (ESTHERIA BEDS). 

Lyjng above the sections encountered in the old workings on the. 
eastern margin of the Richmond area is a group of arkose beds with 
black shales, the latter containing great numbers of the flatte~ed shells 
or impressions of Estheria. Although these fossils are perhaps not 
more abundant in this group of rocks than in particular zones in the 
underlying coal measures, they are, so far as the scanty exposures 
show, the principal organic feature of a thick section of strata over
lying the coal beds. These beds occur in the bluff's on both sides of 
the James River. The Estheria-bearing shales may be seen cropping 
out in numerous alternations with sandy layers on the eastern slope of 
Goat Hill, near Vinita, between that part of the bluff on the James 
River and Manikin, where the underlying coal ,:measures come to the 
surface. The Newark strata, in the area north of the James and lying 
above the coal measures, appear to be restricted to this group of rocks. 
The shales may be seen again south of the James, on Little Tomahawk 
Creek, and·in outcrops south qf this stream, at distances of from 1~ to 
2 miles from the eastern border; 

The sandstones of this group are often heavy bedded. They are 
white where not colored by iron oxides due to recent surface changes. 
The thickness of the formation is not accurately determinable, but may 
be provisionally stated as 2,000 feet. · 

OTTERDALE SANDS1'0NES (ARAUCARIOXYLON BEDS). 

Petrified wood.-In the vicinity of Otterdale, in a broad, shallow 
trough in the central part of the basin south of the James River, and 
consequently near the summit of the section which still remains in -the 
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, Richmond area, is a thick series· of sandstones; usually of coarse tex
tt;tre, in which prostrate trunks and fragments of petrified trees are 
abundant. These trees have been referred by Prof. F. H. Knowlton to 
the genus Araucarioxylon. In this series of beds, but apparently 
higher up, are traces of lignites in clays. The thickness of the group 
may be estimated as 500 feet. 

The occurrence of petrified wood in the Richmond Basin is a well
known phenomenon to the inhabitants, fragments of the material being 
generally called "fossil hickory," on account of a supposed resemblance 
of the silicified structure -to the wood of that tree. Professor Fontaine 1 

mentions the· occurrence of this petrified wood, and it was noticed · 
earlier by Nuttall. NuttalP reported finding a pieee of petrified wood 
east of Midlothian in the region of granites: 

Broken pieces of fossil wood are found in the sandstone beds on the 
eastern and western margins of the Richmond area in a stratigraphic 
position clearly lower than that of the beds here termed Otterdale 
sandstones, .thus indicating a considerable vertical range of the silici
fied material. How much above the present surface ·some of the 
specimens may have been originally em bedded is not certain in the 
case of the loose material. Angular fragments of the silicified wood 
are occasionally found in the feldspathic sandstones along the western 
border. These pieces were probably transported. as lignite, and have 
been since silicified. Instances occur where the silicification of lignite 
bas not been complete.3 

In the region about Otterdale, on either side of Swift Creek, prostrate 
trunks, from 15 to 25 feet or more in length, having a diameter of from 
2 to 4 feet, may be seen. One of the longest of these trees lies across 
the public road about 1 mile southwest of Otterdale. A view of this 
fossil log, as partially exhumed in 1897, is shown in the accompanying 
illustration (Pl. XXVII). 

Professor Knowlton's report on these trees and on the lignites, next 
.to be described, will be found in an appendix to this paper. 

Lignite (jet) beds.-A few years ago a prospect hole sunk on t:P.e 
northeast side of Nysons Branch, in the central part of the basin, 
along one of the small tributaries of that stream, near its junction with 
Swift Creek, encountered a bed of light-(~olored clay containing scat-

. tered fragments of a jet-like lignite. .This material occp.rs in pieces of 
various sizes, mostly small chips, but· often as large as a man's hand. 
It; is jet black, breaks with 'a clean, smooth, mirror-like cross fracture, 
and flies off J.n small bits when cut with a sharp knife, leaving minute 
surfaces of conchoidal fracture. Iu the opinion of an expert in the 
employ of a well-known jewelry fi,rm in Boston, this material is a jet of 
fair quality. 

J Mon. U.S. Geol. Survey, Yol: VI, 1883, p. 6. 
2 Observations on the geological structure of the valley of the Missil'lsippi: Jour. Phila. Acad. Nat. 

Sci., Vol. II, Part I, 1821, pp. 14-52. 
' a on the silicification of wood and lignite, see T. Sterry Hunt: Smithsonian Report for 1882, Wash
ington, 1884, pp. 344-345. 
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The fragments of jet are compressed limbs or branches and parts of 
the trunks of trees. According. to the determination of Professor 

. Knowlton, who examined sample specimens, this jet is a coniferous 
wood of the genus Araucarioxylon. 1 

The occurrence of lignite in the upper strata of the Richmond Basin 
is briefly noted by Professor Fontaine; but as yet practically nothing 
is known of its distribution beyond the locality here describe~. 

UPPERMOST BEDS IN THE RICHMOND AREA. 

The question of the highest strata in the section of the Richmond Basin 
is involve(l in theoretical considerations which depend upon the possible 
occurrence of faults. In the south western part of the area, where 
westerly dips prevail quite up to the western border, it is not impossible 
that beds exist lying stratigraphically higher than those included in this 
paper under the head of the Otterdale sandstones. The reddish color 
of certain beds in this part of the area and slight differences which 
serve to indicate a different grouping of strata are suggestive of a 
later horizon. The faulted structure of this part of the basin, how
everJ coupled with the insufficient exposures of a wooded district, make 
a definite statement with regard to a higher group of beds in the pres
ent state of our knowledge impossible. It is evident that a great 
thickness of strata has been_ carried away from this Newark area, and · 
we are prepared to find that patches of sand and shales, covering the 
Otterdale sandstones, occur in downfaulted portions of the area south 
of the James River. 

THE SEDIMENTARY SUCCESSION IN THE RICHMOND BASIN. 

There are three orders of gradation in the vertical arrangement of 
sediments: (1) from coarse sediments at base to fine at top, (2) from 
fine sediments at base to co~rse at top, (3) mixed conditions, in which 
the order is reversed after a partial arrangement of the sediment in 
accordance with one of them, or in which the repetition of an order is 
discernible. 

The first of these cycles of sedimentary arrangement is characteristic 
. of great marine formations, or of areas of deposition with sinking shore 
line and overlap. Not only the sedimentary succession but the organic 
contents of the Richmond Basin show that this area has hot passed 

· through this history. 
The second of these cy,cles is characteristic of fluviatile and lacus

trine areas. The great bodies of shale in the Richmond Basin are near 
the base; the bulk of the sandstones and coarse members occur high 
up in the section. The general change in the sediments is from fine 
below to coarse above. 

J See report accompanying this paper, p. 516. 
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SOURCE OF THE SEDIMENTS. 

There are several groups of deposits in the Richmond Basin whose 
co~ponent particles have a bearing on the source of the detritus. The · 
~rst of these deposits in the order of occurrence is that of the basal 
bowlder bed before described as existing in patches. along the western 
horder of the area. ~ second class of sediments, by bulk of more 

. importance than the :first named, is found in the arkose or ''granitic 
sandstone" _which forms so large a part of the section. A third line of 
evidence.exists in the feebly deyeloped conglomerate beds which occur 
here and there at horizons far above the base of the section. 

In discussing the origin of these sediments it should be born·e in 
. mind that the geography of that time has been so far changed that it 

is as yet a matter of doubt whether this area was connected with other _ 
Newark areas or not. On the supposition that Newark strata covered 
all or even a large part of the area within the limits of which the 
present patches lie, it would follow that the sediments in the original 
Newark area above the lower or :first-formed strata must have been 
imported from outside of the tract thus coverecl. To suppose the 
derivation of any given kind of fragmentary material, therefore, from 
those outcrops of the rock which are nearest at the present day is an 
assumption in making which it is necessary to concede that the rocks 
exposed at the present land surface may .have failed to appear at the 
original Newark surface. This is a limitation applicable to the more 
remote of the granitic masses on the eastern margin of the Richmond 
area as it exists to-day. In referring fragmental materials to adjacent 
terranes; it is obvious that those particles which are in or near the 
base of the Richmond Basin are more likely to have been derived from 
a source near where they lie than those which occur higher up in the 
same geoiogic section. As sedimentation in the area advanced, its -
margins would have extended- by overlap upon the area of erosion, 
shutting off sources of sediments before available. _ With these C<?ll· 

sid_erations in mind we- may now turn to. the available evidence for a 
determination of the source of detritus in the Hichmond area. 

The bowlder deposits of both the western and the eastern margins 
evidently came from near-by sources. This is particularly true on the. 
western side of ~he area. Here bowlders of gneiss predominate and 
t.hey rest upo_n a gneissic terrane. On the east granitic bowlders and 
pebbles have been observed, and the basement terrane of the Newark . 
is larg~ly granitic. 

T:P.e general absence of gneissic bowlders ·along the eastern margin, 
as in the vicinity of Mic;Uothiau, where granitic waste enters into the 
basal beds, whil~ negativ~ in its evidence, since the granite probably 
extends to the west as well as to the east of the point where the 
deposits have been studied, assumes some significance when the pres· 
ehce of occasional granitic fragments on the western border is taken 
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into account. Here, however, it is necessary to remark that the possi
bility of derivat.ion of these granitic bowlders fro~ areas of granite on 
the western side ofthe present Richmond area can not be denied. So 
far as the evidence goes, it seems likely that tile drift of the coarse 
materials at the base of the formation may have been from the east 
toward more westerly sites. This supposition concerns the movement 
of the gneiss blocks on the western side as well as tile granitic bowlders. 
The line of contact of the granites on the east with the gneisses on the 
west is. somewhere beneath the middle of the basin, perhaps to the east 
of the center. It is permissible to suppose, therefore, that the gneissic 
bowlders on the wm;tern margin may have come from points east of 
their present position. 

The meridional component in the movement of the detritus at the 
base of the Newark section is, as the following explanation is intended 
to show, readily ascertainable. The granitic mass which is about 
central at Midlothian is replaced by gneisses toward the northern and 
southern ends of the basin. In the northern part of the basin, at Coal 
Hill, where the coal measures repose on the gneisses, the Newark beds 
are conglomeratic, with rolled cobbles of granite. Assuming that these 
pebbles came from the granitic l>atholite on the east of the Richmond 
area, there is indicated a northward movement of the detritus, however 
far it may have traveled to the west. There are at present no facts 
known from the southern part of the eastern border bearing on the 
question of the movement of detritus. 

The second group of phenomena bearing on the source of the detritus
that found in the beds of arkose-is decidedly in favor of the deriva
tion of these deposits from the granitic terrane on the east. Arkose 
and sandstones composed of more or less waterworn grains of feldspar 
and quartz occur throughout those portions of the Newark strata which 
now remain in this area. Toward the base of the formation the deri
vation of the feldspar from the· coarsely porphyritic granitites which 
occur in the vicinity of Midlothian is made certain by the fragments of 
these minerals which abound in the fine-grained sediments. These 
arkose rocks are thicker and more abundant on the eastern than on 
the western side of the area as it now exists. 

It is to be noted, l!owever, that the westward movement of detritus 
on the eastern margin of the basin does not preclude the easterly set 
of detritus on the western confines of the area of sedimentation, 
involving a convergence of detritus such as would take place in a 
river valley. The white clays with interpolated layers of white quartz 
pebbles-themselves the remanie of quartz veins in the gneisses, which 
abound along the western margin from the vicinity of 1\iosley Junction 
to the sections on the Appomattox River-point clearly to the derivation 
of some of the basal sediments from the gneissic terrane. Iu view of 
these facts it can not be assumed that the movement of the sediments .. 
was uniformly in one direction unless it may have been from the 
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southeast. The occurrence of the gneisses south and southeast of the 
points mtmed, along the western border of the present basin, makes it 
possible for the material to have moved from that direction toward 
the north and northwest. · · 

It is a noticeable fact that surface exposures in the southern part of 
the basin, where it is inclosed by these gneisses, exhibit less of the arkose 
than the middle and northern sections. In other words, the arkose 
from the granitic terranes on the ea8t of the present area seems not to 

·Lave been borne southward into the area of deposition. · 
The westward movement of detritus during the deposition of some 

of the upper sandstones is further illustrated, as is not.ed on page 4·U, 
by the cross-bedding structure, the fore-set beds of which indicate an 
advance to the westward (see Pl. XXIX). 

LOCAL UNCONFORMITIES. 

The assemblage of fossil plants and the general character of the sedi
ments long ago established rather firmly in the minds of geologists the 
fresh-water origin of the deposits in this area. A point remaining in 
doubt is as to the nature of the fresh-water action--whether it was 
fluviatile or lacustrine, or alternately one and then the other. A great 
river valley, such as that of the Ganges, or a coastal plain with par
allel rivers, like that of Siberia, may become the seat of thick deposits 
of alternating· silts, sands, and pebble beds with vegetable deposits. 
By the shifting of streams deposits before laid down may be eroded, 
and tracts thus denuded may be suffused again with detritus. In 
such an area of alluviation local unconformities would be more apt 
to occur than in lakes. Lakes exhibit these structural features only 
when deposition from rivers has fil1ed up the lake basin, and the area 
passes into the condition of a river basin. 

The occurrence of local unconformities in the Richmond Basin is a 
well-marked feature at several localities and on horizons separated by 
many feet of strata. It is proper here to mention a few instances which 
have been observed. 

On the northwestern part of the Salisbury track, near Midlothian, in 
a stream bed at a place called Big Rock, sandstone is seen overlying 
the truncated edge of a bed of black Estheria shales. 

Near the base of the Newark, at the western margin, south of Mosley 
Junction, where the beds turn westward on the Irwin Bass place, there 
is a small pothole or channel eroded in the red shales and filled with 
gray sands marking an unconformity. In a succeeding layer of the 
red shale is a 15-inch bowlder of the coarse sandstone derived from 
the erosion of the pebble beds already laid down in the basin (see 
Pl. XXVIII). 

~ In the bed of West Sappony Creek, about li miles south of Skin
quarter Station, there is a marked instance of local unconformity, where 
a brown sandstone bed lies upon red shales. The red shale, with its lami
nation preserved, stands up in the sandstone in the form of eroded and 
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undercut knobs, one of.whicli is 3 feet high, indicating the ~inimu~ 
erosion of the shale stratum (see fig. 91). The seetion is north .and 

S. N. 

0 B FEET 

c=======~======3 
FIG. 91.-Partial section of U)lConformity in West Sappony Creek, looking west. 

south, the eroded ridge of shale having an east and west direction, an 
observation consistent with the theory of the westward drainage of the 
area in Triassic times. 

CROSS BEDDING. 

The coarse granitic sandstones in the central portion of the basin 
near the top of the Newark section and, as well, those lower down in 
the Turkey Branch section, described on page 479, exhibit marked 
cross bedding. 

In a small branch of Bakers Creek, on Mr. J .. H. Bailey's plantation, 
cross-bedded sandstones occur. The strata here dip very gently west
ward. The cross bedding seen on the west bank of the creek shows a 

• lower set of cross beds apparently· dipping south, and an upper set 
truncating the first and apparently dipping north. These dips are 
recorded as apparent, for the reason that 'the exposed section may not 
be at right angles to the true dip of these small fore-set beds. This 
inclination may well be somewhat divergent from a north and south 
line. 

Again, in this section of nearly horizontal ~ocks on the north side of 
the James R'iver, coarse cross-bedding structure occurs. The layers 
dip and thin out to parallelism with the underlying beds to the west
ward, indicating a current and stream setting in that direction (see 
Pl. XXIX). 

CONTINUITY OF STRATA. 

The thickening and thinning of strata in this area have been dis
cussed by Newell and Clifford/ the former concluding from his studies 
of the bedding in the mines on the north side of the river that the strata 
do not thin toward their present outcrop, the latter holding that in the 
Midlothian district such thinning is exhibited. 

1 Richmond coal field, Virginia, by F. H. Newell: Geol. Mag., Decade 3, Vol. VI, 1889, pp. 138-140. 
William Clifford: Trans. Manchester Geol. Soc. [England], Vol. XIX, 1888, p. 333. 
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: The data for a· trustworthy decision upon this question for all parts 
of the area are not yet at hand. Thickening and thinning of particular 
beds in the mines on the eastern margin is locally exhibited, but in 
most instances can be associated ·with movements of the strata. The 
results of these movements are most pronounced in the coal beds them
selves, where the coal pinches out over uplifted areas and is greatly 
thickened in depressed places. In the Scott pits, in Powhatan County, 
the coal bed thickened from about 2 feet near the surface to 10 or 12 
feet at the bottom of the incline.1 The irregularities in the mines at 
Clover Hill (Winterpock) appear to be due entirely to secondary 
ciJanges, and this is in general true of the mines at Gayton, on the north 
side of the river. In all these comparisons reference is had to the 
change of bedding along east and west lines parallel to the dip. 

'l'hat the strata of the basin vary hi thickness from point to point 
along the strike is indicated by the thinning of the coal beds and by 
their· occasioriaJ confluence in this direction. The beds of sandstone 
and shales outside of the coal-bearing zone have not been, and can not 
be, traced with that accuracy. which would. permit a definite statement 
as to their uniformity and extent. The local unconformities which 
have been observed in the upper parts of the section (seep. 440), nota
bly in the central part ·of the basin, show that the shales have been 
partly denuded before the deposition of the overlying sands and grits. 
Where this process of local erosion bas occurred in this basin, the bed
ding is discontinuous and lenticular, as we might expect. The small 
lenses· of grit in the shales and sands of the western· margin point 
to the same conclusion (see Pl. XXX). In fact, a comparison of the 
Turkey Branch section, giving a nearly complete exhibit ·of the strata 
near the base on the western margin, with the familiar strata of the 
same place in the section on the eastern margin, shows that there is a · 
marked change in the. lithologic and structural characters between the 
two points. Similar evidence is derived from the distribution of the coal 
beds. While their failure to appear at certain points on the upturned. 
margin may be plausibly explained as due to downfault.ing of the beds 
in these places, there are· other sections in which their absence is real 
and is due to. a failure to be formed in those places or to their erosion 
as the prelude to the incursion of coarse sediments. From these con
sidm~atiop.s we are led .to conclude that the strata in the basin are not 
persistently continl!ous. 

The most pronounced discontinuity of strata is the case above referred 
to-on the Irwin Bass place, along the western margin. In the case of 
the thinned shales in the coal measures, as seen in mines, it is to be 
noted that these shales are frequently beset with slickensides, due to 
"creep," in these cases associated with the orogenic movements·which 
mark the basin as a whole. By reason of these movements the shales 

!John Bladen, Powhatan Coal Company, p. 4. 
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have been thinned over the edges of fault-blocks and in the compressed 
parts of flexures. The evidence derived from a shale bed is conse
quently not decisive on the question of marginal thinning, unless it is 
shown that crushing bas not taken place . 

• THICKNESS OF THE NEWARK STRATA. 

Various estimates of the thickness of the strata in this area have been 
made. In most, if not all, of these estimates the authors have properly 
recognized the untrustworthiness of their data, due to the occurrence 
of faults either observed or inferred. 

The most' direct' measurement of the thickness of strata is that 
afforded by the breadth' of upturned beds on the margin of the nearly 
fiat strata of the interior. The occurrence of faults in this belt of the 
area probably makes the estimate too low. The throw of these faults 
is not constantly in o:qe direction. Some of them are downthrown on 
the west. Lyell states that in sinking a shaft west of the Midlothian 
mine the coal was found 300 teet above the expected level. 

Prof. W. B. Rogers,I in 1842, gave the thickness of the explored beds 
on the eastern margin as 800 feet, and indicated a probably greater 
depth for the center of the basin. He thought a shaft 1,000 feet deep 
would reach the coal at several places in the. middle of the basin. 

The breadth of outcrop on the eastern margin would of itself indi
cate, at the distance of a mile from the border, a probable depth of 
1,500 feet. Explorations by shafting and the diamond drill, subse
quent to Rogers's estimate, have shown that the basin is deeper than 
1,000 feet at less than a mile from the eastern margin and more t~an 
double that depth at a distance of a mile and a half. 

Sir Charles Lyell 2 described the fossiliferous strata, including the 
coal· beds, as probably never exceeding 400 or 500 feet in thickness. 
Above this group he recognized a thick series of grits, ~andstones, and 
shales of unknown depth. Although the thickness of these beds was 
unascertained, he expressed the opinion that in the central parts of 
the basin the coal measures might lie unde~ a cover of from 2,000 to 
3,000 feet of these barren measures. · 

Our observations show that the greatest thickness of the strata is 
toward the western margin of the area. The greatest depth will prob
ably be found in the central part, near the western margin, in the 
region occupied by the Otterdale sandstones. At least 3,000 feet of 
strata may be expected there .. Precise measurements are rendered 
impossible by the occurrence of faults and by flexures. where faults 
have not been detected. A boring near Midlothian, at a distance of 1~ 
miles from the eastern margin, attained a depth of nearly 2,500 feet 
without reaching the bottom of the Newark group. 

1 Geology of the Virginias, 1884, p. 69 (reprint). 
2 Quart. Jour. Geol. Soc. London, Vol. ITI, 1847, p. 263. 
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RESTORATION OF THE SEDIMENTARY MASS IN THE RICHMOND 
BASIN. 

If the broken and downthrown strata now in the Richmond Basin, 
together with the basement of older rocks on which these beds rest, 
could be r~stored to their attitude before defotmation, there would•evi
dently stand above the present surface a mountainous mass, the relief 
of which would be equal to the depth of the existing basin below that 
surface. Accepting the view that the strata are essentially uniform 
in thickness from section to section, the strata which lie nearly hori
zontal in the central part of the basin would form the surface of a table
land rising about 3,000 feet above the granitic base. The edges of the 
tilted beds of the margins, whose average dip is now 25°inward toward 
the axis of the trough, would, if replaced in the horizontal attitude, pro
duce slopes of about 25° outward from the mass. The detached basins 
on the east would form· small outliers separated from the main body of 
the strata by bare strips of the granitic basement. The general appear
anc~ of these masses may be represented as in fig. 92. 

w R 

FIG. 92.-Theoretical restoration of the mass of strata now in the Richmond Basin. Horizontal and 
vertical scale the same. R, Richmond Basin strata; r 1·, outlyi~g basins. The dotted line repre· 
sents the supposed extension of the formation before deformation and erosion of the area. I 

The truncated edges of the sections as thus replaced demand of the 
imagination an indefinite extension of the beds in an east-west direc
tion. A similar section drawn from north to south would elicit the 
same suggestion. We are thus brought to face the question remain
ing to be solved. for the seyeral Newark areas in Virginia, whether 
they were originally continuous or not. While the basal portion of 
the Richmond section may have been separated from other remaining 
areas of Newark rocks by divides of land, it is quite possible that 
the upper section may have been united across Powhatan and Cumber
land counties with the Farmville area, in accordance with the strati
graphic likeness between the two basins, to which.Russell has called 
attention: 

I A Similar section has been drawn by Prof. W. M. Davis for the western margin of the Connecticut 
Triassic area. See Eighteenth Annual Report U.S. Geol. Survey, Part II, 1898, p. 21, :fig. 3. 
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CHAPTER IV. 

STRUCTURE OF THE RICHl\IOND BASIN. 

HISTORY OF THEORY OF STRUCTURE. 

Closely associated with the scientific problems of this field is the 
economic question of the occurrence of coal beneath the central parts of 
the area. The depth at which this coal may be expected to occur depends 
upon the solution of the difficult problem of the structure of the basin. 
That this question bas not been satisfactorily solved is because of 
"the insufficiency of the evidence obtainable at the surface or in mines 
and borings. ,The history of opinion regarding the structure of the 
basin is a suitable introduction.to the data and conclusions which are 
presented in this report. 

· The Volney view (1803).-Perhaps the earliest hypothesis to account 
for the coal deposits of this field is that advanced by the traveler and 
geologist, C. F. Volney, and published in Paris in 1803, of which the 
following is a summarized translation. He notes that the bed of the 
James River 10 miles above the rapids at Richmond lies upon a very 
considerable deposit of coal. At two or three points where search had 
been made upon the left bank there had been found, under about 120 
English feet of red shale, a bed of coal nearly 24 feet thick resting upon 
an inclined bank of granite. It is evident, he states, that the rapids 
lower down, which still are an obstacle in the river, ha.d formerly com
pletely dammed it; then there was stagn.ant water in this place and 
very probably a lake. He says: "The reader will observe that 
wherever there is a rapid there is stagnation in the sheet of water 
which precedes it, as when it comes to the water gates of a mill. The 
trees continue to accumulate in this place. When the river has cut out 
a breachand lowered its level, the high-water floods of each year come 
then to deposit the red clay that one finds there, and this clay aif'ords 
the evidence of a strange origin, in that this quality of earth belongs to 
the upper current of the river, and especially to the plain known as the 
south west." 1 

The W. B. Rogers view (1836).-The idea of the structure of the Rich
mond Basin entertained by Prof. W. B. Rogers involved the suppo
sition that the inclined strata were largely deposited in this attitude, a 
hypothesis applied by H. D. Rogers to most of the Newark areas. 
W. B. Rogers clearly recognized the apparent synclinal structure of 

I Tableau du Sol, etc., Paris, 1803, pp. 104-105; English translation, London, 1804. 
. «5 
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the Richmond area. .A simplesync1ina1 structure is delineated for the 
north bank of the James River in a minute section, published as section' 
86, on Pl. No. VII of the Reprint of the Geology of the Virginias. In a 

. "profile to accompany the. Geological Reconnaissance of the State of 
Virginia," dated 1836, and published as Pl. No. I of the Reprint, tlle 
structure of the Richmond Basin is represented as due to a succession 
of down thrown fault blocks, producing a graben structure (see fig. 93). 

FIG. 93.-Structure of the Richmond Bal:lin, according toW. B. Rogers. 

The Lyell view (1847). 1-Sir Charles Lyell examined the Richmond 
Basin in 1841, and accepted the Mesozoic age of the beds; doubting 
only whether they should ·be referred to the Trias or the Oolite (Jura) 
horizon of Europe. The coal-field is described as occurring in a depres
sion in the granitic and nther hypogene rocks. The beds lie in this 
trough, usually highly inclined along the sides where the lowest of 
them are seen, while the higher and uppermost beds appear nearly hor
izontal in the middle of the basin. 

Lyell gives the accompanying cross-section showing the manner in 
which he supposed the strata to rest: The whole country has been 
planed off almost horizontally. This section has been repeated in 
several editions of Lye1l's Manual of Geology. 

l!'IG. 94.-Geologic cross section of the Richmond Basin, according to Sir Charles Lyell. A, granite 
and gneiss; n,·coal measures; C, newer Mesozoic strata; D, drift. 

The granitic floor is described as very uneven, causing the coal to be 
squeezed out at one point and made to swell up at another. These 
changes in thickness are attributed to the movements of the rocks, and 
''the forcing of the granite against the coal, the distinct layers of which 
are often cut off abruptly one after the other by the granite in contact." 

The trough-like form of the basin is described ~s exhibiting many 
deviations, such as the strata dipping toward the granitic margin or 
being nearly horizontal. at that contact, a relation which implies fault
ing, although the author does not thus explicitly state this conclusion. 

1 0n the structure and probable age of the coal-field of the James River, near Richmond, Va.: 
Quart. Jour. Geol.Soc., Vol. III, 1847, pp. 261-280. · 
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The Taylor view (1855). 1-Mr. R. C. Taylor reviewed the litarature. 
of the Richmond ·Basin and presented a cross section of the coal-field, 
which diagram is reproduced in the annexed ngm~e. · 
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FIG. 95.-The Taylor section of the bituminous coal-field near Richmond, Va. 

The structure thus represented is not described further than in the 
notes appended to the diagram, in which the arrangement of the beds 
and the depth of the coal-field in its central parts are marked as uncer
tain. The representation of the occurrence of faults on the eastern 
margin in the detached area may possibly be intended by certain lines 
introduced in the section. 

The JJaddow rtnd Bannan v~ew (1866). 2-This view appears to be the 
result of an examination of the area by S. Harries Daddow. He 
thought the granite floor exhibited undulations, rising to the surface as 
so many sharp and abrupt peaks. He regarded these original irregu
larities of the basin as having been partly smoothed over by the 
deposition of strata before the accumulation of coal. In his view, the 
coal here and there rests upon these granite peaks where they had 
not yet been buried. No subsequent movements of the crust, in this or 
the other eastern basins, is supposed to have taken place. The deposits 
are said to be thickest in the deeper basins or synclines, limited on the 
inclining sides, and very thin on the anticlines or ridges, proving, as 
this author thought, that the basins existed much in their present 
condition when these deposits took place. 

Daddow denied that there are ''slips" or "heaves," described by 
Taylor. .All the irregularities, with one or two· exceptions, are egarded 
as due to original irregularities in the floor. The view is illustrated by 
two sections. 

In Daddow's view, the basin was an original crater-like depression in 
the earth's surface, broken by numerous granitic ridges and peaks into 

IStatistics of coal, 2d ed., Philadelphia, 1855, pp. 287-297. See also Richmond Coal Basin and its 
coal trade: Pennsylvania State Jour., Vol. II, 1833-34, p. 567. Memoir of a section passing through 
the bituminous coal field near Richmond in Virginia: Trans. Geol. Soc. Pennsylvania, Vol. I, 1835, 
pp. 275-294, P~. XVI and XVII. . 

2Samuel Harries Daddow and Benjamin Bannan: Coal, Iron, and Oil; or, the Practical .American 
Miuer. Pottsville, Pa., 1866, p. 786. Richmond Basin, J.'lP· 292-293, 395-40~: 

• 
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. separate basins. By sedimentation these irregularities were gradually 
buried, the strata conforming more or less to the shape of the bottom 
and the inclination of the sides. This view totally neglects the visible 
faults. and plain indications of disturbance in the basin~ and affords no 
clew to the structure of the area. 

The Lesley view 1 (1873 V).-The following extracts from a paper 
credited to Prof. J.P. Lesley give the original-valley hypothesis in its 
most comprehensive form. 

The geological history of the Richmond coal field is easily understood. There was 
once a time when a mountain range of granitoid rocks rose high above the sea level, 
where Richmond and Petersburg now stand, and stretched away northward through 
Virginia, Maryland, and southeastern Pennsylvania, as far as Trenton, on the Dela· 
ware River. Toward the south it ranged past Raleigh and Fayettevil1e to the Dah
lonega· country of Georgia. A few miles farther west another and lower mountain 
range ran parallel to the first, but united with it ·before reaching the Potomac River. 
The valley between these two ranges of mountains was everywhere at least 1,000 
feet deep, and may have been thrice that depth. Its length was at least 300 miles, 
and may have been 400. 

At the same time that middle New Jersey, eastern Pennsylvania, and the Pied
mont country of Virginia and North Ca~olina. were receiving their New Red deposits 
on a long wide estuary or arm of the sea, having its capes at Trenton and ManhatLan 
Island, the valley described at the beginning of this sketch as lying between two 
ranges of mountains which stood where Richmond and Raleigh now are got also 
filled up with over a thousand and perhaps with severa.l thousand feet of -sand and 
mud. These are the Richmond coal measures. 

The valley had, of course, irregular, bossy sides, like all valleys between granite 
mountains. On its two slopes and in its bed grew one of the rankest Yegetations 
ever seen, a ·vegetation chiefly of moss, on and througb which grew many species 
of ferns and. shrubs long since extinct, and also an irregular forest of trees of species 
also extinct. 

In ·short, it was supposed by this author that the coal accumulated 
almost immediately after thts valley was excavated, having grown on 
the sides of the valley as well as filling up depressions. After the 
period of coal making the continent is supposed to have been depressed 
beneath the sea level, so as to turn this valley into a lake or arm of the 
sea. 

The Fontaine view (1879-1883).-Prof. W. M. Fontaine, in his work 
on the Older Mesozoic Flora of Virginia, 2 reaffirms the synclinal struc
ture of the Richmond basin. He believes that" it did not possess this 
structure in its early history in such a marked manner as now. It, like 
the other areas, was a progressively subsiding region, probably, during 
most of the era of deposition.'' 

Still earlier the same author presented his explanation of theN ewark 
areas, including the Richmond Basin: 

The strata were laid down in depressions, which, originally shallow, were subse
quently d·eepened by a more or less rapid subsidence. The subsidence was due, as 

J Cited in McFarlane's Coal Regions of .America, 1873, pp. 510-514, from Lesley's United States Rail· 
road and Mining Register (date unknown) . .Also cited by Clifford, Trans. Manchester Geol. Soc., 
Vol. XIX, 1886-1888, pp. 355-358. Lesley gives a section of the Richmond l3asin in his Manual of 
Coal and its Topography, 1859, p. 46, fig. 7. 

2Mon. U.S. Geol. Survey, Vol. VI, 1883, p. 7. 
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previously stated, to the operation of a lateral thrust. It con'tinued until faults 
and overturned anticlinals were produced. In the interior belts (the New York, 
Virginia, Barboursville, Scottsville, Danville, and Dan River areas) these operated 
to produce a constant northwest dip. This resulted from the fact that the western 
sides of the severed earth prisms dropped, producing sometimes by a roll of the 
prisms an upthrow of the eastern side. This appears to occur in some of the faults 
of the Richmond coal field also. When the strain did not result in produci11g rup
ture and faulting it caused the development of an anticlinal, affecting but a nar.row 
belt, which was overturned to the eastward, thus producing also a continuous north
west dip. Where the strata have suffered enormously from erosion, and where 
.almost precisely similar beds are formed by the similar conditions of deposition 
found repeated at different horizons, as is often the case in the interior belts, it is 
almost impossible to detect reduplications by faulting and folding. When the 
period of faulting was reached eruptions of trap took place. It will thus be seen 
that the continuous dips would by no means give a true indication of the thickness 
of the series. 

In the Richmond coal field the faults and narrow overturned folds are not of suffi
cient magnitude to produce, .as in the interior belts, continuous dips, but suffice only 
to render very variable and uncertain the dip and position of the strata toward the 
center of the field. The general result seems to have been to flatten the dip here 
and to steepen it on the western side. Some of the twists in the strata produced by 
the overturned anticlinals are of extremely limited extent. I have seen them only 
a few feet wide. 

The direction in which the lateral thrust operated in this field was from east to 
west, and it seems not yet to be exhausted, for this region is often affected by minor 
earthquakes, and at intervals of ten or fifteen years. by very powerful ones, the last 
occurring a few years ago. The shocks pass from east to west. It is probable that 
the gradual depression of t.lie coast is connected with this westward thrust.l 

The Ol~ff'ord view (1888).2-Mr. William Clifford, M. E., published an 
account of his observations upon the geology and methods of mining in 
the Richmond and Deep Run areas. He describes the coal measures 
as depo~ited in a huge hollow, probably 3,000 feet deep, having a length 
of 30 miles and a, width of from 4 to 10 miles.. The detached areas on 
each flank he speaks of as occupying hollows scooped out of the granitic 
rock, or as formed by t.he junction of ridges whose summits have been 
eroded, or by the local subsidence of the underlying granite. The 
author favors the hypothesis of original depressions, for he infers that 
the strata thin toward the sides of the basin as though the deposits 
had slidden down slopes on which they accumulated. Thickening 
toward the middle of the· basin is held as the cause of flat strata in 
that part of the field. 

The disturbances of the bed are described as waving longitudinal 
"ledges" separating tbe basin into more or less regular zones. These 
are traceable on the floor and roof alike of the coal measures. 

He concludes that there is no evidenee to show the nonoccurrence of 
the coal .beneath the middle of the basin. The failure to find workable 
beds of coal in the" Sinking shaft'' at Midlothian, described by Hein
rieh, he attributes to the bore hole not reaching the depth at which the 

1 Notes on the Mesozoic of Virginia: .Am. Jour. Sci., 3d series, Vol. XVII, 1879, pp. 36-37. 
2Richmond coal-fi~ld, Virginia: Trans. Manchester Geol. Soc.' [Englandj, Vol. XIX 1888, pp. 

326-354, pls. 1-5. 

19 G EOL, P'l' 2--29 
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coals should appear. He supposed that the strata at Midlothian con
tinued to dip westward at about 25° at least to the vicinity of the 
"Sinking shaft." (See map, PI. XXVI, and section, Pl. XXXII.) His 
theoretical section is based upon this conception of the structure, with 
marginal thinning. 

The Newell view (1889).-l\ir. F. H. Newell 1 criticised Clifford's con
clusion to the effect that the strata in the Richmond Basin thinned 
toward the edges of the present area and that the plants from which 
the coal is derived grew on inclined surfaces. Newell states that one 
of the principal coal beds, dipping at an angle of about 30°, was worked 
along the strike for about a mile and was explored down the dip for 
1,500 feet, and that throughout the area thus made kuown the bed 
maintained an approximate uniformity of thickness. He maintaiued 
that the strata now in the basin were once horizontal and that their 
present inclined position is due to movements involving crushing and 
faulting subsequent to their deposition. This uniformity of thickness 
and original horizontality is thought to be evidence of the persistence 
beneath the main basin of those conditions on which ·coal depends. 

In regard to the parallelism of strata, Newell made the following 
statements: 

Tt does not follow from what has been said that any one workable coal is continu
ous across under the basin to the outcrop on the other side. On the contrary, this 
is probably not the case. The identification of any one coal seam for a distance of 
even 1 or 2 miles is a matter of great uncertainty in the thickness both of the coal 
and accompanying shales, the bending and crushing to which all have been sub
jected, and the rapid decomposition of the whole series. When the change of thick
ness of the coal beds and the large number of thin coals-;-usually overlooked-are 
given due consideration, strong doubt is thrown upon the identifications that have 
been attempted between the coal in one mine and that in another mine a mile or 
more away. The probabilities are that the coal of economic importance in the one 
mine is represented by some one of the smaller neglected coals in the other. 

The Russell view (1892).-Prof. I. C. Russell 2 reviewed the opinions 
concerning the structure of the basin advanced by Lyell, Fontaine, and 
Newell, and presented the results of his own observations upon such 
structures as were visible at the time of a visit made by him to the 
Richmond area. 

His observations warrant the conclusion that faulting has taken place 
along the eastern and western margin's of the·area, and that the basin 
owes its position to downfaulting or else to the relative uplift of the 
neighboring granitic and gneissic areas, its preservation being due to 
its position thus attained below the base-level of eL'osion. The faulting 
along the margins indicates that the strata were formerly more exten
sive than now, and it is evident from the amount of erosion that what 
remains is but the remnant of their original area. 

North-and.south faults bounding diversely tilted blocks of strata 
occur on the western m;:trgin. In the faults, as seen in the mines, the 

1Geol. Mag, Dec. 3, Vol. VI, 1889, pp. Vl8-140. 
2Correlation papers-The Newark system, by I. C. Russell: Bull. U.S. Geol. Survey No. 85, ·wash

ington, 1892, pp. 89-94. 
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coal is pinched out to a mere stringer of comminuted and slickensided 
fragments. The small basins on the eastern margin are held to be due 
to downthrown masses with faults on their western border, the double 
outcrop of coal being accounted for by the drag on these faults. 

In discussing drainage modifications and their interpretation, Camp
bell1 infers that the double line of Triassic deposits in Virginia out
lilies depressions on an earlier Triassic peneplained land surface, 3,s a 
result of which deformation the drainage was concentrated along these 
troughs. He supposes a maximum submergence in the central portion 
of the Newark areas along a northwest and southeast axis, as a further 
result of which the sediments spread over the area as a continuous 
sheet. This cross-axis is placed on the line of the present Susquehanna; 
River. 

SUMMARY OF 'l'HE PRECEDING VIEWS. 

The authors cited ;have explained the deposits of tl;le Richmond 
Basin as being made under the.following somewhat different geographic 
conditions: 

1. A lake formed behind a rock barrier in the course of a river· 
Behind this barrier silt accumulated, forming the present deposits. 
(Volney.) 

2. ·A_ river valley of great width and extent, in which the existing 
strata were deposited in an inclined attitude, simulating cross-bedding 
on a large scale. (Uogers brothers.) 

3. A valley, lying between mountains and studded over with granitic 
peaks, which became filled up with sediments, at first sloping on the 
sides of the valley, but becoming· horizontal over the middle of the 
area when the inequalities had been cover~d up. (Daddow and Bannan, 
Lesley.) . 

4. A shallow depression, deepening as filling went on, ending in 
faulting ap.d folding by lateral compression. (Fontaine.) 

5. The strata now ·in the Richmond basin are to be regarded as a 
downfaulted remnant of a once more extended series deposited by lakes 
or rivers. (Russell.) 

The authors of this report are led to conclusions similar to those 
entertained by Russell and Fontaine. 

STRUCTURE OF THE BOUNDARIES OF THE BASIN. 

The boundaries of the Richmond basin are lines of contact between 
rock masses traced on the surface of the Piedmont district. The sur
face within and without tbe area, a region of shales and sandstones 
on one hand and a region of granites and gneisses on the other, is at 
approximately the same level in both fields. 

The eastern and the western borders of the several elongated areas 
of Newark rocks lyiug on the west of the Richmond area aud of those 
found northward, as far as Connecticut and Massachusetts, have been 

'Jour. Geol. IChkago), Vol. IV, 1896, pp. 676-678. ' 
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shown by examination to present an important structural di:tl'erence. 
On the eastern side the lowest beds in the area may be seen resting on 
crystalline and igneous rocks of more ancient date. Dipping inward 
~lth more or less regularity to the opposite border of the area, succes
sively higher and higher beds, sometimes repeated by faults, appear, 
until perhaps the highest beds in the series are found at the t3urface of 
the ground closely in· contact with the ancient complex on that side of 
the basin. 

In the published sections accompanying the earlier reports on the 
geology of the basin the Richmond area has usually been represented 
as an exception to this type of structure. While the general synclinal 
character of the structure in the portions of the basin upon which the 
diagrams were based is in a great degree true, a more extended exam
ination of the area shows the monoclinal structure so pronounced in 
other Newark areas. The evidence for this conclusion will be apparent 
from the fol1owing account of the boundaries of the area and description 
of the interior, so far as that is known from visible outerops. 

THE EASTERN BORDER. 

The eastern border of the Richmond Basin is roughly outlined by 
small stream valleys. Fully 20 miles of this line, the total length being 
about 34 miles, is followed by these streams. Their location in this 
position is determined by the outcrop of soft coal-bearing shales at the 
base of the Newark formation. Although the eastern border is thus 
broadly marked out by streams, the precise limits of the formations at 
contact along this line show frequent discordance with the configuration 
of the .ground. This imperfect adjustment of the streams to the struc
ture of theN ewark beds is d~e to the fact that the granites and gneisses 
of the Piedmont district are to the depth of several yards softened by 
deeomposition and disintegration to the low resistance of muds and 
shales. As a rule, the streams which follow the border line lie within 
the coal-measure area, and the sandstones and arkose beds at the base 
of the formation are to be found, along with granites and gneisses, on 
their eastern banks. The valleys thus formed frequently leave the 
granitic and gneissic terrane at an elevation varying from 50 to 75 feet 
above the immediately ·adjacent coal-bearing region. 

The eastern margin of the Richmond area has an approximately 
straight course in a north-northeast and south-southwest direction. 
With reference to the basin as a whole, this border corresponds to the 
uplifted base of a westward tilted series of strata, and is thus iu contrast 
with the western rp.argin, which represents, in a general way the down
faulted side of the monoclinal block. Nevertheless this eastern margin 
is not without minor irregularities, as the tracing of the outcrops and 
the exploitation of mines has shown. In the followmg notes some of 
the details of this line, the faults which affect it, and the interpretation 
of its general character, will be set forth. 
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Beginning on the south side of the Appomattox, at the southern
most point in the Richmond area, at a place about 12 miles southwest 
of Namozine, the eastern border of the area extends in a nearly straight 
line to Coalboro, a distance of 9 miles. Throughout this extension no 
deflections from the general course can be made out on the ground. 
Since tliis line is formed by the intersection of the even surface of the 
Piedmont region with the tilted plane separating the ·Newark rocks 
above from the granites and gneisses below, its straightness for this 
distance can be interpreted only as the result of the intersection of two 
essentially plane surfaces. From the nature of this boundary line, 
therefore, important inferences may be. drawn in regard to the form of 
the surface on which the Newark beds repose. This matter is discussed 
elsewhere in this report. 

FROM COALBORO TO NUTTREE CREEK. 

Near Coalboro the boundary turns sharply eastward to the vicinity 
of Nuttree Creek, whence it resumes its meridional course, which is 
maintained, with some minor deflections, hereafter to be noted, past 
Midlothian to the James River. 

From their southern point of beginning to Coalboro the coal measures 
have been traced almost continuously, and throughout this distance 
the Newark strata appear to rest in a little disturbed condition upon 
their original base, the granites and gneisses. But from Ooalboro to 
Nuttree Creek the coal beds which occur near the base have not been 
discovered. Associated with this circumstance, the truth of which 
rests largely upon the testimony of miners in this district, is the occur
rence of strata in a more highly inclined altitude than is exhibited 
immediately north and south of this portion of the boundary. Too 
little, however, is known concerning the structure of the beds in 
this region to state positively the nature of this deflection in the 
boundary. It may be that the ·basement rocks are warped along this 
line, and that the coal measures follow in due sequence upon this sur
face. Analogy with similar irregularities in the Connecticut area, as 
shown by Davis and Griswold, would suggest that the boundary 
between Coalboro and N uttree Creek is determined by a northeast
southwest fanlt, along which the Newark rocks and underlying granites 
on the northwest side have dropped down, according to the best esti
mate that the scanty data afford,.as much as 6,000 feet. The occurrence 
of shales in a vertical attitude along the boundary line on the south 
side of Tomahawk Creek, reported by Mr. G. B. Richardson, is favor. 
able to the view that a fault exists there; but since there are no other 
structures known on the extended course of this line which require 
faulting for their explanation, the hypothesis appears at present to be 
unsupported. 
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IN TIU~ ::\UDLOTHIAX DISTRICT. 

In the vicinity of Midlothian the border of the basin and that of 
the detached areas adjacent to the eastern edge of the main coal field 

· ·has been, at one time or another in the history of the mines, carefully 
determined. In large measure this know ledge has been lost. In part 
the facts have been recorded, and in part the nature of the boundary 
may still be ascertained from the outcrops. Reserving for another 
section of this report the account of the deposits in the detached 
basins, their structure, so far as it throws light on the boundary of the 
main basin, may here be described. The two areas lying south of 
the turnpike at Midlothian appear not to be associated with any irregu
larities in the boundary of the main basin. The boundaries of these 
small areas, as described by Russell/ on what appears on the ground 
to be the best evidence obtainable, are determined by the intersection 
of the tilted plane of deposition with the present surface on their 
eastern side and by faults on their western margin. Transverse faults 
also occur, but their effect on the outline of the margin of these,basins 
and that of the main area is not definitely known. Russell mentions 
an o1fset in the mines in the vicinity of J\iidlothian, which is probably 
due to a fault of this east and west series. The ends of the detached 
areas, it is to be suspected, are determined by such faults. 

According to Mr. John Peal, a miner of Midlothian, the main coal 
bed makes a loop to the eastward at the intersection of the boundary 
with the turnpike near that place, but this feature is not traceable at 
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the present time. According to 
the same informant, the strata 
are "on end" along the eastern 
border near the track of the 
Southern Railway, the coal beds 
having been found in a vertical 
position in the Bonanza, Etua, 
and the old Gowrie shafts. J u~t 
east of the Etna shaft, in the rail· 
way cut, the shales underlying the 
coals may be seen in a horizontal 
attitude overlying the granite 
which crops out on the opposite 
sideofthetrack. From all that can 
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be learned the str'ata pass with

FIG. 96.-Supposed structure of the margin in the OUt faulting from this attitude 
Etna shaft, Midlothian, Virginia. steeply downward for about 100 

feet. They then dip westward at the usual angle of 25o on this margin. 
The bottom of the Etna shaft is in the porphyritic granitite of the Mid
lothian district. The general relations appear to be those sketched 
in the annexed diagram (fig. 96). 

• 1 Bull. U.S. Geol. Sur\•ey No. 85. 
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The flexure which is indicated by the reports from this portion of the 
boundary is like those which, near Winterpock (Clover Hill), occur in 
the slopes of several mines, attributed by some of the earlier writers 
on this basin to the deposition of the strata over and around hillocks 
or islands of granite. It seems most probable, in view of the slickensides 
exhibited in the beds, that the present structures, as elsewhere indi
cated in this report, are wholly secondary, and in most cases due to· 
faults in the brittle granitic terrane which pass into flexures m tbe 
overlying yielding sediments. 

North of the old Gowrie shaft several features render the tracing of 
the main boundary difficult. Falling Creek has eroded a valley at the 
point where the small detached areas on the north side of the Southern 
Railway approach nearest the main basin.· On some old mining maps 
the boundary is indic~ted as definitely shown between the Gowrie and 
the site of Jewett's coke shaft, but there is ·DO evidence at present of 
granite coming to the surface between the Cunliffe and the main basin, 
nor between the Cunliffe Basin and the Blackheath tract on the east of it. 
So far as the preRent shape of the ground indicates anything at all, it 
points to the conclusion that the basal beds of the main basm extended, 
if they do not now extend, over the Cunliffe and Blackheath tracts, in 
the manner indicated in the accompanying cross section, drawn east 

w E 

FIG. 97.-Cross section through Blackhea.th and Cunliffe areas, showing supposed connection witb 
mam basm 

and west through these small areas. For this reason the boundary has 
been drawn as a loop around these abandoned workings. Similar 
indentations in the border occur again on the western side of the bas"i.~ 
where the structure is more clearly associated with faulting. 

From the viciuhy of Falling Creek n~rthward to the James River the 
boundary maintains its course of a few degrees east of north. Some of 
the old maps show the posttion of the granite on the east throughout 
the entire distance, but the line can not at present be disti11ctly traced 
by surface indications in the region south of the river rpad. On the 
long slope of the south bank of t~e James, in the region of the Salle 
and Burfoot coal tracts, the boundary was fully explored in the days 
when mining was carried on. There appears to be the same simple 
depositional plane intersecting the present surface which characterizes 
the eastern border south of tllis field. · 
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NOBTH OF THE ,JAMES HIYEH. 

On t)le north side of the James River the eastern bo'rder begins 
opposite the point to which it has been traced on the south bank with
out evidence of displacement in the intervening valley. The line is 
followed closely by a branch railroad. from Lorraine to the vicinity of 
the confluence of Deep Run with Tuckahoe Creek. Thence for about 
a mile the boundary takes a northwest course, at the end of which it 
straightens out and runs nearly north to the northern end of the basin. 
This deflection in the boundary is marked by an offset in the coal shafts 
. between James River and Gayton (Carbon Hill). The evidence of a 
uorthwest and southeast fault along this line appears to be complete. 
The extension of such a fault into the basin is not, however, sh.own by 
any visible structures. It is to be noted that on the western border, 
where such a fault. extended in a direct line would intersect the pre
Newark rocks, there is a marked indentation of the boundary. The 
structure of this indent, however, does not demand the occurrence of 
the fault on the eastern margin. It appears unreasonable, therefore, to 
assume that this fault extends over a great distance. 
Th~ eastern border at Gayton has been somewhat differently placed 

by different observers. This disagreement is largely owing to the diffi
culty of distinguishing the unaltered granite from the arkose, which 
everywhere along the eastern border in the granitic region obscures the 
contact. In fact, there is probably a gradation in certain portions of 
this region from clastic materials above to igneous below through the 
products of disintegration. Along this portion of the line the granite 
is recognizable on the surface by the large rounded blocks produced by 
its disintegration. The boundary lies on the eastern side of' the small 
brook east of the mines. All the granitic-looking fragments on the 
surface on the west of this brook and in the outcrops in its bed show 
upon close examination the arkose structure with waterworn pebbles. 
On the east of this brook is a small tract in which the Newark sand
stones appear with a dip to the east as high as 80°. Granite bowlders 
appear to the east of this line of outcrop. The entire boundary of this 
eastward prolongation of the basin can not be clearly made out. The 
scanty facts observed point to a tongue or detached area of the coal 
measures like the Cunliffe and .Blackheath tracts. 

From Gayton northward the nature of the boundary is but little 
known. Granites give way to gneiss, the former beiug probably in
truded into the latter, sinee there is a gradual increase of fineness of 
texture in the granite as one approaches the gneiss. Where the Three 
Chop road crosses the boundary, the Newark and the underlying crys
talline rocks were not seen in contact. 

The precise mode of termination of the Newark rocks on the north is 
not known. Faulting rather than folding would be Inferred as control
ling their structure. This appears from the character of the western 
border in' its vicinity, the nature of which line it will now be our task to 
describe. 
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The observed cross section of the Richmond Basin in the valley of 
the James River has afforded a reasonable basis· for interpreting the 
structure as synclinal. This view is in part right and in part wrong. 
There are many sections across the basin which repeat the structure so 
well shown in the James River bank, but there are others which exhibit 
a western dip of the strata almost continuously from the eastern mar
gin to the western border. Even where the marginal beds dip eastward 
on that border they are usually much more broken by faults than the 
strata on the eastern margin. In other words, it appears that the strata 
along the western border have been abruptly thrown or flexed down to 
variable depths. The basin therefore . shows to a large degree that 
dominant structure of the Newark areas in the Piedmont district by 
which the beds are made to dip mainly westward. The nature of these 
faults. first made out by Russell in the vicinity of the James River, 
will now be described, so far as they are at present known. 

As a preliminary to understanding the detailed statements which fol
low, it should be said that the observed and inferred faults on this 
margin are not strictly parallel to the border, but usually exhibit a 
northwest and southeast course, while the boundary line trends to the 
east of north. . As a result of this arrangement, and as a consequence 
of the level of denudation in this region in relation to the struc'tures. 
of the basin, it often happens that- the basal beds of the Newark occur 
along the boundary, that part of the line being determined by the out
crop of the deposition plane, as on the eastern border. These facts are 
best shown in the Turkey ;Branch section (seep. 478). 

~OUTH OF THE APPOMATTOX RIVER. 

Beginning the tracing of the border, as before, on the south in the 
Winticomack Creek prolongation of the Newark rocks, we note that 
the precise extension of these beds on the south side of the river can 
not be ~ccurately fixed. From a few decomposed sandy exposures it 
appears likely that the beds underlie the low grounds of the Appo
mattox River in the manner in which they are· represented on most of 
the older maps. There has been found no evidence, however, of the 
existence of another finger-like projec.tion of the series such as occurs 
in the lower course of Winticomack Creek. Gneiss appears, 'in fact, in 
the bottom of Horsepen Branch, fixing the limits in that part of the 
line. 

THE BEVIL BRIDGE ROAD SECTION. 

It is to be noted that there are bed's of recent geological date in this 
area, the lithological characters of which closely resemble the typical 
Newark sediments. In fixing the boundary care has been exercised to 
exclude wherever possible these patches of rock. At no point has the 
task of dealing with these discriminations been more difficult than 
along the western margin in the region which is now to be described. 



458 GEOLOGY OF 'fHE RICHMOND BASIN, VIRGINIA. 

Not only does the boundary line depend upon the determinations which 
are here made, but an important question regarding the physical his
tory of the Richmond Basin hinges upon the view which is taken of 
the structures which the presence of these beds indicate. The problem 
is first encountered at Bevil Bridge, on the east bank of the Appomat
tox River. The river has here cut a valley about 150 feet below the 
general level of the Piedmont district. Gneiss crops out on the eastern 
bank and continues to be exposed in the road for a distance of abopt 
one-third of a mile to the east of the ri~er. At this point the pre
Newark rock is capped by horizontal strata of clays and argillaceous 
sands in aii advanced state of decomposition from weathering. The 
unconformity with the gneiss is obvious, although it is not marked by 
a basal conglomerate. Fossils are also lacking as aids in the determi
nation of the age of the stratified rocks. 

About half a mile eastward from the point of beginning of the above
mentioned section and 50 feet higher up· a white vein-quartz pebble 
conglomerate comes into view, overlain by reddish mottled sandstone. 
A quarter of a mile farther east and still higher up red and white 
clayey sands, .Probably decomposed sandstone, .in distinct bands dip
ping 450 west, appear. This last exposure iudicates that the area of 
horizontal beds resting upon the gneiss near the river bas been passed 
and that the Newark beds which exhibit the tilt of post-Triassic dis
location are near their western margin. The evidence no.w to be set 
forth concerning a fault in this vicinity will make this relation clearer. 

11he Spou.t Spring boundary fault.~The high ground north ·of the 
Bevil Bridge road and east of the Appomattox, known locally as 
Gravelly Hill, is capped by a deposit of white and reddish quartz and 
quartzite pebbles varying in size up to 3 'inches in diameter. This 
deposit, though not shown in natural sections to be a part of theN ewark 
or later deposits, may for the present be neglected, it being sufficient to 
note that it is like many other gravelly areas capping high ground in 
this area and occurring usually near the larger rivers (see p. 505). 

A ravine on the northern slope of Gravelly Hill, on the Condrey 
place, exposes a contact between th.e Newark rocks and the gneiss of 
the western border. The Newark shales are at this locality at a lower . 
level than the surface of the gneiss on which the horizontal strata rest 
in the locality described, near Beyil Bridge, on the western slope of the 
hill. At the base of the hill, in this ravine, there is a perennial outflow 
of water known locally as "Spout Spring."· The water -is.sues from 
broken-up blocks of Newark red shale, the ·gneiss at the spring not 
"Qeing exposed. About 150 feet northwest of Spout Spring, down
stream, there is an exposure of schistose rocks, much decayed, flanked 
by a remnant of the Newark shale. The schists strike N. 63° W., with 
a dip nearly vertical. The exposed· surface of contact between the 
gneiss and the Newark is too small to afford a definite determination of 
its inclination. At the point where the contact was observed its plane 
showed a hade of 400 west. Its strike was northwest to southeast, 
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agreeing in direction and hade with several observed faults elsewhere 
along the western border. The shale· and the gneiss are clearly brec
ciated along the plane of contact. These circumstances, together: with 
the phenomena at Spout Spring, afford good evidence of a fault at 
this locality. 

'fhe attitude of the Newark strata immediately in contact with the 
fault is not determinable. One-eighth of a mile up the little stream and 
about 200 feet east of the probable position of the fault plane, a thin 
quartz pebble conglomerate is seen reRting on a clay (decompQsed shale) 
stratum. This small exposure gives a strike of N. 28° Wo, and a steep 
dip to the northeast, an attitude which accords with the expectation 
that the Newark sediments should show a drag along the fault plane. 

These details, unimportant in themselves, have been thus explicitly 
set forth in order that the nature of the ~vidence on which faulting is 
inferred along this western boundary may be thoroughly understood. 

It now remains to consider whether the Newark strata overlap the 
Spout Spring fault, having beendeposited subsequent to its' formation. 
Two exposures of sediments-that just named, near Bevil Bridge, and 
one which will now be briefly mentioned-bear on this question. 

Nearly due west from Spout Spring, on the bank of the Appomattox 
River, some test pits have been sunk into black shales, carrying traces 
of coal. -These shales are said to have been traced across the river at 
this. point. Brownish sandstones with plant stems were found in the 
debris from the pits. These members of the Newark system lie on the 
west side of the projected line of the Spout Spring fault, and at a lower 
level than the gneiss at the spring. The Newark rocks, therefore, 
clearly extend beyond the fault to the west. 

The elucidation of the stratigraphy and structure in this Bevil Bridge 
section is so important from the point of view of an understanding of 
the faults which occur to the northward that it seems well to discuss 
the matter somewhat at length in this place. 

First, we may suppose; what other observers apparently have 
assumed, as their maps would go to show, that the boundary line in this 
district is to be drawn to include in the Newark system the horizontal 

• 4 

FrG. 98.-(Case I.) Newark strata on both sicles of the fault along the Bevil Bridge road, the fault(/) 
coming to or near the present surface. A, basal Newark strata; B, upper downthrown Newark 

. beds. 

stra.ta in the valley pf the Appomattox. (See fig. 98.) In this sup
position (which may be called Case I) the fault comes to the present 
surface; the beds on the gneiss are at the local base of the Newark 
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system, aud the throw on the fault is probably great, but less than the 
thic~ness of the whole section. 

It is shown elsewhere in this report (seep. 505) that there are con
siderable patches of pos.t-N ewark sediments capping certain ridges and· 
hills in the Richmond area. The deposits on Gravelly Hill and east
ward require us to consider the possibility that the entire section 
extending beyond the Spout Spring fault along the Bevil Bridge road 
is post-Newark, and, therefore, not cut by the fault; in other words, 
presenting the cross-section shown in the accompanying diagram 
(fig. 99). If this hypothesis (Case II) be true, the Newark boundary 
should be drawn no farther west than the position of the fault-plane. 

FIG. 99.-(Case II.) Downthrown Newark (A.) and adjacent gneiss (B) eroded and covered by newer 
strata (0). 

Yet, another hypothesis needs consideration before a conclusion con
cerning· this matter is reached. It is imaginable that after a part of 
the Newark .sediments was laid down in a subsiding trough a fault 
developed along this line, so that the beds east of it were thrown down, 
giving the minor foldings which they now exhibit; or, what is equally 
probable, if not a necessary postulate in this view, the western block 
rose up, being stripped of the sediments already laid down west of the 
fault-plane. After the dislocation, sedimentation was renewed, hori
zontal strata being laid down over the region adjacent to the fault, 
giving the Bevil Bridge section the hypothetical structure shown in 
fig. 100 (Case III). In this view, the horizontal t~trata on the west of 
the fault are late Newark, though they lie here upon the gneiss. 

E 

•I 
FIG. 100.-Case III, in which it is supposed that the beds on the west of the fault are late Newark 

rocks, deposition to the eastward having been continuous during Newark tlme. 

Without lithological characters of determinative value and without 
fossils, the evidence derivable from structure, even where a fault· is 
defimtely known to affect a portion of the section, must leave us in 
doubt as to the relations of the horizontal beds in question to the main 
mass of Newark in the Richmond Basin. But there is another possi
bility which remains for consideration. If the second and third 
hypotheses are to be preferred to the first, the horizontal beds should 
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originally have extended across the fault, which would thus be of 
earlier date than their deposition. It is conceivable that movements 
may have been renewed on the old fault subsequent to the deposition 
of the horizontal beds. We are thus brought to a fourth hypothesis 
(Case IV), which admits the possibility of the second and third cases 
as preceding alternative conditions and leaves us without criteria for 
choosing between the first and this last hypothesis by the use of any 
local criteria as yet discovered. 

Such is the argument by which the conclusion is reached that the 
age of these horizontal beds can not be definitely determined by direct 
methods. It has seemed necessary to be thus explicit in regard to 
theRe slight structures in order to set forth the difficulties which attend 
the interpretation of port.ions of this basin. There is left to the 
geologist, however, the argument based upon probability •of recurrence 
of a type of structure known to exist in the immediate vicinity. At 
this point the knowledge gained from the patch of coal-bearing rocks 
lying in the Appomattox Valley west of the Spout Spring fault 
becomes of significance in showing that the Newark sediments extend 
west of the fault, as postulated in Case I. It is only necessary to 
suppose that the area of Newark in which the pits lie bas been thrown 
down below the level of the horizontal strata seen resting on the 
gneisR to make it seem more probable that they are basal members of 
the Newark rather than beds belonging to a higher horizon. This line 
of argument, it will be shown, is confirmed from step to step as one 
goes northward along the western boundary. Therefore the boundary 
line bas been drawn so as to include the horizontal strata whose occur
rence without other similar known Newark blocks would remain without 
definite proof of a Newark age. 

THE GOODE BRIDGE ROAD SECTION. 

The rocks in the vicinity of Goode Bridge repeat all the essential 
ft>atures described. for the Bevil Bridge section. A.bout three-fourths 
of a mile east from the river horizontal strata appear unconfqrmably 
overlying the gneiss at an elevation about 200 feet above the river. 
A.t the brow of the hill a mottled conglomerate, overlain by sandstone, 
crops out, dipping gently eastward. Half a mile eastward, along the 
road near the Zoar crossroads, a gently flexed bed of mottled conglom
erate makes its appearance, recalling the post-Newark conglomerate 
at. Midlothian. Immediately north of this locality, where the road run
ning northwest from Zoar crosses a small brook, the gneiss is exposed. 
The boundary of the Newark is, therefore, here in the same complicated 
position in which it exists at Bevil Bridge. Faulting is a probable 
explanation of the relations. 

BETWEEN ZOAR AND MOSLEY JUNCTION. 

The boundary is not clearly rev:ealed from the vicinity of Zoar north
ward until the road passing west from Skinquarter is reached. A.t the 
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distance of about 12- miles west from this place, the Newark strata are 
exposed for several hundred feet eastward from the boundary, the 
position of which can be fixed with approximate certainty. 

The contact of the Newark with the gneiss at this point is not seen; 
but the faulted reddish shales of the basin may be seen dipping west
ward within a few rods of the boundary. The continuous westward 
dips as we approach this boundary require us to suppose that a con
siderable thickness of the Newark beds are thrown down against the 
gneiss. 

For a mile and a half northward from Zoar, the boundary line is 
believed to lie on the west side of Skinquarter Creek. At a point about 
1 mile south-southeast from Clayville, in Powhatan County, the line 
turns abruptiy toward the east, recrossing Skinquarter Creek and hold
ing that course for nearly half a mile, whereupon it again turns north
eastward, passing to the east of Mosley Junction station. 

The a,ngle south of Jllosley Jmwtion.-The abrupt indentation i11 the 
outline of the basin which is thus produced about 1~ miles south of 
Mosley Junction is not represented on the older maps. The extension 
of the 'Newark system west of Skinquarter Creek is based upon the. 
occurrence of decomposed ·sandstones found within the field adjacent• 

. to that stream and in line with the v;resterly strike of the Newark strata 
on the Irwin Bass place. The contact of the red shales and sandy 
beds of the Newark with the underlying gneisses at this latter locality, 
near a barn, is shown in ·p1. XXXIII, a pbotogTaphic view which illus
trates the indifferent way in which these two types of rocks weather 
and erode. 

In its general structure, this indentation recalls the Blackheath and 
Cunliffe basins on the eastern margin. While clear evidence of faulting, 
either on the western margin beyond Skin,quarter Creek or on the eaRt
west line passing through the Bass place, h'as not been found, it seems 
probable that faulting may exist on the western side. The question is 
of some importance, for upon its determination depends the position 
assigned to the excellent exposures of N·ewark sandstones, grits, and 
shales upon the Irwi:p. Bass place, previously described in some detail 
(seep. 440). As will be seen from Dr. Knowlton's report on the silici
fied wood of the Richmond Basin, a specimen fo~nd in this section is 
identical with one found in the upper beds. This identity of species 
does not at present, however, appear to be conclusive as to the identity 
of horizon. Until faulting can be proved along this east and west line 
it seems inadmissible to suppose, upon the evidence from a single frag
ment of a wide-ranging species of tree, that the beds resting here on 
the gneiss are other than basal sediments . 
. Boundary fault at Jlfosley JU?iction.-In the vicinity of Mosley Junc

ti()n, there is evi9-ence of a profound fault, for on the south side of the 
Southern Railway, the Newark sandstones and shales are in a vertical 
position, st~iking nearly east and west again,st the boundary. This 
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structure, so closely associated with the east .and west strikes on the 
Irwin Bass place, together with adjacent tracts in which the Newark 
appears to lie in a horizontal attitude near the boundary-though it 
may be down thrown against the gneiss even in this case-points clearly 
to the sa-gging of the beds along the western faulted boundary. That 
synclines of this origin pervade the Newark strata toward the interior 
of.the basin will be brought out in the sequel, the whole evidence 
strongly confirming the view of a faulted western bouudary. 

Between the rail way exposures at lVIosley Junction and the Irwin Bass 
place, lies the instructive section disclosed whenever the bed of Turkey 
Branch is swept free of sand. The stratigraphic details of this section 
are presented elsewhere in this report. It is of importance here to note, 
however, the two faults which occur in this short .section, since they 
throw light on the method of folding and faulting along the margin 
and confirm by one additional case the view that the Newark strata 
may rest locally upon the gneiss west of a fault essentially at the 
boundary in the existing relation· of the Piedmont peneplain to the 
sediments in the basin. In Turkey Branch of Swift Creek, theN ewark 
beds rest upon the gneisses very much as they do on the eastern border, 
but at a distance of 650 feet from the boundary the strata having been 

·at this point profoundly folded by compressive movements, were sub
sequently faulted. This fault is of the reversed type, dipping steeply 
west. The amount of the throw is uot ascertainable. At the distance 
of 1,400 feet from the boundary, the section is traversed by another 
fault dipping steeply east, but there seems no way of determining tlle 
direction of the throw. The conditions of compression indicated by 
the first-named fault would point to the existence of a reverse fault 
here also (see Pl. XXXVIII). 

J!'ROM MOSLEY .JUNCTJON TO 'fi-lE ,JANIES RIVER. 

Northward from Mosley Junction, the boundary is ill defined. The 
Newark crops out in the north bank of Swift Creek three-fourths of a 
mile northwest, or upstream, from the point where the creek crosses 
the Powhatan-Chesterfield county line. 

From Swift Creek to tbe James River the boundary, except in the 
vicinity of the river, is not well shown. Widely separated outcrops of 
gneiss on one hand and sandstones on the other show that it follows 
the general course of Dutoy (or Dittoway) Creek to its union with 
Jones Creek. At one or two points in the vicinity of the Old Dominion 
pits, where the lower coal-bearing rocks are brought to the surface, the 
strata are in nearly vertical attitudes. Russell's studies of theN orwood 
tract at the time the mines were opened show clearly the nature of the 
faulting along this part of the boundary and the disturbances which 
afl'ect the strata at a distance from it. The fault-block of pre-Newark, 
crystalline rock which enters the Norwood. estate from the northwest 
in the form of a wedge will be described in connection with the better 
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exposures of the structure on the north side of the river. It is only 
necessary to note in this connection that the sandstones and shale:5 in 
tLe river road on the west side of Jones Creek, resting apparently on 
the tilted surface of the fault- block mentioned, dip west at an angle of 
200 or more toward the main terrane of gneiss beyond. 

Enough has already been stated concerning the relation of the 
Newark to its western border in this basin to make it probable that a 
very marked downthrow of the strata occurs from the Appomattox 
River northward· to the James. This evidence becomes indubitable 
and its interpretation as to the manner of faulting plain, when the facts 
cited by Russell and our own observations concerning the western 
margin of the basin at Manakin and Boscabel Ferry are given their due 
weigllt. 

The Cornwallis 'Hill ja.ult-block.-It is clear, from an examination 
of the neighboring exposures, that_ Cornwallis Hill, between Manakin 
and Boscabel Ferry, is a fault-block of the pre-Newark crystalline 
rocks, left standing up in the crushed and broken sediments of the 
Richmond basin. This bl<?ck wedges out south of the river, disappear
ing beneath the surface of theN ewark beds. . It appears to have been 
tilted westward, the coal shales having been thrown down on its east
ern face (see fig. 102, p. 467, and Pl. XXXV). 

In the quarry opened on the bank of the James River f~ults may be 
seen dipping steeply east in the block (see Pl. XXXIV). 

NORTH OF MANAIGN. 

North of the river road at Manakin the boundary is traceable by 
occasional outcrops of the white gneisses and the reddish shales, gen
erally following closely the east side of the l\tianakintown road. At a 
few points offsets occur by which the Newark sediments overstep the 
general line and appear as down thrown blocks in the pre-Newark 
rocks .. 

·At the elbow in the Mauakintown road, 2-k mile~ north of the village 
of Manakin the Newark beds may be seen a little east of the high
way, dipping eastward into the basin. Small exposures in the old 
fields north of this locality give similar indications of this attitude of 
the strata, but there is not enough of the structure shown to enable 
one to affirm or deny faulting along this portion of the boundary. 

\ 
T1·ansverse fault block.-From the corner of the Manakin town road 

and the road running southeastward to Gayton the boundary is 
deflected sharply westward tor about one-third of a mile~ forming one of 
the shoulders above mentioned. This indentation has a north and south 
extension exceeding 1 mile in length. The supposition that this appar
ent depression in the now inclined floor of the Richmond basin may be 
an original valley filled with the Newark sediments is negatived by the 
fact that on the northern edge of the depression these beds clearly bend 
down into it, though they lie uearly horizontal iu the middle of its 
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CONTACT OF NEWARK SHALES AND GNEISS ON THE WESTERN BORDER . SOUTH OF MOSLEY 
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Snales on left of bush gne1ss on nght. 
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extent. It seems more likely to arise from the settling down of a block 
of the gneiss between nearly east and west faults, with probably a 
meridional fault on its western limit, in the manner indicated in the 
annexed diagram, in which the floor of gneiss is shown without the 
cover of overlying sediments! At the southeastern corner of thi~ 
indentation the Newark shales appear to be faulted, but the precise 
nature of the disturbance can not be made out. 

Northern end of the basin.-Northward, to the end of the Richmond 
basin, the boundary is not clearly revealed. A projection of the gneiss 
into the basin, mentioned by Russell and shown on his map, can be 
made out by the distribution of soils derived from the gneiss on one 
hand and the Newark beds on the other, reinforced by a few outcrops 
of both groups of rocks. It is probable, as that geolog·ist suggests, 
that the structural features at Corn wallis Hill are repeated here . 
. The westward dip of the strata along the Three Chop road, quite up 
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FIG. 101.-D.iagram showing supposed system of faults in the gneissic base of the Newark system 
giving rise to a quadrangular indentation :with down:fiexed strata. 

to the gneiss on the western border, is in accordance with the occur
rence of a strong fault with a down throw on the east. The structure of 
even this narrow portion of the basin is too complex, involving as it 
does the granitic tongue and the diverse attitude of the strata in the 
middle of the area, to permit the use of dips in determining the prob
able amount of throw along the fault at the western border. 

From the locality above mentioned to the northernmost point of the 
basin the structure, as on the eastern border opposite, is not well 
shown, and the boundary line as mapped may be somewhat out of place. 

SUMMARY CONCERNING THE BOUNDARY OF 1'HE BASIN. 

From the preceding notes upon the nature and interpretation of the 
boundary of the Richmond Basin on the cast and west it will be seen 
that a detailed study has confirmed and extended tbe views of the 

19 GEOL, PT 2--30 
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structure of the basin advanced by Russell 1 in 1885. In general terms, 
the eastern border is mainly characterized by the horizontal trunca
tion, through base leveling, of a tilted set of terranes, the boundary 
line marking the appearance at the Piedmont surface of the plane of 
contact between them. Faults are not wanting, but those which have 
been detected do not dominate the direction or structure of the beds 
along this margin. In a very uniform way, the strata dip westwa,rd 
toward the middle of the basin. 

The western boundary, on· the contrary, is characterized by faults. 
These faults are more generally oblique to the boundary than parallel 
with it. Their course is mainly west of north, while the trend of.the 
boundary line is east of north for the major part of the distance. On 
the southwest the trend of the faults and the boundary is more nearly 
in accord. Accompanying the numerous faults along this western border 
is the feature of diverse attitudes assumed by the strata. The strata in 
some places dip inward away from the margin, and in other localities 

{\ 

they. dip toward it or lie flat against it, affording by this evidence 
alone satisfactory proof of the dislocations which occur along this line. 
The irregular occurrence of the coal beds along the wester.n margin, 
viewed in the light of the variable structures just mentioned, points to 
the same conclusion. In addition to this local evidence, there is that 
derived from the analysis of the dip of the strata over the basin as a 
whole. Despite the apparently synclinal structure in the James River 
section and elsewhere south of that region, it is a recognizable fact that 
there is a westward tilt to the strata in the basin without effectively 
compensating eastward dips along the western margin. This difference 
of level between the eastern and western sides of a basin, the strata 
of which were probably once more nearly horizontal than they now are, 
can be satisfactorily explained only by the dropping down of the basin 
step by step along faults or flexures or by heavy faulting on the down
thrown ~ide. 

Viewed in this way, the Richmond Basin exhibits, in unmistakable 
characters, the dominanttype of structure of the several Newark basins 
west and south of the Hudson, viz:, a westward tilt accomplished by 

. a series of faults arising in the pre-Newark gneissic terrane, with down
throws on.the west. 

STRUCTURE OF THE INTERIOR OF THE RICHMOND BASIN. 

THE AREA NORTH OF THE JAl\iES RIVER. 

JAMES RIVER SECTION. 

The structure of the Richmond area on the north side of the James 
River is roughly synclinal along the river bank, changing to a westward
dipping fault. block at the northern narrowed end of the basin. This 
change may be conceived as having been accomplished by the erosion 

I Bull. U.S. Geol. SurYey No. 85. 
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FAULTS IN GNEISS AT CORNWALLIS HILL BOSCABEL. LOOKING NORTH. 
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of the upturned western margin in the northern part of the field, or, 
since the floor of the basin rises from the James River to the northern 
end, the result may be said to have been effected by the denudation of 
the western fl.ank of the faulted syncline, or" graben," which flank prob
ably originally lay over the western margin. The synclinal structure, so 
called, finds its best expression in the section expm;ed along the north 
bank <?f the James. In the sense that a syncline is a part of a system 
of folded strata, however, this cross section deserves another name. It 
is rather a series of westward-dipping monoclines or flexures extending 
from the eastern margin westward to a zone of faulted and folded struc
ture, the dip of which is mainly eastward. It is the" flexurgraben" of 
the German geologists/ complicated with faults, which latter struc
tures, owing to the relation of the Piedmont plateau to the depressed 
sediments, appear mainly as boundary faults. 

The great flexures, now much broken, which bring the coal measures 
up on the margins of the basin ma.y be interpreted as the expression in 
the soft. Newark strata of fractures in the underlying granitic and 
gneissic terrane. From them we infer a large downsunk block of the 

TUCI<AHOE CREEK 

f'~ 

:FIG. 102.-Structure of the James River section. A., minor flexures; f, f, faults. The superficial 
portion of this section is based on observation and reliable information;· the deeper portion is 
hypothetical. The heavy black band r~presents the supposed position of the coal beds. 

pre-Newark terrane. In the middle of the basin this block is traversed 
by minor fractures, along which it is downthrown to the west. Where~ 
ever we see the Newark strata immediately overlying the broken sur
face of the pre-Newark terrane, as we do along the upturned margins 
of the basin in the coal-bearing shales, we find abundant evidence of 
the extension of the fractures into the sediments overlying the crushed 
granite and gneiss. The fractures frequently die -out upward as flex
ures. It is for this reason that only the greater faults affect the higher
lying sediments found within the central tract of the Richmond area~ 
The faults and flexures are thus related phenomena, expressing, in 
materials of different resistance to stiess, the effects of a common oro
genic movement-the fracturing of the buried pre-Newark land mass. 

The gradual dropping of the strata in the middle after passing the 
down-bent eastern margin of the area shows that the deepest part of 
the basin, on the assumption that the strata are uuiformly thick from 

1 De Margerie et Heim: Les dislocations de l'ecorce terrestre, Zurich, 1888, pp. 27,37. 
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east to west, is near the western margin, at the " lower bend" 1 of the 
flexure on that side of the basin. The flexures by which this successive 
lowering of the strata in platforms is accomplished vary in throw and 
in the dip of the strata involved. The dips vary from 5° to 25° west 
in the James River bluff._ From a rougp. estimate, based on the scanty 
data afforded by exposed flexures, it seems highly probable that the 
western side of the flat tract must be lower than the eastern by au 
amount equal to the height of the bluff, or about 150 feet. 

The faulted structure of the eastern margin was revealed in a small 
shaft sunk on the western bank of Tuckahoe Creek by Mr. Robert 
Snead, of Richmond, Virginia. According to his verbal account a shaft 
was sunk to the depth of 412 feet and a bore bole was put down 75 feet 
farther. The sole bed of coal was met about 100 feet above the bottom 
of the shaft. This bed was "6 feet tall"; it was worked upward on the 
dip, or eastwards toward the surface, until a "trouble", evidently a 
fault, was encountered. The so-called Scott pit was sunk at the base 
of the bill, in the valley, on apparently the same layer of coal, until the 
'~trouble'' was encountered. Mr. Snead states that "whin rock", the· 
diabase of this field, was found in the dislocation, and that the coal 
was thrown down on the east side of the fault. The structure at this 
locality is not perfectly clear . 

.A_bout 2,000 feet west of Tuckahoe, along the river bluff, horizontal 
sandstones with shale bands succeed to the inclined strat~ on the east. 
On the east side of the stream there is a width of outcrop of inclined 
beds probably as great as that on the west, making in all less than 4,000 
feet. The uncertainty regarding the structure in this belt makes any 
calculation upon the thickness almost worthless, although an estimate 
varying between 500 and 1,000 feet would probably include the beds. 

About 450 feet west of the exposure of horizontal strata above men
~ioned a bed of sandstone dips 20° westward, affording an example of 
one of those flexures which characterize the interior of the Richmond 
Basin. Gentle westerly dips continue for about 500 feet; thence the 
strata are nearly flat to the Tuckahoe siding of the Chesapeake and 
Ohio Railway. From this point westward to Goat Hill, beyond Vinita 
station, occasional flexures appear in the bank, by which the thick 
sandstone bands and intercalated shale beds drop down to the west and 
continue flat at a lower level. There is no appearance of faulting in 
these minor flexures at the level of the ground. 

Between Goat Bill and Cornwallis Hill (the gneissic fault block before 
alluded to) the coal shales and Estheria beds cOine to the surface and 
occupy the western margin of the area. Their softness, dependent on 
the larger proportion of shale beds and their broken condition, have 
made them give way to erosion, so that the river valley has widened out 
in the vicinity of Manakin station, giving local topographic expression 
to the region they occupy (see Pl. XXXV). 

I De Margerie et Heim: Dislocations de l'ecorce terrestre, p. 26. 
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Upi)er sands1ones tn the foreground. 
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The tilted beds on the western border have a greater breadth of 
outcrop than those of the same horizon on the eastern margin; for the 
reason that the strata are repeated by folds and faults. This greater 
complexity of structure is marked by steeper dips and overthrown folds, 
which are almost unknown along the eastern margin of the main field. 

Near the old. brick church at lVIanakin a fault of a few inches of 
throw dips 450 east, with a downthrow on the west side. The shales 
are crumpled along the fault as if by compression. Some additional 
structures bearing on the type of dislocations in the basin are given 
below in the matter concerning the details of the strata in this section. 

Stratigraphy of the Janws River section.-The strata in the James 
River blufl', by far the longest natural section in the basin, are fairly 
well exposed in the old road passing by the ruined brick stable at 
Tuckahoe. At this place there is, below, a dark drab argillaceous 
sandstone, cut by ragged-edged joints into irregular quadrangles (see 
Pl. XXXVl). Above this comes a coarse granitic sandstone of the 
arkose type, nearly white in color, but locally marke~ by gigantic spheri
cal shells of iron-oxide stains surrounding a white center (see Pl. 
XXXVII). The light color of this stone appears to be the natural color 
of the granitic sandstones in this basin, as the deep boring at Midlothian 
goes to show. These iron stains appear to be effects of the weathering 
of tlie rocks and the oxidation of the iron which they contain. The 
concretionary arrangement of the stains shows clearly that the iron 
oxides have been distributed in this manner since· the deposition of 
the rock. East of the station, in the first ravine on the west of Tuck
ahoe, Estheria shales crop out in a bed, which is probably between the 
drab beds and the coarse sandstones above noted. At a few points 
the thick-bedded sandstones have been quarried to a limited extent. 

Beneath these strata, at the western base of Goat Hill, sandy shales 
crop out, with numerous bands of black shales, containing abundant 
flattened casts ·of Estberia. vYbile shales predominate, there are a 
few thick sandstone beds, making small spurs on the river bank. The 
smudging of the outcrops by the creep of the decomposed shales makes 
the delineation of the section very uncertain. 

A typical exposure of the coal-bearing strata occurs near the west
ern edge of the main basin. The following detailed section was there 
measured for the purpose of illustrating the type of sedimentation and 
the structure of a limited portion of the western margin. 
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Details of a natu,ral section nenr Jlfanakin, Virginia.-A gully just east 
of the brook coming down the east side of Cornwallis Hill exposes the 
following stratigraphic and structural features: 

Section in gully nea1· Manakin, Virginia, beginning at the uppm· (no1·th) end of gully and 
top of section. Di1·ection of gully, N. 17° W. 

!-=
--------------------------------------~ 

_ Strata. Thickness.~ 

Ft. in. 

Shales, sandy .................................. . 

Shales, reddish ............ __ .................. . 

Sandstone, thin bedded ....................... ~. 

Shales, reddish ............................... .. 

·Sandstone .................................... .. 

Shales ........................................ . 

Sandstone ..................................... . 

Shales with sandstone partings ................ . 

Sandstone, brown at surface .................. .. 

Shales, reddish purple, with local faulting ...... -I 
I 

Shales, brown and sandy ........... _ ........... ·1 
Sandstone ..................................... . 

Shales. . . . . . . ........... _ .......... -............ . 

Sandstone .......... ~ .......................... . 

Shales ........................... _ ............. . 

Sandstone .................. _ ....... _ .... _ ..... . 

Shales~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. _ ....... . 

Sandstone ......•......... -- .................... . 

Shales, reddish purple, carbonaceous in seams .. . 

Sandstone ............. _ ....................... . 

Sha.les, brownish red ........................ _ .. 

Sandstones with shaly partings . __ . _ ......... _ .. 

Sandstone ................ ____ ................. . 

Shales, black .. .. .. . .. . . .. . .. .. .. . . .. . .. . .. ... . 

Shales, sandy, laminated, fa.ulted .......... _ . __ .. 

Sandstone .. _ ....................... _. _ ........ . 

Shales, brown mud at surface ....... ____ .. · ..... . 

Shales, black, with Estheria .................... . 

Shales, brown, sandy, and slickensided ......... . 

Shales, carbonaceous ............ __ .......... _ .. 

Shales, sandy, brown, laminated ................ . 

Shales, ~ith joints stained by iron oxide, light 

1~ ~ I 

42 0 I 

1 0 

3 0 

6 0 
3 0 

6 0 
3 0 

3 0 

3 0 
4 0 

1 0 

0 8 
0 1 
0 6 

0 4 
5 0 

4 0 
15 0 
3 0 

2 0 
3 0 

6 0 
6 0 
3 0 

0 2 
6 0 

24 0 

Q 6 

5 0 

brown ................................... _. . . 1 1 

Shales, black, thin-laminated, and carbona

ceous, with l-inch sill of decayed trap. The 

shale below the sill is concretionary with iron 

oxide at contact. Ganoid fish scales abundant 

I in upper part of the shale. Esthm·ia onata; . 

~11 variety, also, present .......... _- ........ . 1 6 
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Section in gully near ]lfanakin, Virginia, etc.-Continued. 

~~.----S-trat_a. ------~ TM-"' I 
Ft. tn. 

Shales, brown, sandy .......................... . 

Shales, grayish, with bits !lfplants and molds of 

ganoid scales, • and blackish concretionary 

stains ....................................... . 

Shales, brown, sandy ........................... . 

Shales, carbonaceous, 1 inch to ................. . 

Shales, laminated, sandy ....................... . 

Shales, with ironstone concretions ............. . 

Coal, 6 inches to ............................... . 

Shale, carbonaceous ........................... . 

Shale, brown, sandy ........................... . 

Sandstone ................... _ ...... _ ...... _ ... . 

Shale, brown ......................... _ ...... _ .. 

Shale, blue, with a l-inch layer of coal near top .. 

Sandstone with rolled and broken shale ........ . 

Shale, brownish ........................ __ ..... . 

Coal, 3 inches to ............................... . 

Shales, laminated, separated from rocks aboYe 

by a fault, amount of throw ·unknown _ ...... _ 

Coal, with shale partings, 6 inches to ........... . 

Shale, ferruginous ....... ~ ..................... . 

Coal, 1 inch to ................................. . 

Shales, mottled ................................ . 

Coal, shaly .................................... . 

Shale .................... : ............. _ .... __ . 

Sandstone .............. ~--- ................... . 

Shale ......................................... . 

Sandstone, probably ........................... _ 

Shale ..................... _ ........ _ ... _. _ .... . 

Sandstone, red brown ............... ____ -~-- ... . 

Shale, brown ......................... _ ........ . 

Sandstone, brown, shaly, 6 inches to ............ . 

Shale, grayish ......................... _ ...... __ 

Shale, dark gray .......................... _ .... . 

Coal .................... _ ~ .. _ ........... _ ..... . 

Shales, brown ................................. . 

Sandstone, red brown .......................... . 

Shales, bluish gray, 3 inches to ..•............... 

Sandstone, gritty, brown ................... _ ... . 

Sandstone, brown ........................•••..• 

Shales, brown, laminated; faulted, down throw 

to the east ................ _ ..... _ ..• _ ........ . 

0 5 

0 3 

0 6 

0 3 

5 0 

1 0 

1 6 

3 0 

1 0 

1 6 

0 6 

1 0 

10+ 

0 3 

0 6 

10 0 

0 8 

0 8 
0 2 

6 0 

0 6 
7• 0 

1 0 

1 0 

2 0 

0 3 

5 0 

4 0 

0 8 
1 0 

0 4 

0 2 

1 0 

5 0 

0 6 

1 6 

1 0 

~ 
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Section in gttlly nea1· Manakin, Vi?-ginia, etc.-Continued. 

I Strata. Thiokn'"·l 1---·--1-
Ft. in. 

Sandstone, :fine brown ......................... . 

Shale, with carbonaceous traces •. _ .•............. 

Bandstone ..................................... . 

Shales, brown and red ......................... . 

Sandstones, feldspathic with smoky quartz veins. 

Shales ........................................ . 

Sandstone ...................•.....•............ 

Shales, with carbonaceous layer near top ....... . 

Sandstone ...............•...................... 

Shale, cut by red-clay(~) dikes ................ .. 

Sandstone, veined with small smoky quartz crys-

tals ltnd cut by a small fault ........ -- ...... --

Shale, light-brown . . . . . . . . . . . . . _ ....... _. _ ... . 

Sandstone, :fine. brown, micaceous .............. , 
Sha.le ..... _ ........... _ ..... _ .. __ ... ___ ....... _ ! 

Sandstone, grhty ... ~ ....... _ ................ .. 

Shale, in red and yellow ba.nds ................. . 

Sandstone; arkose with smoky quartz crystals; 

strike of veins N. 38° E. in bottom of hed ..... . 

Shale, with thin seams of arkose; 3 inches to ... . 

Sandstone, brown ............ -~-- ............ .. 

Shales, laminated to sandy ................... .. 

Sandstone, gritty ............................... . 

Shales, red-brown, sandy ...................... . 

Sandstone, fine, brown ........ : ................ . 

Shales, passing upwa.rcl into next a.bove ....... .. 

Sandstone, with red pasty dikes, dip 60° \V.l foot 

to about ................ ____ ·----- ............ 
1 

Shales, :fine, sandy ........................ __ ... -~ 

Sandstone, brown, micaceous, gritty and faulted. 

Shales ......................................... . 

Sandstone, brown, micaceous .................. . 

Shales, brown ................. _ ............... . 

Sandstone, fine, with shaly partings ........... . 

Shales, sandy ..... - .... - .......... - - ...... - - .. - -, 

Coal; strike N. 24° E. A lens from 0 inch to .... 

Shales, with sandstone lenses. The s?ales weather 

with red'faces. Numerous small slips occur 

with the downthrow on the east. There are a 

few minute veins of smoky quartz at base of 

~::.i:~ -~n -~k~s~ ~~~_"_"_:::::::::::::::::::: 

0 6 

0 3 

2 0 

0 2 

0 2 

1 0 

3 0 

1 6 

2 0 

1 0 

1 0 

3 0 

1 0 

0 3 

0 4 

1 6 

2 0 

0 4 

0 9 

1 6 

0 9 

0 6 

2 0 

0 9 

2 0 

9 0 

1 0 

0 3 

0 4 

0 9 

3 0 

1 0 

0 0.5 

1~ ~ I 
~ 
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Section in gully near Manakin, Vi1·ginia, etc.-Continued. 

I Strata. 

~~--~-1 

Sha1es ........................................ . 

Sandstone ..................................... . 

Shales, coarse, red and brown .................. . 

Sandstone, brown ............................. . 
Shales ........................... ___ .. __ .... __ . 

Sandstone ... " .................. ·_ .............. . 

Sandstone, grit with granitic detritus ......... .. 

Shales, cut by small faults ..................... . 

· Sandstone ..................................... . 

Shales, sandy and laminated ................. .. 

Sandstone, brown, micaceous .................. . 

Shales, purple with small faults; 1 inch to.. .. . 

Sandstone, fine, brown ......................... . 

Shales, mottled red and white ................. . 

Sandsto~e w~th ferruginous concretions; brown 

yellow; thickness at least ... : ............... . 

Shale, with ferruginous concretions ............. . 
Sandstone, strike N. 240 E ........... _ .... ____ __ 

Shales, brown, thickness unknown. The sand- · 

stone above named now reappears, bending 

around the shales so as to strike N. 48° W. 
The following-named beds are the continua

tions, in reverse order, of the beds above the 

shale. These thicknesses are given for the 

sake of comparison; they should not, of course, 

be added to the preceding in obtaining a total 

for the section .............................. .. 

Sandstone, just mentioned .................... .. 

Shales, brown . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Sandstone, light-brown, micaceous, pinching out 

from 3 feet to ......................... ____ .. .. 

Shales, brown; strike N. 41° ·vv., dip 450 S .... .. 

Sa:td~:::~'- ~~-o-~~'. ~i-~~~~~~1~~ ~~~~.~~~~~~~~~~~.I 
Shales, brownish and micaceous ............... -~ 
S~ndstone, verticaL ........................... . 

Thickness. 

Ft. in. 

·o 2 

4 0 

1 6 

3 0 

0 6 

3 0 

0 6 

0 9 

2 0 

0 4 

1 0 

0 3 
1 0 

3 0 

3 0 

1 0 

0 6 

2- 0 

0 6 

3 0 

8 0 

14 0 

2 3 
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It is not now ascertainable whether- this ·section lies above or below 
the main coal horizon on the western margin. It serves, however, to 
give an idea of the sedimentary conditions along the present western 

·margin during the coal-making time. There was a frequent alternation 
of sands and muds, with occasional importations of arkose, but pebbles 
are in this section entirely wanting. The coals are lenticular seams, 
beginning and ending with shale-making ~onditions. 

THE GAYTON SECTION. 

The mines at Gayton (Carbon Hill of the old reports) afford a view 
of the structure a few hundred feet from the margin on the east. 
The general structure is essentially unchanged from mine to mine. 
Exploitation of the gTound has shown, however, that the coal beds are 
not parallel in going from north to south. Th~ coal beds are three in 
number, the upper workable layers varying from 4 to 9 feet in thick
ness, including coke. The coal beds are underlain by a considerable 
thickness of sandstones and arkose beds. The latter beds are shown 

• in the stream east of the mines. 
The strata dip westward at the usual angle along the eastern mar

gin. A small fault with a down throw of a few 'feet on the east was 
encountered in the Saunders slope in 1896. The strata probably do not 
lie flat for any great distance west of the present workings at Gayton. 
On the western bank of Tuckahoe Creek, at a point about seven-eighths 
of a mile due west from the mines, the Newark shales dip steeply west
ward, apparently along the line of a strong flexure or fault, which can 
be traced from the James River to this point. It is almost inconceiv
able, when the structure of the basin as a whole is considered, that 
so marked a disturbance of the strata shown at the present surface 
should not influence the attitude of the underlying coal' measures. If 
the general conclusion reached in this report-that the displacement 
in the Newark rocks increases with the depth-be true, the underlying 
coals at that point should be much disturbed. On the western border, 
opposite Gayton, sandstones and shales dip eastward, in th_e manner 
described in the account of this portion of the boundary, giving to the 
Gayton section a synclinal aspect. 

THREE CHOP ROAD SECTION. 

Owing to heavy rains the gullies of this road were, in the month of 
June, 1897, in a condition to expose a fairly continuous section across 
the northern extremity of the basin. In September of the same year 
most of this interesting section was obscured by the shifting of sands 
and by the repair of the high~ay. As a whole, the section exhibits 
westerly dips, with angles varying from 15° to 30°. The occurrence of 
these westerly dips' toward the gneiss of the western border has already 
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been- adverted to as sufficient reason for believing that this line is 
determined by faulting. 

Beginning on the east, compound conglomerates, with pebbles of 
granite and gneiss up to 6 inches 1n diameter, are scattered through 
about 100 feet of sandy strata near the base, the actual position of which 
is not seen. These beds dip from 25° to 30°. west. They are succeeded 
by sandstones and more conglomerates, and it is reported that coal 
has been found in the vicinity of Coal Hill. At a distance of about 
2,000 feet west of the margin sandstones with· whitened layers and 

FIG. 103.-The Three Chop road section; f, boundary fault. This section is wholly ideal so far as the 
structure of the underlying gneiss is concerned. TheN ewark rocks are made to represent observed 
structures and strata at surface extended underground. 

veins occur, recalling very similar strata which are found west of Win
terpock along the roadside at Mantua. Toward the west the dips· 
locally flatten, but return quickly to the western dip. In this portion 
of the section there is also a limited exposure of quartz pebble beds. ' 

.. 
THE A.REA SOUTH OF THE JAMES RIVERt,~ 

The southern bank of the .James is more gentle and sloping than the 
northern wall, and fewer opportunities are offered for the examination 
of the attitude of the strata. _ Enough is shown, however, to warrant 
the statement that the same beds which appear in the bluff in Goochland 
County cross the river without faulting or disturbance marking the site 
of the river. The fact that the coal beds have been followed beneath 
the river in the Burfoot tract on the eastern margin is sufficient evi
dence of the continuity of the coals in that directi_on on a line with 
those of the northern side of the river. · 

The principal available lines for sections in this area are as follows: 
1. Through Midlothian, along the 1ine of the Buckingham turnpike. 
2. Through Otterdale, in the Swift Creek region, following the Genito 

road. 
3. Through Winterpock (Clover Hill of the old reports), across the 

area to the vicinity of Goode Bridge. 

' GEOLOGIC SECTION THROUGH MIDLOTHIAN ALONG THE TURNPIKE, 

A geologic section constructed_ upon the data afforded by the natural 
exposures within-a mile or two north and south of the turnpike passing 
through Midlothian, while it must fall short of certainty as regards the 



4 76 GEOLOGY Ol!"' THE lUCHMOND BASIN, VIRGINIA. 

depth of the basin and the thickness and number of the strata, can not 
fail to throw some helpful light on the general geologic structure of 
the region, particularly since no attempt bas heretofore been made to 
represent the surface aspect of the bed rocks along this line. Only 
the extreme eastern and western portions of this ·line are at present 
definitely known by explorations in mines or drill holes. 

According to the best evidence now obtainable from the old work
ings, i. e., the published writings of Heinrich and Clifford and the small 
visible outcrops in the vicinity of Midlothian, the general section is in 
that part of the field essentially as represented in the accompanying 
diagram (fig. 104). 

The attitude of the beds in the detached basins near Midlothian may 
reasonably be explained in accordance with Russell's suggestion by the 
faulting and dragging of the strata on the fault planes. If we con
ceive of these faults as arising in the granitic basement, and. of the 
overlying strata as flexing and stretching over the uplifted areas in the 
granitic floor, some of the peculiarities of the strata as the beds now 
exist may be better understood. Russell supposes that the beds in 
these detached areas rest in original sedimentation contact on the tilted 
granite on their eastern margin, are cut off by eastward-dipping faults 

FlO. 104.-Section through Midlothian, showing, A, A, outlying basins and the main coal measures; 
f f, places of observed faults. The deeper parts of this section are hypothetical. The heavy black 
band represents the supposed position of the c~al beds. 

along their western margins, and that the drag in these faults has 
thrown the beds up so that there is a double line of outcrop of the coal 
iu each basin. 

From what can be learned of the general structure of the coal meas
ures along this border of the field and of the surface of the granitic 
floor, faulting in the basement rocks has taken place so as 'to })roduce 
heaved and down thrown blocks or ''horsts" and" graben," respectively. 
The soft shales and coals have thickened in the flexure graben or 
depressed areas, and the same layers have thinned out over the horsts 
or upheaved areas. Thus, while faulting may have actually broken 
the rigid granitic base, the overlying sediments may have simply 
yielded interstitially or by the slipping of the comminuted beds. The 
slickensided shales afford evidence of this creeping movement. 

This modification of Russell's view makes it possible to account for 
the excessive drag on the western margin of these detached basins. 
The general structure of tbe Blackheath and Uunliffe basins thus con
forms with the flexure type as above explained. 

In the main basin the strata exposed at the surface dip strongly 
westward as far as the vicinity of the Mid1othian rail way station.• The 
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average dip is about 25°. At this point the beds flatten and a small 
broad anticline appears in the railroad cut. This· structure appears to 
have a north-and-south axis. The so-called "Sinking shaft," the most 
western of the shafts and bore holes on the south side of the turnpike 
in Midlothian, was probably sunk upon the axis of this up~ift. 

The Salisbut·y drill hole.-The section obtained in a boring 'on the 
Salisbury property revealed an alternation of sandstone of the arkose 
type, generally gray in color, with shales. Beginning with nearly hori
zontal strata at the surface, the drill at a depth of 900 feet passed 
through beds with a marked westerly dip, which increased rather thau 
diminishe_d toward the bottom of the drill hole: Boring was stopp~d 
in shales underlying a bed of coke at a depth of 2,380 feet. The coke 
is traversed by a gray decomposed dike and one of apparently fresh 
diabase of later date. The basal granite was not reached. 

The structure of the middle of the basin, where traversed by this 
section, is best shown on the south side of the line in the cuts of the 
Southern Railway between Dry Bridge and Hallsboro. Near Dry 
Bridge the steep western dips of the eastern margin reappear, disprov-

w. 

~=:;;:~: :~ ::_...... ...... ""~ 
,- - .............. .. .. , 

." ," I 

FrG. 105.-Section of beds on west slope of High Hill. The conglomerate above the folded Newark 
beds is the supposed Lafayette. The surface exposures along this line west of High Hill show 
mainly westerly dips. 

ing the belief that the middle of the basin is relatively flat throughout, 
with less disturbance than on the margin. A dike of diabase 20 feet 
wide traverses this section on a north-northwest course. North of .the 
turnpike, in Manakin town Creek, the Newark beds lie in a less dis
turbed position. On the Le Prade place, a washout in the turnpike 
exposes beds dipping 25° west, cut off by a fault from strata on the 
east lying at a less angle. The amount of throw on this fault has not 
beeu determined. 

Farther west, in Powhatan County, the Newark strata are exposed 
on the sides of High Hill, a prominence traversed by the turnpike. 
The eastern slope of this hill exhibits brownish and light-colored sand
stone beds thrown into contortions which are not readily diagnosed. 
The dips vary from vertical to horizontal, broad stretches of outcrop 
dipping from 450 to 30° west. The High Hill dislocations are in line 
with the Cornwallis Hill fault block. 

On the west slope of this hill the section is composed of sandstone 
and shales. These beds are thrown into gentle folds (see fig. 105). 
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THE SWIFT CREEK DISTRICT. 

Throughout this region, the broadest part of the Richmond area, 
there is a marked departure of the strata from the horizontal attitude . 
. .Following the Genito road into the area from the eastern border the 
strata at the surface show westward inclinations, ~Varying from 300 near 
the margin to angles of from 5° to 100 at a distance of 2 miles. On the 
west bank of Swift Creek the strata are almost fiat, but the same beds 
traced around the bank of the creek to the westward assume a high 
dip to the southwest. Swift Creek appears to have sought out soft 
strata thus turned up by a fold or a fault . 

.About 2 miles west of Otterdale, northeast and southwest strikes, 
with easterly dips, appear, and this structure continues to within a 
mile and a half of the western border, where the strikes becomes more 
nearly north and south. 

Section on the Turkey Branch of Swift Oreek.-One of the most com
plete natural exposures of the lower members of the Newark group in 
the Richmond Basin occurs on the western margin, near Mosley J unc
tion, in the headwaters of Turkey Branch of Swift Creek (see Pl. 
XXXVIII). In the summer of 1896 heavy rains had washed down the 
sand in the bed of this stream, so that the bottom was unusually free 
from detritus, and tbe following section, giving a record of over 1,000 
feet in thickness of strata from the base up, was observed: 

Tu.,-ke/1 Bmnch section. · (In descending ordm·.) 

~------------------------------------I-E-xp-o-su_r_e~si--T-h-ic_k_n-es-s- 1 1- Strata. (measured). (computed). 

Clay, sandy, dip 45° E ............................. . 

Conglomerate ...... ---··: ____ .................... .. 

Clay, "'bite ....................................... . 

Sandstone, pebbly, dip steep east_ ...... _ ... __ ..... . 

Conglomerate ..................................... . 

Sandstone, coarse, gray ............................. . 

Shale, green .................... ; ............. _ .... . 

Shale, red with green streaks, dip 90° .......... _ ... . 
Sandstone .................................. ____ ... . 

Shales, green ....................................... . 

Sandstone, pebbly near top, dip 45° E .... __ ..... · ... 

Shales, green and red .............................. . 

Shales, sandy, red and green __ .. ________ .......... .. 

Conglomerate, with quartz pebbles from 3 to 5 inches 

Feet. Feet. 

15 
12 
8 

72 
5 

8 

16 
48 
20 

32 
27 

38 
5 

10.60 
8.48 
5.65 

50.90 
3.53 
5.65 

11.31 
33.93 
14.14 

22.62 
19.08 
26.86 

3.53 

long ........................................... ·... 6 · 4. 24 

Shale, red . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 25. 45 

Shale, green ....... -- .......................... --- . . 20 ::· ~= I 
~C_o_n_g_l_om __ e_ra_t_e,_c_h_·p_4_5_

0

_E __ .. _-_-~----_-_--_-_·_--_·_·_--_·_· __ --_-_-_--_·_·~---36------~ 
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T11rkey B1·anch section. (In descending order)-Continued. 

Strata. 

Sandstone ........................................ . 

Sandstone, with cross bedding or local unconformity 

ateast endofan 18-foot bed; overlyingthepebbly 

sands, dip 15° E, and the underlying layers are 

nearly vertical, indicating probably an over

thrust. (See Pl. XXXVIII, station 1,800.) 

This exposure extends in the creek ................. . 

No exposures ....................................... . 

Sandstone, peLbly ................................ .. 

Clay, greenish .................................... .. 

Sandstone, :fine-grained, dip about 45° E ..........•. 

Clay, sandy, light greenish to brown ............... . 

Sandstone, brown ... _ .......... _ ................. _. 

Clay, greenish ........................... ~ ........ .. 

Sandstone ................................... , ...... . 

Clay, green .......... _ ............................. . 

Sandstone, dip 45° E._ ............................. . 

Shales, green, dip 60° or more E ................... .. 

Shales, red and brown ............. _ .............. .. 

Sandstone ........................... _ .. _ .. _ : ...... . 

Shales, red, dip 45° E ........................... _ .. _ 

Clay, light green ..... _ ............................ . 

Sandstone, with pebbly bands .................... .. 

Clay, red and green ............. --.-- .............. .. 

Sandstone, dip 45° E .................. _ ....... _ .... . 

Shales, bituminous, 6 inches thick, with .......... ·1 
Sha,Jes, light-colored, 12 inches ..................... J 
Sandstone, dip 70° E ........ _ ·_ .. __ ... _____ .... __ ... . 

Shale, greenish ... _ ................... __ ........... . 

Shale, red ..... ~ .. _ ......... _ ....... ·-· ....... _ .. ___ . 

Sandstone, greenish, dip goo E .. -- __ ............... .. 

Sandstone, brown ......... _ ...... _ .. _ ........ ~- .. _ . 

Shales, greenish ................. __ ............... .. 

Sandstone ..................... _ .............. _ .... . 

Shale, red and green, dip a-bout 700 E .............. . 

Sandstone ... _ ..................................... . 

Shale, red ............. _ .. _ ........................ . 

Shale, green ........................................ . 

Shale, red ............................. _ ........... . 

(Here a fault, dip 60° E, cutting out this red shale 

b<Jd. See section, Pl. XXXVIII, at station 1,400.) 

Exposures Thickness 
(measured). (computed). 

Feet. Feet. 

30 21.21 

18 12.72 

6 4.24 
• 6 4.24 

9 6.36 

15 10.60 

18 12.72 

6 4.24 

1 . 70 

2 1. 41 

6 4.24 

18 12.72 

3 2.12 

44 31.10 

6 4.24 

50 35.35 

8 5.65 

15 10.60 

6 4.24 

41 28.98 

1.5 1. 06 

4 3.76 

10 9.40 

15 14.10 

4 3.92 

10 9.40 

8 7.52 

6 5.64 

37 34.78 

6 5.64 

2 1. 73 

2 1. 73 

3 2.59 

I 
i 
l 

__j 
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T'twkey Bmnch section. (In descending m·der)-Continued·. 

C I Exposures Thickness 
Strata. (measured). (computed). 

----1 

Sandstone ......................................... . 

Shale, red ......................................... . 

Clay, green ........................................ . 

Sandstone, containing a local seam of coal one-half 

inch thick ........................ 00 .......... 00 00 

Conglomerate ..................................... . 

Shale, brown and green, exP.osed on south bank 

facing the trap on north bank. ................... . 

Sandstone ...... __ •_. 00 00 ........ 00 ............ 00 .. .. 

Diabase dike, exposed in branch; at .locality 1,300. 
Sandstone, brown and soft ........................ .. 

Sandstone, fine red. 00 .... 00 ....................... . 

Sandstone (f), brown and soft .................... .. 

Sandstone, dip 55c E .............................. . 

Shales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , 

s~ndstone, 35:) E ............... ~ ....... , ........... . 

Conglomerate, with quartz pebbles 3 inches long ... . 

Sandstone, gritty ..... 00 ........................... . 

Turkey branch diabase dike exposed here; dike 12 
feet wide, nearly vertical, with ball weathering; 

strikes N. 87c E., and is partly excavated by the 

stream. 

Clay, green, 35° E ................................ .. 

Grit .............................................. .. 

Ulay, light-green, dip 450 E ...................... .. 

Sandstone ........................................ .. 

Clay, light-green .................................. . 

Conglomerate, with quartz pebbles ........ _ .... _ .. . 

Clay, greenish and reddish ......................... . 

Sandstone, greenish-brown, dip 50° E ...... ._ ....... . 

Shales, red and green, under bridge, dip 450 E., 

Feet. 

10 
6 
7 

12 
4 

5 

12 

5 

9 
3 
4 

14 
12 
18 
18 

6 

3 

2 
4 

3 

9 

11 

18 

strike NNE ........... __ c_. ----. ••••. •••• •••• •••••• 24 
Sandstone ......................... 0 •••••••••••••••••••••• 0 ••• 

Shales, red ....... 0 ••••••••••• 0 • • • • • • • • • • • • • • • • • • • • • • ••••••••• 

Feet. 

8.66 
4.24 
5.65 

8.48 
2.82 

3.53 
8.48 

3.53 
6.36 
2.12 
3.27 
9.89 
6.88 

12.72 
12.72 

4.24 

'2.12 
1. 41 
2.82 
2. 12 
6.36 

. 7.77 

12.72 

16.96 
4.00 

10.00 
No exposures for about 80 feet, equivalent to (f) . . . . . . . . . . . . . . • 40. 00 1 

Satjdstone, gritty, dip 15° E ........... 0............ 16 4. 14 I 
Conglomerate, fine ............. 0. • • • • • • • • • • • • • • • • • • 14 3. 62 

Clay or light-colored fine sand............ . . . . .. .. . . 4 1. 03 I 
Clay, sandy and pebbly................... . . . .. .. . . 3 . 87 

Clay, light-colored . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 ~· ~~ I 

__ N_o __ ex_p_o_s_u_r_e_,_b_u_t_p_r_o_b_a_b_l_y_c_l_a_Y_-_·_·_·_··_·_·_·_·_··_-_-_-_-_-_--__ ·_·~---1-8--~--~ 
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. T1wkey Branch section. (In c1escencling m·clet)-Continued. 

Strata. (measured). 
Thickness 

(computed). C I 
Exposures 

-----------------~--------------------------------1-----------l 

Clays, light-colored ........... : .... ~ ............... . 

Sandstones, brown . _ .............................. . 

Sandstone, coarse, gritty, light-brown ............. . 

Sandstone, fine brown, dip 40° E ................... . 

Clays, light-colored, dip 40° E.; strike N. 120 E .... . 

Sandstone, slate-green color ....................... . 

Sandstone, bed C, coarse brown, marked by small 

fall in b~d of stream; joints, N. 32° E., N.· 35° 

E., N. 37° E., a few scattered pebbles up to 2 

inches in diameter ...............•.•.............. 

Clay, bed B, light-green, withsancl partings, dip 15° E 

Sandstone, ~ed A, brown; anticlinal exposure, base 

not seen ............................. · ........... __ . 

Clay, bed B, slate-c-olored, top not seen, synclinal ex-
posure .......... _____ . _ . __ ..... _. _____ .. _____ . : __ _ 

Sandstone, bed A; fine brown; anticlinal exposure, 

low and flat fold; the bed here carries nodn les 

up to 6 inches in diameter. The bed is overlain in 

the bank of the brook by the light-green clay, 

bed B ............... __ .... _ ... _ ................. . 

Clays, bed B, with sand partings, dip 25° "\V ....•... 

Sandstone, bed C, coarse brown, clip 30° W .... _ .. _. 

Shale, red, bed D, dip 60° W .............. _ ..... _. _. 

Sandstone, bed C, brown ...................... _ ... . 

(For a fault at this point see Pl. XXXVIII, loca,lity 

700, and fig. B, restoration of folds before over

thrusting occurred.) 

Clay, brownish-green, bed B, partly cut out by fault 

on south side of brook, but from'1Q to 12 feet 

thick in north bank ............................. . 

Sandstone, varying from fine to· coarse pebbly nea.r 

contact with clay., ...................... ; ...... . 

Clay, bed B, light-green, dip 90°, 20 feet ......... _ . 
U nexposecl; probably clay, becoming sandy, near 

next ....................... -................... . 
Shales, bed D, red, intersected by greenish walled, 

joints, dip vertical ........... _·_ ................. _ 
Clays, light-colored, sandy and pebbly, with bands 

I 
of light-green clay ............ __ ............. __ . __ _ 

Sandstone, brownish and greenish ................. . 

Clays ........... - - .... - - - - - .. - - - . - - - - - - - - -- - - - - - - - -
Shales, red and green, dip 60° E .......... -----· ... . 

19 GEOL, PT 2--31 

Feet. 

15 

18 

27 

33 

25 

5 

27 

13 

9 

16 

51 
40 

9 

4 

3 

12 

23 

8 

7 
33 
15 
3 

Feet. 

6.34 

9.00 

15.49 

2t. 54 

16.40 

3.28 

6.99 

3.36 

(f) 

( ~) 

19.03 

4.50 

3.00 

3.00 

10.00 

I 

. ~---- . ----.I. 
20.00 

24.00 

8.00 
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Tm·key Branch section. (In descending ordm·)-Continued. 

C Exposures Thickness 
Strata. (measured). (computed). 

-------'---------1--1-1 

Clays interstratified with red shales ............. - .. . 

Sandstone, bed C, coarse brown ................... . 

Clays, light-green, wedgin~ out at north bank.- ... . 

Sandstone, bed· A, fine brown, dip 45° ~., strike N. 

2° E . . . . . . . . . ....... ~ . . . . .......• -... - . - ....... . 

Unexposed, but probably clays .................... . 

Clays, bed C, unsatisfactory exposures, whitish beds 

·with quartz pebbles ............................. . 

Sandstones, bed B, anticlinal exposure ............. . 

Cla.ys, bed C ...... " ..... __ .... ; ................... . 

Sandstones, bed B; anticlinal exposure ... ___ ...... . 
Clays, bed C, dip 10° E .... ___ ... ____ ..... ____ ... __ _ 

Sandstone, bed B; low, flat anticline, tops not seen~. 
Clays, bed C, top not seen . .. .. . .. . . . . . . . .. .. . . ... 

Sandstone, bed B; low, flat anticline, with schist 

breccia ..... _ .. _ ................................. . 

Clays, bed C, dipping gently E., with quartz pebbles 

Unexposed, probably some white clays with the 

Feet. Feet. 

16 
22 
25 

32 
80 

85 

13 
10 
20 

30 

6 

20 

30 

4 

I ~ sa~~dstone, berl B..... . . . . . . . . . . . . . . . . . . . . . . .. . . . . 60 .......... --I 
Eewark gneisses; surface dipping gently E ~ ____ ----~- ........ ~ 

Such was the exceptionally complete section of. strata exposed in' this 
creek in 1896. In 1897 the shifting of the sands downstream had con
cealed the greater part of the outcrops . 

. There is, as will be seen by a study of the table, an alternation of 
clays, sands, and conglomerates, the texture of the beds generally 
increasing in coarseness toward tbe upper portion of the section. 
There is, strictly speaking, no basal conglomerate. In its place we 
find light-colored clays with a few scattered quartz pebbles and a 
single layer of brecciated gneiss. 

The colors at the base, mainly those of rocks bleached of their iron 
contents, show an association of red and green shales, with brown 
sandstones. The thickness of the individual beds increases toward the 
top of the section. 

The absence of coal in this section is evidence against the view that 
the coal beds extend everywltere under the basin. Their failure to 
appear on the western margin in Turkey Branch can not here be due 
to faulting, unless they have been entirely cut out in the part of the 
section which is traversed by the eastern fault. The western fault 
appears to be bridged by the strata, as shown in Pl. XXXVIII, and 
no coals there occur: It is possible that some coal may occur in that 
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part of the section near the base in which rock is not exposed in Tur
key Branch. In Pl. XXXVIII, B, the relations of the contorted strata 
to the fault are worked out in the diagram. It is thought that move
merits in the underlying gneiss first produced folds in the overlying 
strata; then faulting took place in the lower zone so as to cut sharply 
through the folded rocks above. 

THE WINTERPOCK SECTION. 

The Clover Hill mines repeat the ·essential features of the more 
northern sections of the eastern border. Here are exhibited, perhaps 
better than elsewhere, the phenomena known as ''rolls," by which the 
coals locally disappear by the arching up of the floor. These struc
tures extend nearly- parallel with the border and are undoubtedly asso
ciated with the monocliual attitude of the strata. The beds generally 
dip westward at an angle of about 25°. The approach to one of the 
ridges above noted in the floor of a slope or incliue is indicated by the 
lessening of the dip, which may become horizontal, giving way in a few 
yards to an inclination back toward the east. These flat stretches of 
strata have frequently led to the belief that the horizontal bedding 
of the middle of the basin bad been reached. Experience in the Clover 
Rill mines has shown that driving through these ridges on the same 
inclined plane as the coal on the ''rise" brings the miner again i!1to 
the coal on the western side of the fold. 

In some of the mines in the Midlothian district granite has been 
encountered in these pinches. It is probably the case that most of 
these arches are due to the A-shaped horsts or uplifted blocks of the 
faulted basement rocks. 

FIG. 106.-The Winterpock section. D, D, dikes of diabase; f, western fault; W, Winterpock; 
M, Mantua; Z, Zoar. 

The strata are not well exposed between Winterpock and the Mantua 
- estate, where weathered sandstones, red shales, and whitish clays are 

found in a nearly horizontal position. On the western margin of this 
estate-westerly dips set in; and, so far as observations go, alternating 
strata of sandstone, for the most part brown and red shales, continue 
to the western border, where the flat beds described in the account of 
the boundary appear-resting horizontally for a short distance on the 
gneiss. The greatest uncertainty must exist concerning the depth and 
thickness of t.he strata in this part of the field until it is examined by 
means of the diamond drill. The section given in fig. 106 is merely 
intended to show the attitude of the beds as exposed on the surface. 

In the area sout.h of that above noted there are too few outcrops to 
afford a satisfactory idea of the succession of strata. The data obtained 
from roadsides and streams indicate we8terly dips. A noteworthy 
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ledge of sandy conglomerate occurs south of the Bevil Bridge road, on 
the Blankinship estate, east of Cedar Creek. The beds .of this rock 
.ridge, which is covered with a luxuriant growth of the creeping cactus 
or prickly pear (Opuntia) of the eastern United States, have a marked 
westerly dip. 

AREAS OF SPECIAL. S1'RUCTURE. 

An examination of the scanty surface exposures of the strata in the 
Richmond basin is sufficient to show that the strata lie in diverse atti
tudes in different parts of the area. In general it may be stated that 
the northern and southern ends of the basin have a monoclinal struc
ture, with mainly westerly dips. 

The central part of the area south of the Midlothian turnpike, in the 
drainage area of Swift Creek) shows a roughly outlined system of 
transverse folds, the axes of which lie athwart the general direction of 
the basin. A broad synclinal area or trough is marked out by these 
dips between the Genito road and the Southern Uailway and west of 
Otterdale. A rude arch o.f the strata is less satisfactorily indicated on 
the south side of this structure. Throughout this region northeast and 
northwest strikes occur, often in such juxtaposition as to call for fault
ing as a feasible explanation of the discordant structures. 

There is a roughly indicated synclinal area south of the James River, 
between Bernard Creek and the eastern border. Along the eastern 
border the dips are quite ti.niformly westward. toward the center of the 
basin.· Dips in this direction have been observed nearly 1 mile west 
of the boundary, indicating the general width of the upturned border 
rocks. In the drainage region of Bernard's Creek and its tributaries, 
on the east of the main stream, an area lying in the middle of the basin, 
the observed dips are eastward and southeastward at low angles. ·In 
Michaux Branch dips as high as 30° may be seen. On the ''river 
road," where, going westward, it descends .the south bank of the James 
River Valley, horizontal sandstones and Estheria-bearing shales occur 
in the axial area of the trough thus structurally outlined. It is to be· 
suspected ftom the structures observed at Midlothian that minor flex
ures of the strata are also to be found within thi.s shallow syncline. 

West of the westernmost exposur~s thus defined the strata lie 
nearly horizontal. A notable example of this series may be seen on the 
western bank of Bernard's Creek, at the river-road r.rossing, where 
sandstones overlie oue of the Newark conglomerates. 

Between the synclinal trough thus outlined and the west~rn bound
ary of the basin, observations upon the attitude of the strata are lim
ited to a few exposures along the south bank of the James River and 
to the old mines. The diverse structure of tile western border has in 
general an eastward dip. Between these structures and the outcrops 
marking the western side of the trough above outlined a few westerly 
dips may be seen, enough to indicate the existence of a low anticline 
near the middle of the basin. 

Between Hallsboro and Mosley Junction the Newark sandstones 
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and shales strike northeast and southwest, and dip from southeast 
near the former place to vertical dips near the western border.· This 
structure points to a downtbrown or downfoldcd area south of the 
Southern Railway. Southeasterly dips occur as far south as near the 
junction of the Genito road and Otter Branch. This belt of southeast
ward dipping strata flanks the broad. central tract in which the Otter
dale sandstones occur. 

In the area between the upper part of Deep Creek and Horsepen 
Branch mainly easterly dips occur. Contrary dips indicative of 
numerous small folds or faults succeed to the s.outh and east. .Owing 
to the imp,erfection of the exposures it can not be stated definitely 
whether these structures pertain to folds or faults . 

. FAULTS IN 1'HE IN1'ERIOR OF THE RICHMOND AREA. 

It has already been shown, in the account of the boundaries of ·chis 
area, that abundant evidence of faulting is to be seen from point to 
point on both its eastern and its we~tern side. Where these faults 
appear in the Newark rocks they,in many cases, affect the lower parts 
of the section only. 

The apparent horizontality of tlle broad area of strata in the central 

FIG. 107.-Fault on the Le Prade place, Buckingham turnpike, 1! miles north of Dry Bridge, Ches· 
terfielcl County, Virginia. a a, slate. colored clays; b, reclrbsh sandy clays; c c, sandstones. 

part of the basin and the lack of knowledge concerning faults in that 
part of the field has for a long time led to the hope that not only the 
upper part of this great central section, but also the lower and basal 

. beds in that field would prove on further examination free from those 
faults and disturbances ,which are so manifest on the margins. The 
present survey, while it has confirmed the view of· maximum tilting 
and faulting of the strata along the borders of the Richmond area, has 
found evidence that the middle of the basin is not without faults, and 
has led the writers to the opinion that the :i.ower parts of the strata are 
more disturbed than the upper beds. 

The indications of faulting in the interior of the area are of different 
values. These values may be expressed as demonstrable, probable, 
and possible evidences of faults. ' 

Demonstrable or visible faults have been seen at the following locali
ties remote from the margin of the basin: On the Le Prade place, at a 
point 5 miles west of the eastern margin, a fault crosses the Bucking
ham turnpike, its presence being disclosed by a washout in the road. 
at that place. The structure of the Newark beds at this locality is as 
represented in fig. 107~ 
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The amount of throw on this fault is indeterminable, but is probably 
sniall~ as the beds are not dissimilar on the opposite sides of the plane· 
of rupture. The attitudes of the beds on the sides of the break ·are, 
however, diverse, as is indicated.in the diagram. The direction of the 
fault; as nearly as it could be ascertained from the limited exposure, is 
west of north,. the strike of the .tilted strata being .N. 13° W~ The 
extension of this fault would carry the dislocation into the Cornwallis 
Hill fault block on the western margin. Its extension in the opposite 
direction would intersect the strata in the Dry Bridge ra,ilroad cut 
(see PI. XXXIX). A small fault observed there west of the road 
bridge shows that this is a line of disturbance. Another small fault 
may. be detected in the roadside on the western slope of High Hill, in 
Powhatan County (see fig105, p. 477). 

Probable faults affecting the interior of the area are indicated by the 
margina.I structures. The absence of hard and resistant masses of rock 
at the present surface within the basin and the deep, weathering of the· 
strata· render the recognition of faults well-nigh impossible~ The work 
of Davis and his assistants iu the Connecticut area has shown that the 
faults which produce jogs in the boundary line of one of these Newark 
areas may traverse the interior sections. Faulting is strongly indicated· 
in the angularity of the boundary in the vicinity of the Appomattox . 
-River. Some of these northwest and southeast faults may appear in 
the section, though an examination of the long Skinqmirter dike has 
shown. us no measurable offsets. 

c h a 
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FIG. 108.-piagra~ showing drill hole (a), intersecting a flexure with inclined axial planes b, c, of 
· upper and lower bend>~. 

Possible faults in the lower part of the section are marked by the 
·.flexures which appear in the uppermost layers. The argument for 
this association of flexures with faults has already been advanced in 
the discussion of the James River section and of the small detached 
basins which margin the main area. From all that can be learned in 
the examination of this basin by ourselves, aud from the reports of 
others, it: appears highly probable that these flexures pass into faults 
as one approaches the granitic or gneissic floor. These faults would have 

· ,great displacement near.and in the basement, dying out·downward like 
·the flexures in the upper sections. 
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It bas been noted in the two borings made in the area during the 
progress of our investigations that there is a marked change of incli
nation of the strata from low angles or even horizontality near the 
surface to higher angles at a considerable depth below. Passing still 
deeper the strata return to a gentle dip. In the boring at Salisbury 

·fragments of core were so brought up by the drill as to show the 
westward direction of the dip. This phenomenon of alternating high 
and low dips is, it is believed, a natural consequence of the develop
ment of :flexures in the section, the axial planes of which are inclined. 
Thus in the annexed diagram (fig. 108) the lines a may be supposed to 
represent a drill hole sunk through flexed be<ls; b and c are respectively 
the axial planes of the upper and lower bends of a flexure. As a conse
quence of the inclination of the planes of the flexure the vertical hole 
a passes through beds at high inclinations lying between gently 
inclined or flat strata. More than one such alternation may be 
encountered in a deep section. 

OUTLYING BASINS. 

Along the eastern margin of the Richmond area are several outliers 
of the Newark strata, of which those near Midlothian and the so-called 
Deep Run area are coal bearing. Owing to the. removal of much of 
the coal from these areas in former days, they are not now open to 
examination. That these basins are due to deformation of the under
lying granitic terrane .by faur'ting, and perhaps to movements in the 
granite which are locally expressed by folds· in the overlying sediments, 
seems highly probable. In a general way these basins may be regarded 
as showing the nature of the granitic :floor beueath the basin as a 
whole. The disturbauce of the Newark strata would be at a maximum 
on the broken granitic and gneissic basement, with faults dying out 
upward in the central part of the basin in the form of flexures, or dis
appearing altogether where the throw is small, by the accommodation 
of the strata in a section from 2,000 to 3,000 feet thick. If this view of 
tbe area be accepted, it is probable that drilling in the middle of the 
basin would reveal greater diversity in t4e attitude of the be<ls as the 
depth increased, and so the depth of the coal beds might vary greatly 
within short distances. Thus the Blackheath basin is about a qu':lrter 
of a mile wide, ~ith coal on its two sides sinking to a depth of 800 
feet in the middle. 

The following notes relate to the areas nearest the main basin. 

THE BLACKHEATH 'l'R.ACT. 

Famou~ in the early mining history of the Richmond coal field is the 
small area on the eastern margin lying mainly on the north of the line 
of the Southern Railway (see Pl. XXV). This area appears from the 
statement of old miners and from such information as can be gleaned 
at the present time from the materials about old pits to have contained 
two rather distinct trough~ of coal, an eastern one known as the Black-
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Jieath Basin, and another one,· known as the. Cunliffe, lying. between 
this and the main basin. _ 

The Blackheath Basin, so far as is indicated by the outcrop of the. 
coal, is ·.of ovaJ form; elongated in a north-and-south direction, and·_ 

· exten~s a sh9rt distance south of the tracks of the Southern Rail way. 
At its northern end lies the old Bingley slope (see Pl. XL), worked 
quring the civil war by the government of the Confederate States. The 

. coal seam here is thick, locally approaching 40 feet, but thinning south
ward,. being at the .railroad not more per_haps than 18 inches thick Up 
to as late as 1897 individual miners took out coal from the upper pil
lars. of the old workings. .This coal found a market in Richmond. 
Beneath the upper thick ·seam of coal there is another bed, reported to 
be about 2~ feet thick .. 

The so-calied Cunliffe Basin, so far as the outcrop of coal is con
cerned, appears to be a small ·trough elongated in an east and west 
direction. The "Grapevine shaft" was sunk on the western outcrop 

· of this basin. It is n9t known whether the granite w~s met between 
this basin and the areas to the east and west of it. The evidence on 
the ground appears to indicate that the ~ ewark strata are let down in 
the area north of the. Southern Railway in the manner indicated on the 
geologic map (see Pis. XXVI and XXXI). This view is favored by the 
fact that coal has been found just west of Fall Ct'eek, near the railroad 
embankment, outside of the recognized basins. 

The synclinal structure of the Blackheath and Cunliffe Basin shows 
that flexing of the .coal measures over the underlying broken granitic 
base has taken place. 

THE UNIO~ PITS AND STONEHENGE TRACT<:;. 

East of the .m~in basin at Midlothian and south of the turnpike are 
two outliers of the coal measures _well known in the mining history of 
this district. The· eastern one is traversed by Falling Creek. Its north 
and south ·length is probablyhalf a mile, but its southern limits are 
hidden in the alluvium of the creek. In this area are the. Union pits. 
The view spown in ~1. XI.1I was taken looking north, on the east side of 
Falling Cr~ek, showing the sa.ndston~ and coal-bearing shales below the 
m~in coal seams~ The shales decompose and run down_ over the out
crop, forming a mud crust upo:n them. Th.e steep westerly dip is much 
higher than is the general rule along the eastern margin. A seam of 
coal abo_ut 4 inches thick is exposed near the point indicated on the 
picture by the geological hammer. 

A shallow pit sunk through the sandstones a few yards south of the 
:first locality revealed a fault striking. east and west and dipping about . 
30°. sou.th.' Such cross-faults probably also occur at the ends of these 
small basins (see Pl. X~II). 

Between the Union pits and the nia]n basin lies the northern end of 
a coal-bearing'tract, probably 1 mile long. Its bou'ndaries are some
-\vhat' uncertain, but it is evidently separated from the main basin by 
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Coal IS exposed overla•n unconformably ~, as shown •n the upper left. hand corner) by the Lafayette pebble bed and yellow clays. 
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the granite, which ·has a breadth of exposure .of about 2,000 feet, as 
mentioned by Russell. 

'fhese basins have evidently, as pointed out by Russell and others,. 
been let down by faulting along their western margins and cut by east
west faults at one or both ends in the manner above indicated. 1'he 
purely diagrammatic con
ception . of the structure 
which is gained from an ex
amination of the ground and 
a review of the literature is 
shown in the accompanying 
figure (fig. 109). The only 
apparent objection to the 
faulting hypothesis is the 
attitude of the beds on 
the drag Ride of the fault, 
by which the double line of 
outcrop is produced. It is 
permissible, in view of the 
structures encountered in 
the mines in the main ba
sin, to conceive of the fault 
proper as limited to the 
granitic terrane and of the 
drag in the coal measures as 
being due to the flexure of 

Fig. 109.-Hypothetic'al structure of one of th"' detached 
basins on the eastern margin of the Richmond area. .A, 
the coal measures in the mam basin, dipping west: B, a 
detached basin; GO, fault. on the western margin of 
detached basin; D, dip faults, cutting off ends of the 
detached basins; EEE, granitic pre· Newark terrane. 

the strata over the uplifted edge of the base of the section. 'l'he 
thinning of the beds in this situation is just what would be expected 
in a flexure. 

THE FLAT BRANCH AREA. 

Between the southern end of the Springfield ':lrea (the Deep Run 
Basin of recent reports, see Pl. XLIII, by Clifford) and the main Rich
mon·d area lies the shallow valley of Flat Branch, a stream flowing 
almost due south into Deep Run at an average distance of 1 mile from 
the eastern margin of the main coal-field. In the bottom of this valley, 
both north and south of the Quiocassin road, and particularly along 
tlJe side of that road for a distance of 300 feet in either direction, 
inclined strata may be seen, which recall the neighboring Mesozoic 
beds. On the west side of the stream shales aud granitic sandstones 
dip gently east, while on the east side, about 300 feet beyond the little 
church, are pebbly arkose deposits dipping 15° to the west, along with 
beds whose decomposed surface aspect is that of clay. The syncline 
thus plainly indicated is the only evidence directly obtainable concern-
ing the structure of this small area. _ 

.About half :1 mile north of the Quiocassin road sandstones and 
shales, dipping westward, crop out along the eastern margin of this 
area. .A shallow pit sunk in tile beds failed to reach deposits of coal. 
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West of this locality granitic sandstones occur in the stream bed. The 
area has a maximum width of perhaps half a mile and a length north 
and south of three-fourths of a mile, being coiJtinued south of the 
road above named, where _pits have been sunk in the search for coal. 
Whether or 'llOt this area connects southwestward with the main basin 
can not well be determined on account of alluvium. 

On Major Hotchkiss's Geological Map of Virginia and West Vir
ginia1 the Deep· Run Basin (see Clifford's map, Pl. XLIII) is mapped as 
continuous through this tract, or :qear its site, into the main basin. 
Dad<low's 2 map carried t.be Springfield area southwestward nearly to 
the place of the Flat Branch area; but RusseJP omits it. As indi
cated above, no evidence of the present connection of tb~se areas was 
discovered in this survey~ 

CONGLOMERATE AREA ON WESTERN BORDER. 

The outlying small tracts of Newark rocks on the eastern border 
have tpeir counterpart on the western edge of the field. How far out 
upon the surrounding crystalline region these patches may be found to 
the westward is not known. There is reason for believing that ·they 
may be widely distributed between the known Newark areas. One . 
such patch of .tqe Newark beds, composed of a coarse conglomerate 
(see Pl. XXII), is crossed by the Manakintown road north of tile 
Three Chop road. crossing. The bounds of this ~mall area, not hereto
fore shown on maps, are not precisely ascertainable. Outcrops of 
gneiss occur between this area and the main Richmond basin on. the · 
east· and gneiss appears again on the north,· so that it seems to be 
somewhat closely circumscribed. The structure of this area is not 
revealed. 

MINOR S1'RUCTURE DUE 1'0 STRESS. 

Aside from the slickensides which everywhere pervade th~ shales of ·
this ~rea, there are numerous indications of Y.ieldiug of the rocks to 
pressures pr~sumably taking place at the time of faulting. 

Oleavage.~Occasional layers. of shale from the beds on the eastern 
margin exhibit secondary structures which closely simulate the meta
~orphic schists. Layers of shale inte.rsected in the Etn~ shaft at Mid
lothian have been crumpled and a cleavage ·has_developed normal to 
the plane of the stratificatiml at the bends of the folds. This rock 
needs only mineralization-along the planes of fracture and gliding to 
take on the essential char~ct~rs o{ a schist. These layers are notice
ably calcareous, and if we may suppose that consolidation set in earlier 
in them on account of the .carbonate of lime present than in the adjacent 
·layers, the difference of behavior under ·the strains of deformation may 
be explained. · · · 

Gone-in-cone structure • ...~...-Iu the shales at Manakin, on the western 
border, ·certain more resistant highly calcareous layers· display tile 

I See map in Reprint. of t~e Geology of the Virginias, by W. B. Rogers, New, York, 1884. 
2 Daddow and Bannan: Coal, Iron, and Oil; 1866, p. 395. . 
BRussell : Bull. U. S. Geol. Survey X o. 85, Pl. V. 1!:!92. 
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A 4 -tnch layer of coal IS exposed near the hammer. 
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peculiar arrangement of fractures kno.wn as cone-in-cone structure. 
Here the stress was probably due to crystallization. 

Joints.-Tlie deeply decayed condition of the rocks in this region 
precludes any general study of the system of joints. Not infrequently, 
however, the existence of joints in decayed sandstones and shales is 
indicated by the bleaching of the rock on either side of these planes of 
parting, which have favored the ingress of surface waters. At a few 
localities the induration of the sandstones at or near contact with the 
diabase dikes has preserved the joint structure. From a study of the 
joints associated with dikes alone, it is evident that there was developed 
in this region a set of joints having a north-uorthwest course which 
became the seats of the dikes. Where joints precede dikes and thus 
guide their course, it has been customary, at least in this country, to 
regard the joints as the effect of either the contraction of tlle sediments 
or the torsion of the mass through unequal tilting. Opinion at present 
inclines rather to the tlleory of torsion frol.J1 deformation. Dr. Hans 
Reusch has suggested that the joints which guide dikes may be effects 
of the intrusion, being 
in the natureofforerun
ning fractures in the 
rock bordering the in
vading magma, a zone 
in which the explosive 
action of the magma, 

the deformation of 5~,L~~~SI~~~~!I~&I~~Ei~lm~~~~ strata, and volumetric 
changes dependent on scAu 
• • t ~~T 

riSlll g e ill per at u r e FIG. 110.-Diagram showing cross section of l'ein of fibrous calcite 
combine to afford a in coal, Winterpock, Virginia. 

complex of causes, any one of which, acting aloue, may be regarded as 
competent to effect the observed result. 

The occurrence of well-developed joints in rocks free from intrusive 
masses is conclusive evidence that dikes are not the necessary ante
cedents of joints, even where the intrusion of rocks is associated with 
jointing. In the case of joints in the Riehmond basin, there were no 
evidences found by which to determine the lapse of time between the 
formation of the joints and the intrusion of the dikes. The cause of 
the joints in question is, therefore, left open for further investigation. 

The bituminous coal is usually much jointed. The interval between 
the joints is rather short, and small-sized fragments result. On 
account of these· joints the coal breaks up somewhat more readily than 
that of the Carbonjferous section. In good part this greater degree of 
fragility is due to the stress to which these Mesozoic coals have been 
subjected in the faulting and flexing of tlle beds. 

Structures associated with veins.-In the old Raccoon mine, south of 
Wii1terpock, certain layers of coal exhibit peculiar hour-glass-shaped 
cross fractures occupied b_y veins of fibrous calcite. (See fig. 110.) The 
fractures are perpendicular to the bedding. A single wide vein in the 
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middle of the stratum splits into numerous side brauches near the 
upper and lower limits of the coal seam. The edges of the vein project 
into the bordering shales by actually displaciug the rock rather than 
by making a gash such as is sometimes filled with the veinstone. The 
markings described below, sometimes seen on layers, arise in the same 
way . 

. llfarkings on shale clue to vein stnwtures.-The thin laminre of coal in 
the Midlothian field are sometimes minutely jointed, and these closely
set gaping joints have been filled with veins of calcite. The overlying 
and underlying layers of shale frequently bear incised· lines marking 

FIG. 111.-Surfnce of n fragment of shale from :Midlothian, after layer of coal with calcite "I"Cins has 
been removed, showing lines of groo"l"es mar.king edges of the vein~. 

the sl1arp edges of these veins, in the manner already described in the 
case of veins secu in cross section near Winterpock. These markings 
are creases or grooves rather than fractures in which the veinstone 
original formed. These creases, which stimulate mud cracks and ice 
crystal marks, indicate the compression of the shale upon the coal, the 
sediments yielding, while tl1e veinstone resisted the movement (see 
fig. 111). The slight compression inuicated by these lines may be 
accounted for by. the weight of the overlying beds, though the joints 
may bavo been initiated by torsion and displacement. 
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Fault plane drps S. 30° i strike, about E.-W. 
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SUMMARY OF OBSERVATIONS BEARING. ON THE STRUCTURE OF 
THE RICHMOND AREA. 

A thorough search for outcrops of the Newark rocks over thejnterwr 
of the Richmond Basin has shown that the idea of a relatively great 
central undisturberl area is erroneous. While the interior of the area 
shows at the surface very little evidence of faulting and folding as com
pared with the highly tilted attitudes of the strata about the margii1.of 
the area, faults, folds, and flexures can· be made out, and their relation 

·to the marginal basal sections of the rocks is such as to lead to the 
supposition that, could we examine the base of the Newark rocks in the 
middle of the area, we should fi.nd there a repetition of the disturbances 
which are so pronounced a feature on the existing margin.s. The occur
rence of flexures· in the central area, as in the James Riyer bluff, and of. 
folds on the margin in the basal section, is what one would expect where 
considerable displacements in a granitic basement die out upward into 
a zone of pliable stratified rocks. A correlative of this conclusion 
is the inference that the disturbances of the Newark strata are due to 
their adjustment to the broken edges of the underlying metamorphic 
and igneous terrane, tb~ ancient floor on wbic"h they were deposi~ed. 

Deposition appears to have begun in the Richmond area on a surface 
which bad been reduced under the at~osphere to a land of little relief. 
To determine whether this was a peneplain or not c.an not be under
taken from the study of so small an area as that included in this report. 
The pr~sent-inequalities of the _basement of the Newark strata are 
largely if not altogether due to the dislocations above indicated as tak
ing place after the deposition of most if not all of the strata now in 
the basin. 

The sediments first formed fn the area show a local origin, and much 
of them indicate a derivation from the eastward or southeastward. 
The coal measures show no signs of thinning toward the margin of 
the present area. After passing the basal beds the sediments give no 
clear evidence of the proximity of a shore line in any given direction. 
The nonmarine character of the sediments points to their deposition in 
a lake or in a river valley with lacustrine episodes, but there is no evi
dence to show that the present form of tile basin is genetically related 
to such a valley or lake basin. So mucll faulting·has taken place that 
by this means alone the trough-like character of the basin is probably 
accounted for. 

The cause of the faulting and rearrangement of the blocks of Newark 
strata is perhaps to be found in the contraction of the' globe. While 
vertical movements are most pronounced in the attitude of. the differ
ent parts of the basin, evidence of horizontal pressure is thought to be 
found in certain cases of folding, and in the tendency to form a 
synclinal structure which is locally exhibited in the a,rea. 
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When compared with other areas of Newark rocks on the Atlantic 
slope, the Richmond field shows by the prevailing westerly dips over 
broad areas south of the James River that it has undergone the general 
westward tilt common to the several tracts south· of the Hudson 
River. The synclinal structure which bas been attributed to it seems 
to be due mainly to the local downward drag of strata on the western 
margin, perhaps accented by lateral pressure and· folding consequent 
thereon. 
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CHAPTER V. 

IGNEOUS ROCKS. 

As before remarked, the Richmond Basin, in common with the New
ark areas northward to Nova Scotia, is intersected with dikes and sills 
of diabase. These rocks, on the eastern border, have received some 
attention on account of the association with them of coke in the several 
coal mines where they have been found. They have never before been 
mapped, though the more important of t.hem al:e well known to the 
inhabitants of Chesterfield County, and the delineation of their course 
across country is not difficult. 

Then atural exposures of these dikes are usually in the form of rounded 
masses lying upon the surf;:tce of the outcrop. Harely does the pres
ence of the dike manifest itself in any topographic peculiarity of the 
line of outcrop. The bowldery and pebbly bands crQss the peneplain 
and the valleys alike. In a few instances only have streams come upon 

·a dike and excavated the soft, decayed material, but even in these cases, 
the most notable example of which is Turkey Branch of Swift Creek, 
on the western margin, the stream follows the dike for a few rods only. 

The decomposition blocks or" bardheads" decay altogether on the out
side, the decomposed layers washing off rapidly, so that the interior is 
comparatively hard and fresh. As· compared with fragments of simi
lar rocks found upon the surface in glaciated New England, the zone 
of decay seems to be thinner here than in the northern :field, possibly 
because severe and long-continued frosts are wanting in the South .to 
open up the loosened texture of the rock and favor the penetration of 
decay to the interior of the block. 

Many of these '' hardheads" have· be.en carried to the sites of houses 
and farms, where they find various uses. It is therefore necessary in 
tracing the dikes, which are often marked only by the bowlders lyin·g 
on the surface, to make certain that the .fragments near habitations 
have not been transported by human agency. 

The dikes, so far as observations go, appear to lie between the inclined 
strata in the form of sills on the eastern border of the basin, but no 
natural exposures have been found in whicll contemporaneous flows 
appear. Tllere is tllerefore 110 positive evidence of volcanic action in 
this field during the deposition of the strata which remain in the basin. 
The occurrences are everywhere intrusive. Possible volcanic con
duits have. been seen in the Bernards Creek region, where an isolated 
mass of trap may indicate the existence of small pipe or conduit con-

. necting upward with a volcanic vent; and in the case of a similar mass, 
better exposed; in the road from Skinquarter to Mosley Junction, where 

495 
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the diabase abruptly displaces the sandstones and shales. The sand
stones near this locality are indurated. Th.e shales, which have been 
finely jointed, are purplish at the contact. 

The dikes vary in width from mere plates a few inches wide, trace
able only for short distances, to masses measuring from 25 to 50 feet 

·across the outcrop. The larger dikes Lave been traced for 5 or 6 miles, 
and there is reason to believe that they are continuous over much 
greater distanees within the limits of the basin. · 

The largest dike has a general northwest and southeast trend, but 
others run east and west. The prevailing direction, however, is from 
northwest to southeast. On account of the deep decay of the rocks 
contact phenomena are seldom observed. Tbe usual effect is an indu
ration of the sandstones and the darken~ng of the shales, red colors 
passing to purple, as noted by Hussell. Contact minerals have not 
been observed in the rocks adjacent to known dikes, but minerals have 
been found along the margin at Midlothian and Manakin, suggesting 
solfataric action (see pp. 502, 503). The general relations of the more 
important dikes which have been seen will now be described. It has 
not been thought necessary to.present an account of the petrography 
of these rocks. So far as known by the microscopic examination of a 
typical specimen the rock is diabase. 

DESCRIPTIONS OF DIKES. 

The Skinquarter dike.-This dike 1~1a;y be traced in a north-north
westerly direction from a point about midway between Zoar and Win
terpock through Skinquarter to tbe bank of Skinquarter Creek, 2~ 
miles south of Dorset. Throughout this extension of 52- miles there 
are no obvious horizontal offsets of the dike due to faulting subsequent 

. to its intrusion. The average width of the dike is as much as 20 feet, 
though in some places the width of outcrop is evidently a.s great as 50 
feet. The contact is here and there shown at surface, but on one side 
only, so that exact measurements are not easily obtainable. 

The coarse granitic sandstones of the Newark w~ere in contact with 
the dike are light colored and indurated for a distance of from 5 to 6 
feet'from the igneous rock. Exposures of this nature occur on the land 
of Mr. J. H. Bailey, in the soutl1ern portion of the known extent of the 
dike. This dike is reported by the i11habitants to be traceable to the 
James Hiver. Scattered bowlders and outcrops of trap occur east of 
its line, but a satisfactory tracing of the dike has not proved possible. 

The dike usually exhibits joint-plane contacts. It was evidently 
irrupted in a fissure which followed the dominant joints. Intrusion 
must, therefore, bave come rather late in the history of the basin. These 
joints, together with the dike, dip very steeply to the east. Columnar 
structure of the diabase is occasionally shown, the columns, perpen
dicular to the walls, dipping very gently to the west. 

South of Winterpock trap outcrops are rarely found. The small 
exposure in the tongue of the basin extending southward across the 
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Appomattox near Namozine appears to have a northerly trend. The 
course of the. Skinquarter dike, extended in this direction, would cut 
the margin of the basin precisely at the point occupied by this outcrop 
of a dike. Bowlders of diabase {}ecur on the Scott plantation, between 
"\Vinticomack Creek and the Appomattox, approximately at the point 
where the prolonged Skinquarter dike would cross the area. 

Dike south of Zoar.-Mr. Geo. B. Richardson found a wide dike of 
diabase about l!: miles south of Zoar, near the western border of the 
area. It h~s the north-northwesterly direction of the dikes of this part 
of the area. 

The Winterpoc.k and Jl[antua dikes.-Mining in the vicinity of the Cox 
shaft, north of the railroad station at Clover Hill, years ago exposed a 
"dike'' said to extend in a westerly direction. Bowlders may now be 
seen on the eastern border, indicating the extension of this dike into 
the granitite. Lyell 1 describes a dike about 20 feet thick occurring on 
the Johnston tract, about 4 miles north of the Appomattox River, run
ning W. 100 S., and having a thickness of about 20 feet in the vicinity • 
of the Beaver mine. This is probably the dike exposed in old work
ings, concerning which miners have a memory. Westward, on the line· 
of this intrusion, a large dike makes its appearance on the eastern 
limits of the Mantua estate, and thence can be traced westward a few 
degrees south, toward the intersection of the extended course of the 
Skinquarter dike and another large dike. Beyond this point it has 
not been traced. On the Mantua estate there is a small dike, about 6 
inches tbick, extending in an east-and-west direction just north of the 
house, ·and another also small with a northwest course is marked by 
occasional bowlders in the soil north of the Winterpock dike. 

Dike on western bordm· in Petersburg road.-A small trap dike about. 
6 feet wide, dipping 850 E .. and striking N. 20° W. crosses the Peters
burg road at a point about one-quarter of a mile inside the basin. The 
western contact of this intrusion is formed by a vein of sand 5 inches 
thick, the whole intersecting red shales, dipping about 30° W .. This 
dike bas not been traced over the surface. The vein of saud is a unique 
feature which has not been sufficiently investigated to determine the 
circumstances of its origin. 

The Nysons Bra,nch and Dry Bridge dike.-In the railroad cut 'just 
west of Dry Bridge, on the Richmond and Danville Railroad, a diabase 
dike, 21 feet wide, intersects the sandstones and shales, the latter 
becoming purple at the contact. This dike strikes N.150 W. in the 
cutting. East of the -dike the rocks are nearly horizontal; west of it 
they dip as high as 300 W. .-

Southward, a'ong the banks of N ysons Branch, and particularly on 
the land of Mr. J. J. Wilkinson, trap outcrops are found. Near the 
Wilkinson house the trap strikes N. 88° W., the dip of the cross-fracture 
planes or joints being 30° N.; hence it may be assumed that the dike 

t Quart. Jour. Geol. Soc. London, Vol. III, 1847, pp. 2i0-271. 

19 GEOL, P1.' 2--32 
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dips 6po S. At one potnt th.is dike has a breadth of 27 feet, hu~ for 
the most part it is about 4 feet wide~ 
~rap ~ppears along the eastern side of Nysous. Branch on a course 

a little east of south, in t.he direction of Otterdale cross-roads, and it is 
reported to occur in this direction .on the south side of Swift Creek. 

Sill in the Salle and Burfoot tracts, nea!r tlre ,James River.-Sir Charles 
~yell 1 described the occurrence of ''greenstone" or. diabase along the 
eastern ma:rgin of the basin sopth .of the. James River, in the .tracts 
abov~ named. Ori the Salle tract, he states that the rock was traced to 
within 120 feet·of the coke. On the Burfoot tract, on th~ James River, 
three-fourths of ampe above the arsenal, a mass of trap 28 feet thick 
'yas seennear ·" brecei~ted .. rock of hardened shale varied by patches 
of car~ouaceous matter resembling impure coke in .appearance." Tbe 

w E 

Fw. 112.-Diagram showing relations of dike and sill to coke in Saunders's slope at Gayton, Virginia. 
' .. · D, gray altered diabase; ff, a fault. 

trap is described as overlying the coal in the form of a sill having the 
· same dip as the coal beds. 

Sill' at Gayton (Edge Hill), on the north side of the James River.-The 
trap is again seen on: the north side of the. James, in the Gayton mines, 
where Lyell described it as a conformable bed of blue basalt· 16 feet 
tllick. About 200 yards north of the great coke-pit of his time the trap 
was 14 feet thick within 26 feet of the surface. Two miles ·south, at 
Crouch's pits, the trap was not found. · · 

In 1896-97 the trap was well exposed in the bottom of Saunders's 
slope ·at· Gayton. It occurs here in the·form of a sill, overlying the coke 
bed and sending small apophyses of gt•ay altered material into the coke, 
seen from point to point in the roof o(the incline. At a depth of about 
650 feet from the surface the altered trap forms a dike 4. feet wide, cutting 
across the coal-measures. Th~ coke is prismatic for a distance of about 
3 feet on either side of the dike. The same columnar habit of the coke 
is observed on· a smallei' scale surrounding the sides" and ends of the 
~ittle tongue's of trap which invade the upper part of th'e coke bed (see 
figs. 112, 113). The coke h.aving this ·structure is said to pop in the fire 
and is cast aside as worthless. 

1 Quart. Jour. Geol. Soc. London, Vol. Ill, 1847, p. 271. 
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The alteration of the diabase at this point to a depth so great as 650 
feet below the surface in the_ dike just mentioned is apparently due 
to solfataric action, and is not to be attributed to atmospheric decay. 
The same phenomenon is exhibited in the sill in the Jewett's coke 
shaft at Midlothian and its downward extension in the deep boring 
at Salisbury. The dike at Gayton exhibits numerous vertical veins of 
calcite. A like alteration of dark basic dikes to a light gray rock has 
been observed. in the coal-fields of Great Britai~. 

I 1/VCH . 
FIG. 113.-Prismatic coke surromJdilJg small apophysis of trap in roof of Saunders's slope. 

Dike north of Gayton.-A quarter of a mil~ north of the Saunders 
shaft a natural exposure of the prismatic coke is seen. Its appearance 
is shown in Pl. XLIV. From this locality a dike may be traced north-
westward at intervals toward the middle of the basin. ' 

ACTION OF DIABASE DIKES ON THE COAL MEASURES. 

The most important change effected in the coals of the Richmond 
Basin by the action of intrusive rocks has been the driving off of 
volatile matter, as in the manufacture of coke in gas works. The 
present openings in the basin do not permit of a satisfactory exami
nation of the relation of the intrusive igneous rocks to the beds of coal 
which have been thus affected. 

According to Sir Charles LyeJI, 1 coke occurs in connection with an 
inclined sill in the northern portion of the field and with a dike, prob
ably the Winterpock dike, at Clover Hill. The upper coal beds exhibit 
coking, a phenomenon which Lyell explains as due to the intrusion of 
the trap between the beds and the action of the escaping heat upon the 
overlying rather than the underlying strata. 

In the case of the coke of Towne's and Powell's pits, at Edge hill, now 
Gayton, Lyell was inclined to refer the origin of the coke only indirectly 
to the trap. "We may attribute," he says, "the change from coal to 
coke not so much to the heating agency of the intrusive basalt, as to 
its mechanical effect in breaking up the integrity of the beds, and 

1 Quart. Jour. Geol. Soc. London, Vol. Ill, p. 2il-2i2. 
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rendering them permeable to water or the gases of decomposing 
coal." 

According to our observations, the gray altered trap is 'closely asso-
ciated with the altered coal beds or coke. 'At Gayton the trap overlies 
the coke, if it does not by intrusion actually lie in the up.per part of the 
bed. At Midlothian the same close relation between the two rocks is 
observed. In that part of the field where the under contact of the trap 
has been observed the trap bas become fissured after partial or com
plete cooling and the probably pitchy coke has run into the fractures in · 
the form of miniature dikes. This ~ction was observed in Jewett's 

FIG.ll4.-Sketch Of a portion oftbe core 
from tbe boring on Salisbury, near 
Midlothian, Virginia, showing coke 
<likes in lower part of altered gray sill. 
Vertical and horizontal scale the same. 
Depth of boring, 2,370 feet. 

coke shaft and again in the deep boring on 
Salisbury. Above the trap at Gayton and 
Salisbury there is a va~iety of the coked 
coal, high in ash, •and having a graphitic 
appearance. It is. relatively soft, gives ·a 
brownish black streak on paper, ~nd rubs 
to a high polish. It is sometimes pulveru
lent in structure. We may suppose, there
fore, that the maximum action of the sills 
on the coal beds occurred along the upper 
contact of the sills, and that the lesser 
degree of change requisite for making 
natural coke was attained underneath the 
sill. The thickness of the workable beds 
of coke, therefore, depends not only on 
the original thickness of the coal bed, but 
also on the position in the bed occupied 
by the invading igneous rock, which along 
the eastern margin of the area appears 
to have followed the coal. 

That the coking of the coals may possibly have arisen from solfataric 
action going on slowly and coincidently with the intrusion of igneous 
rocks in this field is shown by the alteration of the granitite in some of 
the mines on the eastern border. Thus in the Etna shaft at Midlothian 
the porphyritic granitite was encountered in a bleached state, with here 
and there veins of fluorite and iron p·yrite, ·indicative of the former 
presence of volcanic vapors. As already noted, the COz driven off 
from tlw coal in the process of coking would afford a powerful agent 
for the decomposition of the diabase. 

APPARENT ABSENCE. OF HYDROCARBONS IN THE DIKES .• 

The well-known fact that the cavities of basic igneous rocks some
times contain bituminous substances derived from vegetable or animal 
matter in the rocks through which the igneous rock has passed/ sug-

IJ. D. Dana (Bitumen m trap amyg<lules): ·walks and Drives about New Raven, 1894, p.l06. 
Also Silvestri: . .A tti Acca<lemia Gioenia, Series III, Vol. XII. cited by G. F. Rodwell. in Etna, London, 
1878, p. 128. H. J. :Murchison: Siluria, 3rd ed., London, 1859, p. 25. .Abich: A cad. Sci. St. Petersburg, 
Bull: I'hys. :\iath., Yol. XIV, Nos. 4 and 5. 
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gested the search for hydrocarbons in ~he traps of the Richmond Basin, 
in the hope that some relation might thus be established between this 
mode of occurrence of hydrocarbons and the existence of coals in the 
central portion of the area. Either because of the advanced disintegra
tion of the diabase dikes near the surface, or the lack of Sllfficient mate
rial, neither the eye examination of the diabase in the field nor the 
chemical examination of the rock in the laboratory revealed the exist
ence of the material sought for . 
. It was thought that the occurrence of a well-developed vesicular 
structure, as in the deeper-seated portions of diabase, might be 
regarded, ~nder the assumed conditions, as evidence of coal, particu
larly if the rock were locally vesicular in the manner of furnace slag 
about a point in which wood or charcoal has been reduced to gas in its 
mass. But the investigation of this point, as was the case with that 
first cited, gave negative results. 

DIKES SUITABLE FOR ROAD METAL. 

The dikes of the Richmond area afford a possible supply of the best 
stone for road metal. They form the nearest localities of trap to the 
city of Richmond. The conditions under which the materials occur, 
however, make the quarrying· of the dikes at present too costly. The 
decay of the diabase bas in most cases proceeded to' a point where, 
perhaps, more than ·half of the rock near the surface is converted into 
clay, leaving only the rounded masses, signs of which are found here 
ancl there on the surface. Enough trap for the construction of a few 
miles of road could be obtained by gathering the field stone or bowlders 
along the line of the Skinquarter dike. By shallow trenching a greater 
quantity could be procured. On the B. C. Watkins property, in the 
vicinity of Bernard Creek, a mass of trap lies well above the stream 
on the west side and in a position to be quarried. The actual extent 
and condition of the rock beneath the. surface remain to be determined 
by excavation. Ex.cept for local purvoses, as in the bettering of the 
turnpikes which cross the coal fields, the distance which the material 
must be transported precludes its use. 

PERIOD OF INTRUSION OF THE DIKES AND SILLS. 

All the available evidence thus far obtained from the Richmond 
area shows that the dikes and sills are somewhat more recent than the 
Newark strata which now remain in the area. Actual intersections 
of the dikes have not been observed to show any rlift'erence of age 
in these igneous rocks. .At but one point, in the boring at Salis
bury, has auy evidence been found to favor the idea of successive 
intrusions. In this instance the drill passed through both g~·ay 

altered diabase and fresh diabase in close proximity and in distinct 
sheets in the coal measure section. It is presumed from a study of 
dikes elsewhere that the altered trap represents an earlier intrusion 

· into the soft wet coal or vegetal beds, by the setting free of the C02 
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qf:whic!J. the trap w~s. alter.ed into a gray clayey. mass, and that the 
unaltered, dia9as,e )s. a ~ater in.trus~on,. com~ng, -in after tbe coking of 
the, ~oal bed~~ Tlle int~rval o(ti~ne between·these intrusions may have 
been short. 
T~~ cont~qt.of t1J_e larger dik~s with the sanrl..stoues in the central 

part o.f the ba~in _ha~ been shown (p .. 496) to l1ave .. been guided by joint 
pl~Ifes, .s~ tp.at the ~ntrusions may pe assumed to have come in after the 
formation of these structures.. The. joints appear to be due to torsion, 
which ca,n .b~st b.e explail~ed·: as _the result of. the deformation of th~ 
st:r;ata 4uri~1g the period of:faulting. The dikes on this supposition 
. would be made later than the faults. The failure of dikes which have 
. h.een ~ra~edfor som~ d~stance to show signs of faulting is-also presump
tive evidence_-t'Qat· tpe period of faulting preceded the time of ign~ous 
intrus_ion.. The behavior .of tbe intrusive sheets on the eastern margin, 
which follow the· coal beds to their o~1tcrop but fail to appear in the. 
detached basins in the old .Blackbeath and Stonehenge districts, is 
pro~ably due to the fact that these basins were already forined when 
the sills came iu. The igneous intrusions rising toward the· surface 
wouid have overshot these depressions, into which the coal beds were 
locally sunk.· . From these several cqnsiderations it is· concluded that 
in this field the. igneous intrusions came later ·than tl~e observed defor
matiou of the area, though they may have been dependent on the same. 
deep-seated' mo~ements. . . 

MIN.ERAL.S FOUND. WITHIN THE BASIN. 

The minerals arising from secondary changes within the ~·ocks of the 
RichrnOild basin are few in number and, excepting the iron pyrite, exist 
in very small quanities, at least, in those portions of the strata which 
are at pre'sent open to examination .. These are iron pyrite, carbonate 
of lime, siderite, and wad. These minerals fall into two groups accord
ing as they ar'e associated causally with the igneous intrusions of the 
ba:sin, or with ordinary changes in sediments in which carbQn, carbon-

. ate of lime; and i~on are or~gina1 coniponents. . 
Fib1·olite._:_In the sandstones of the western margin at Manakin veins 

of quartz occur, inclosing, according to Dr. Palache's determination; 
long acicular crystals of fibrolite, a mineral usually found in schistose 
rocks and·as a contact mineral. -' · · . 
. - iron pyrite.-'-The ~ssociation ofiro~ pyr~te with some of the coa,l beds. 
ap.d ~hales of this basin is probably quite independent ofigneous action, 
this mineral being usually. present even in lignites where no trace of 
volcanic. action is seen .. There can·. ~e little doubt, however, that the 

. distdbuti.op. of certain iron pyrite bodies has been effected by 'the action 
. o( di~e.s and 'hot'wa't.ers, ~sis' shown by t~e bl~itehing of the granitites 
undei'lying the coal beds aiid the veins of p'yrite with tJ.uorine which 

' iiltersect' this rock, ail of which phenomena .point to solfataric action 
long .since 'the formation of 'the gt:anitite.· · 

'S:ider{te._:_Sfderite occurs in the soutliern portion of tlie basin i.n th~. 
form of septaria fr.om a few il:~ches to <t foot in diameter. Invariably 
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the carbonate of lime is in excess and has crystallfzecl out in the con
traction gashes of the nodules. 

Carbonate of Zime.-Calcareous beds overlie the coal measures on 
the eastern margin, as described by Mr. Heinrich. These are highly 
n0dnlar. Oar bonate of lime also occurs in the central part of the .basin 
north of Swift Creek, filling in the spaces of a brecciated sandstone in 
tlle vicinity of the Nyson's Branch dike. This fibrous calcite is proba
bly the result of hot springs coming up through the calcareous beds of 
the measures, following the intrusion of the dikes. The red shale is 
here also highly calcareous. 

Calcareous conc1·etions.-Ca1careous concretions are met with in almost 
every one of the shafts and slopes of the easterrr margin. The general 
character of these masses as they appear when thrown upon the surface· 
is shown in Pl. XLV, from a photograph taken at the mouth of an incline 
sunk near Tomahawk Church, on the eastern margin. 

The concretions vary in form from nodular to spindle-shaped and in 
size from nuts to large logs. The exterior of the masses is frequently 
warty or marked by projections of fantastic shapes. The matrix is 
usually arenaceous, and the concentric structure of the masses is 
obvious, particularly in large specimens. 

The secondary accumulation of the carbonate of lime in the horizons 
in which it is ~ound thus seems to be proved. vVhether it may not 
have been deposited along with tlle grains of sand with which it. ts 

· associated at the present day is not easily determined, since the oppor
tunity of examining the deposits in situ is rarely found. In the core 
taken from the drilling· at Salisbury, near lVIi<llothian, in 1897, the 
whitish arenaceous layers, composed of quartz and feldspar, invariably 
react with dilute hydrochloric acid, showing the presence of lime car
bonate. The dark shales .interbedded with the sandston!3S usually give 
no such reaction except in those sections where calcareous v~ins occur. 
At Hallsboro, a borehole intercepted calcareous shales with the frac
ture of fine-grained limestones. 

Carbonate of lime also occurs in sandstones on the western border as 
in the case of ·the old shaft at Manakin. Here the carbonate of lime 
is not concretionary, but forms the cement embedding the sand and 
fossil~. The sandstones referred to contain vertebrate bones, a proba
ble source of the cement. 

Hemcttite ore used for fettling was formerly-obtained from the eastern 
margin in the vicinity of the Salle and Burfoot tracts. 1 

'I 

TEMPERATURE GRADIENT OF THE ROCKS IN THE RICHMOND 
BASIN. 

Prof. ~· B. Rogers made a series of observations upon the tempera
ture of the rocks, the air, and the water of the mines at different 
depths in the vicinity of 1\1idlothian during the progress of his survey 
of the State. The results of these observations were published in the 

1 Wm. Clifford, op. cit., 1888, p. 349. 
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Transactions of the Association of American Geologists and Nat
uralists for 1840-1842.1 He concluded for this region that from "the 
invariable plane down ward for many hundred feet the temperature 
augments at the rate of 1° for every 60 feet in depth.'' 

An 9bservati?n made by the United States Geological Survey in the 
deep bor:lng of Salisbury tract in February, 1898, at the depth of 2,076 
feet gave, according to Mr. Darton's calculation, a rate of augmentation 
of 1 o in 47 feet. It is "probable that Professor Rogers assumed too high 
~ mean annual. This and other records, the taking of which is in 
progress, will be discussed in a forthcoming bulletin of the Survey by 
Mr. N.H. Darton. 

J Geology of the Virginias, reprint 1884' Observations of subterranean temperatures in the coal 
mines of eastern Virginia, pp. 567-574. 
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Tne sptmg on the nght marks the top of the clayey strata. 



CHAPTER VI. 

POST-NEW ARK CHANGES. 

POST -NEW ARK DEPOSITS. 

Several observers have recognized within the Richmond area the 
occurrence of patches of strata of more recent date t.han the Newark 
system .• The discrimination of these sediments froni the Newark rocks . 
is not always satisfactory, for the reason that the lithological charac
ters of both formations are similar and the measure of atmospheric 
decay is the same. 

The distinction between Newark and post-Xewark formations is 
best observed about the margins of the Richmond area, where the coal
bearing strata are tilted at high angles and their eroded edges are 
overlain by the newer sediments. The post-Newark rocks are found 
in noteworthy masses only in the interstream areas, as in the divide 
which separates the waters of the James from Swift Creek. 

These post-Newark deposits were clearly once more extensive in this 
basin than they now are. Their occurrence as remnants on divides and 
high points within the field is explainable only on the supposition that 
lar:re areas of these rocks h~ve been swept away in the development 
of the present drainage system of this portion of the Piedmont dis
trict. The deposition of at least certain members of this series of 
deposits was preceded by stream erosion. This feature of the topog
raphy is shown by the limjted sections in the Blackheath-area, near 
:Midlothian. In this small tract excavations have shown the existence 
of a valley of moderate depth cut into the tilted coal beds, the trench 
thus formed being .subsequently filled with compact yello~ish clay 
having a cobblestone layer at base. The present drainage system has 
been incised in these superficial deposits aloug the line of the ancient 
valley. 

The most extensive exhibition of these post-Newark beds in the area, 
that already mentioned as forming the 'divide on which the Bucking
ham or MidlotlJian turnpike crosses the coal basin, reveals a thickness 
of strata probably as great as 30 feet. In the vicinity of Midlothian. 
this formation is composed of a yellowish_ clay stratum below, overlain 
by a quartz pebble bed, which is in turn surmounted by mottled sandy . 
clays. Fossils have so far not been found in this group, except those 
included in pebbles of older date. 

The pebble beds are well exposed in the Southern Railway cut 
between Nyson's Branch and the public road crossing the railroad 
about 1 mile east of Dry Bridge Station (see Pl. XLVI). The beds 
here consist of the usual conglomerate of quartzite and quartz pebbles, 
mainly if not altogether materials derived from the Paleozoic strata in 
the region of the Blue Ridge and the Great Valley of Virginia. Some 

505 
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of the quartzite pebbles contain casts of a Scolithus or vertical worm 
burrow. r'n a fine-grained, white, .decomposed hornstone was found 
the internal cast of Spi1·ijera cu?nberlandicc Hall, as determined by Dr. 
R. T. Jack~on. A. fragment of a tabulate coral was also f~und in this 
gravel. 

Prof. W. B. Rogers 1 described these and similar deposits in the 
vicinity of Richmond, Virgfnia, and vVashington, D. 0., in 1875. He 
mentions "the occurrence of numerous cobbles of quartzite with Scolithus 
linec~ris, ·and he referred this group of pebbles to ·the sandstones west 
of the Blue .Ridge. He also noted the limitation of the materials to 
the lines of the great river valleys. and attributed the transportation 
of the detritus to water, aided by ,ice, working probably at a higl;er 
leyel than the present . 

. Later Mr. W J McG~e reviewed the evidence concerning the super
ficial deposits of the Atlantic coast and recognized two 'important 
groups newer than the fossiliferous Tertiary strata, the Lafayette and 
the Columbia beds. 
· Horizontal bed's of clay and_ sand resting on granite are seen in the 

railway cut at Bon Air, east of 1\Hdlothian (see Pl. XLVII). These 
strata are provisionally classed with those of po:st-N ewark age. 

WEATHERING OF ROCKS IN THE AREA. 

WEATHERING .OF GRANITE . .AND GNEISS. 

The· complex processes of leaching· and redeposition of mineral mat
ter in the decomposition of granite under atmospheric decay i.s illus
trated by an instance revealed in the softened rock east of Midlothian. 

The granite where the decayed zone 
has uot been removed by erosion, as 
in the stream bottoms, is so soft as to 
be readily pared with a knife. The 
concentric structure of the decom
posed joint blocks is clearly_marked 

-~~~~~~~~ c by the deposition of black oxide of 

· FIG. 115.-Portion of a section of soft, decom
poser! granitite exposed in a washout near 

. Midlothian, Virginia. a, yellow decomposed 
gra11itite porphyry; b, white kaolinized bands; 
c, black oxide of manganese bands. 

manganese in the joints formed dur
ing the period when tlte rock still 
possessed the property of yielding as 
a mass to strain. The rock is col
ored deep yellow by the oxide of iron, 
and mottled with white patches which 
marked the kaolinized porphyritic 
feldspars of tile original granitite . 
Bordering tl1e concentric fractures, 
which have been charged with vein

lets of black oxide of manganese, is a bleached zone from which the 
iron oxi<les have disappearecl (see :fig. 115). 

-----·----·----
1 Proc. Boston Soc. Nat. Hist., Yol. XVIII, 1875, Pll· 101-106. Also in reprint Geology of the Vir-

ginias, 1884, pp. 70!1-713. • 

t 
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The gneisses of the western border weather rath~r less readily than 
the coarse granites of the eastern margin, mainly because the gneiss 
contains more quartz. A part of these gneisses appears to be an 
ancient sheared quartz-porphyry, a.grorip of rocks which resist weath-· 
ering longer than granite. Notwithstanding this relative resistance to 
weathering, there are bands of deeply decayed gneisses, and the rains 
have carved in these :fields channels and miniature river systems imita
tive of bad-land sculpture. Such a piece of topography is shown in 
Pl. XLVIII, reproduced from a photograph taken from a point south 
of 1\tiosley Junction. 

WEATHERED GRANITE BLOCKS 0:'< THl<J EASTERN MARGIN. 

A striking feature of the eastern boundary of the Richmond area, 
where that is formed by the granitite previously described, is the occur-. 
renee of a narrow belt of land, next the Newark margin, more or less 
encumbered· with granitic bowlders varying in size from cobbles up 
to rounded masses 10 feet oi· more in diameter (see Pl. XLIX). These 
weathered blocks, of the same lithological structure as the underlying 

·-"'" ,•'" ,, ~~ ,. , .. -· ... ~· ,, , .. 

· · ·,· .... · -;.;;11&/t;d .... ;;_;w18;; · i;-~A·~~~~ ...... : :~~·ce 
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FIG. ll6.-Diagrammatic section showing position of weatb~red blocks in referen~e to Newark and 
· Recent zones of weathering. 

rock where that can be seen, for somereason are singularly limited to 
the margin of the basin, or if they occur over the granite areas to the 
eastward seldom give rise to such large bowlders as those common 
along the line designated. In the present period of atmospheric decay 
the granites in the two :fields have been exposed to like conditions. 
The belt of weathered blocks along the border of the Richmond Basin 
becomes thus in some way connected causally with that geologic feature. 

As has been shown in the description of the basal members of the 
Newark system, the princip.al mineral constituents of the granitite, viz., 
the quartz and feldspar, occur as mineralogieally separate particles, 
pointing to the disintegration of the granitite in .pre-Newark times. 
Wbeu the ancient weathered surface was buried by the Newark sedi
ments a zone of decay must have remained unattacked by erosion. 
Under the conditions of deep burial, this zone, shut off from the oxygen 
of £be air and the acid~ which promote decay, would have experieneed 
an arrest of the ordinary atmospheric processes of decom.position and 
disintegration. 'rhe weathering would .already have penetrated down-, 
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ward along the master joints, outlining blocks with unweathered cen
ters. When, after the dislocation of the Triassic beds and the tilting 
of the old land surface to its present attitude, th~ n.ew land surface . 
was im:posed by denudation oi1 th~s ancient structure, the following 
results would take place: .Atmospheric decay attacking all parts of the 
surface alike, on. either side of the border in question, would advance 
most rapidly in the weakest rocks. The granitite just below the 
ancient Newark land 'surface, haviug been once partly weathered, 
would first give way and leave decomposition blocks (see fig. llu). 

In the deep boring south of Midlothian "granite bowlders" were 
reported. 1 The. conditions of sedi}nentation at the base of the Newark 
along the eastern margin were, as is indicated by the arkose beds, such 
as to lead us to suppose that these fragments were ancient weathered 
bloeks rather than members of a true basal conglomerate, ·as that for
mation is commonly understood. 
· We are fully warranted in distinguishing a· fundame~tal layer of 
blocks, however much rounded by decay; reposing at th·e base of a 
system of sediments on an ancient land surface, such as the Newark 
affords, from a true basal conglomerate representing a· succession of 
overlapping beaches or torrent coues. The basal conglomerate may 
co11tain rocks of diverse kinds, derived from several terranes. By 
reason of the transportation of the materials, the fragments ~re apt to 
repose O?- unlike rocks. They are, in a word, prevailingly exotic. On 
the other hand, by the process ?f weathering, witn the deportation 
of dissolved materials by water and the blowing away of dust by the 
winds, there may be left behind the insoluble or undissolved remnants, 
to form autochthonous deposits which simulate basal conglomerates. 
By slight redepo~ition, through the transgression of the sea or the reju
venation of streams, this sedenta.ry debris may pa~s into a true basal 
conglomerate. 

The abundant signs of long continued atmospheric decay in the tract 
about the Newark area makes it probable that the basal conglomerates, 
where not compos~d of weathered blocks unaffected by subsequent 
water action, at least originally strewed the land surface precisely as 
such blocks anu fragments occur on the desert tracts of South Africa, 
India, or Argentina. 

WEATHERING OF QUARTZITE PEBBLES. 

It is a well-known fact that the disintegration of angular and sub
angnlar masses of rocks first becomes visible upon their corner.s and 
edges. This is because the decomposition, penetrating inward on 
intersecting faces, produces in the region of their intersectio!l a double 
attack where two planes intersect and a triple attack on 31 corner 
where three planes form tlte salient of the ,mass. Certain of tlJe 

I Heinrich, op. cit. 
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Quartzite pebbles lying upon the ridge on the north.bank of the James 
near Tuckahoe Creek, in Goochland County, illustrate this feature. 
These pebbles are relatively rare. - Similar pebbles exhibit no signs 
of this disintegration and falling away of grains. The undisintegrated 
portion of the pebbles has a hard smooth surface, frequently concave, 
as if the pebbles had escaped from a conglomerate where they were 
compressed. 

__ CONCENTRIC SHELLS OF COLOR BANDING. 

The weathered sandstones on the south bank of the James River, as 
for instance along the private road northward from Moss's store, are 
marked by1concentric bands of iron oxides simulating alternating bands 
of differently colored layers of sandstone on so large a scale and so 
cJosely as to make it difficult to distinguish this secondary banding 
froiQ. the original stratification. Some large concretions of this character 

- occur at about the same horizon in the sandstones on the north bank of 
the river at Tuckahoe {see PI. ~XXVII). 



CHAPTER VII. 

ECONOl\fiC GEOLOGY OJ!., THE BASIN. 

All the important facts which have' been ascertained concerning the 
deposits of the Richmond Basin have been stated in the preceding pages 
of th~s report. It is desirable, however, that they should now be con
sidered from the economic point of :view. The value of these materials 
other than the coals is so small that they may be dismissed with a, brief 
.statenien t. · 

Soils.-As to the soils of this area, it may be said that with the excep
tion of tlie alluvial plains (see Pl. L), some of which form a fringe along 

, the James River and other considerable streams above the present level 
of the flood waters, the tillable layer is composed of residual deposits 
arising from the decay of the Newark beds. Owing to this origin they 
are sandy clays, or occasionally nearly pure sands. At the best they 
are of a rather low order of natura.! fertility, though they would respond . 
quickly to systematic culture with the.use of fertilizing materials .. The 

·fact that the area underlain by theN ewark beds bas been less ·stripped 
of its forests than the surrounding country, where the underlying rock 
is granite or mica-schist, shows that the present methods of agriculture 

·are relatively unprofitable in this. field. 
Building stones .. -N one of the rocks in the Newark section are suit

able foruse as building stones. The subjacent granitic r·ocks have uo 
commercial value, as. like materials are more conveniently a.ccessible · 
at other points in this district. Some of the beds of shale lying over or 
under the. coals may be found suitable for making road-paving, or per
haps fire brick. If this should prove to be the case, the culm from the 
coal mines might well be used in the process of burning the clay. In 
case this clay, made by grinding .the shales, were used for road-paving 
brick, it would probably be found advantageous to coke the dust, uRing 
the waste gas in the kilns. 

Ores.-There•are no ores known to occur in the basin in economically 
valuable quantities. There are reports that sulphur bas been found in 
small quantities near the surface, but inquiry bas failed to verify these 
statements. It is in the coals and the related natural coke and jet that 

' the economically important earth products of the area are found. 
Jet.-Beginning with the least important of these, the jet, it may he 

said that the GOnditiions of its occurrence are little known. They are 
such as to indicate that it is worth while po make explorations that may 
better determine the nature· and extent of the deposits. The senior 
author bas examined the localities In northern England where the prin
cipal supply of this material is mined from two Triassic strata. There 
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the material of best quality is found at considerable depths beneath the 
surface, in masses rarely of more than a few pounds in weight. A.s ·jet 
is used only for personal ornaments in the .form of beads, etc., the 
demand for it, owing to the variations of fashion, is very irregular. Of 
late it l1as, to a great extent, been replaced by black glass, which is 
much more cheaply shaped. 

Colee.-The natural coke of this field varies much .in quality and tex
ture, r~ngiug from a dense, amorphous, graphitic-looking material to 

· that which in general aspect, especially in the prismatic form of the 
masses, resembles the non-compact varieties produced in modern ovens. 
A.s the coking has evidently been due to the intrusion of somewhat 
localized masses of trap, the distribution of these cokes is irregular and 
their quality is variable, because of the differences in the original com
position of the coal and in tbe heat which has been applied to them. 
A.s to the proportion of the coal of the basin which has been coked by 
the traps, no sufficient data for a reckoning can be obtained. Judging 
from the experience afforded by the mining along the outcrop edges of 
the field, probably less than one-:tifth of the coal has undergone this 
change. . 

Although the natural coke of the Richmond Basin has been long in 
use, there appear to be no sufficient tests of its economic value. A.s a 
domestic fuel it ts well esteemed in the neighborhood and in towns of 
the vicinity. It is in one feature evidently superior to artificial coke in 
that it is denser, having more nearly the quality of anthra,(•.ite. So far 
as has been learned. no adequate trial has been given it to ascertain its 
fitness for metallurgical work. This inquiry appears to be worth mak
ing. Should the _material 1irove serviceable, it would ·afford a much 
cheaper fuel for ore smelting than any now available in this district. 
Should experiments in smelting furnaces be made with the natural cokP-, 
it is i.mportant to recognize the fact that the material varies consider
ably in quality according to the nature of the original coal and the con
ditions in which the coking was brought about. In some varieties, 

·where the original coal contained a good deal of lime carbonate in the 
form of small veins, the coke carries a share of lime which may ad van- · 
tageously affect its action in the furnace. Much variation in the amount . 
of ash is to be expect~d. At some points the share of earthy matter 
will be found so large as to make the material unfit for use. 

Bituminous coal.-The coals of this field !ire quite sharply parted 
from the cokes. In most, if not all, instances the evident effects aris

. ing from the heat brought in by the traps stops rather suddenly, so 
that there is but a small amount of material intermediate between coke 
and coal. The character of the true coals is quite variable, as the 

·diversity of the analyses shows. The range in ash is greater than is 
commonly found in neighboring beds or in different portions of the 
same bed in rocks of the Carboniferous period. 

A.s regards the amount of fixed carbon and volatile matter which 
they contain, these coals are satisfactory. At some points where the 
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beds have been subjected to inuch shearing there are infiltrations of 
litrte carbonate in the form of numerous small veins. vVhere this con
dition exists it is desirable that the coal be broken and " washed " by 
so~e of the well-known methods, as by the use of jigs. In certain por
tions of the coal beds there is a notable quantity of iron pyrite, in 
amount sufficient to fire the old dumps. This substance is, as is 
usual in bituminous coals, disseminated through the body of the 
seams. As it is to a great extent gathered in the joint planes, it may 
be in large part removed by washing; by which treatment an excellent 
fuel should be obtained. 

It is commonly believed that the ash of the coal and coke of the 
Richmond basin is ·more likely to flux, and thereby to clog grate bars, 
than is the case with the· products of the western .Appalachian mines. 
This evil would prob~bly be diminished by washing, which would 
remove the lime eontained in the small veins~ So far as this lime 
is a component of the ashy matter which is interstitially diffused in 
the coal, washing would; of course, not remove it. It does not ·seem 
likely· that the inconvenience arising from this source would prove 
serious, provided the product of the mines were marketed in such 
quantities and in a sufficiently steady manner to induce a proper 
adaptation of furnaces and practice in firing to its p_eculiarities. In 
this connection it is to be noted that it requires patient management 
to bring into general use a fuel which differs in quality fi·om. that to 
which consumers have been ·accustomed. Even if it be quite as good 
as that in use, the inconvenience of having to change the conditions 
of firing so as to win the value from the new source may hinder its 
introduction. The relatively small cost of transporting the coal of the 
Richmond basin to tide water should go far to. counterbalance the . 
difficulties which arise from the above-noted features of the material. 

Extent of the coal beds.-As to the area of the basin underlain by the 
coal beds, the evidence may be stated as follows: On the eastern mar
gin, where the beds are best placed to be exposed in natural sections 
(see Pl. LI), and where they have been most extensively worked in former 
years, there is a fair presumption that the deposits are substantially con
tinuous. Where, as is shown on the map, the coal beds have not been 
found, as is the case in two considerable section§\ of the eastern border, 
the failure of the slight explorations to disclose them may be fairly 
explained by the existence of faults which have thrown the beds down 
or up, so that the shallow pits which were sunk did not pass through 
the· deep surface rubble. So far as has been learned, there were no indi
cations in the old workings that the coals were fading out in the -
directions of these portions or the margin where they have· not yet 
been found. In the blank north of the Clover Hill mines the streams 
run so near the position of the outcrop that exploration has been dis
couraged by the· difficulty which would evidently be encountered from 
stirface water. 
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On the western margin the coals are practically unknown from a point 
alJout 2 miles south of the James River, at the Old Dominion pits, to 
the southern extremity of the basin, though there are traces of the dark 
shales which are probably associated with it. In this part of the bor~ 
der the failure to discover the beds may well be due to the abrupt 
downfaulting which is known to exist along tbiH line. At only one 
point, viz~ in the stream bed of Turkey Branch; bas it been possible to 
obtain a tolerably continuous section of the beds on the western mar~ 
gin of the field. This failed to reveal the coal-bearing b~ds, but there 
is reason to believe that they may have been thrown down by an unob
served fault traversing a portion of the line where the strata were not 
disclosed, or that they are to be found under a slight cover of alluvium. 

As to the extension of the coal beds beneath tl-._e central parts of the 
area, the evidence in hand is insufficient to warrant a definite state
ment. The conditions may be briefly set forth as follows: The toler
ably complete if not perfect continuity of the beds on the eastern 
margin and at either end of the basin appears to afford fair evidence 
that the coal beds have a continuous habit. It has been suggested 
that the coals, though continuous along the margin of the basin, may 
be lacking in the central parts o(its area. But it should be noted that 
the present outcrop line is not to be regarded as the original border of 
the coal-bearing strata. That line was probably miles east of its present 
position. ·The existing face is, in effect, a chance north-and-south sec
tion of the deposits. There is no evident reason based on the character 
of tllis outcrop why a like_ exhibition of coal beds should not be had if 
the face were carried 1, 2, or 3 miles westward. 

The failure to find the coaJ beds in the Sinking shaft and inv the drill 
bole in its bottom has been considered as evidence that tlJese beds 
were lacking at a point about 1 mile from its margin. This failure to 
attain the coal is to be explained in the light of the information 
obtained in the Salisbury boring. The depth at the Sinking shaft was 
altogether insufficieut to traverse the barren strata, the drill most 
likely not penetrating to within 200 feet of the level where the coal 
beds might be looked for. The Salisbury drill hole, on the other hand, 
bas shown the coal-l>ea.ring rocks at a distance of a mile from the 
eastern main outcrop, at a depth of about 2,350 feet below tlJe surface. 

When all the evidence is weighed, it leads to the conclusion that the 
central portions of the area most likely contain coal beds in sometlling 

· like the measure that they are exhibited in the margin. The measure 
of the probability of sueh occurrence is rather greater as regards that 
portion of the field which lies to the east of a line drawn from the 
Clover· Hill pits, near ·the southern end of the basin, to the Old 
Dominion mines, on the western margin 'about 2 miles south· of the 
James River, than it is concerning the field west of that line. This is 
for tlJe reason that outcrops have not been found along the western 
margin south of the Old Dominion property, though,- as before noted, 

19 G EOL, P1' 2-.-:J3 
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their failure to occur may ·be accounted for by accidents of faulting. 
Leaving out of the reckoning the southwestern portion as possibly 
lacking the coal-bearing beds, there remains an area of about 150 
-square niiles where the deposits may reasonably be expected to occur. 
' Although the information obtained from the ·existing and the old 
workings show the coal to vary greatly in thickness, and some of the 
beds much 'in quality, it is a not unreasonable estimate that the aver
-age thickness of the workable material is 12 feet. Allowing for occa
sional strips of coal which have been crushed by faulting and for loss 
in treatment in the breaker, the yield per acre may be roughly esti
mated at 1,000 tons per foot in depth, or a total of 12,000 tons. The 
total area which is reckoned as most probably coal bearing (150 square 
miles b'y 640 acres) equals 96,000 acres, which, on .the basis of yi~ld 
above adopted, would give a total content of 1,152,000,000 tons. This 
reckoning, it should be said, rests altogether on probabilities. It can 
not be taken as an estimate such as would warrant an account of 
yalues. It is merely the best that can at present be done toward eluci
dating a very obscure and diffi.cult economic problem~ It should be 
understood that in no part of the field would it be judicious to under
talw mining· estimates· or operations without careful preliminary explo
·rations by means of the drill. 

The: variation in the number and thickness of the coal beds, as will 
be seeu from the sections given in this report, is considerably greater 
than is encountered in the other coal fields of this country east of the 
Mississippi River. In none of the mines dQes it appear that less than 
two beds of workable thicliness are encountered. In other instanees 
there is' reason to believe that three, four, and at Clover Hill even five 
beds of economic value were found. Although all these beds thicken 
here and thin there and probably at points unite or separate, the coal
bearing character of the section in which they lie is probably main
tained in a toler-ably continuous manner. 

Depth of the coal.-The question as to the depth at which the coals· 
lie· in the central parts of the basin or even at the distance of a mile 
from the margin can not, for lack of information, as yet be satisfactorily 
dealt with. The fact that the beds near the surface in the central por
tions of the -field show much less dip than those on the margin bas 
been taken-as evidence that the deep-lying coal measures are likewise 
in· an approximateiy horizontal position. One of the results of the 
survey discussed in this report is to show that the lower strata are · 
probably-more disturbed 'than those near the top of the series. AU the 
considerable body of evidence which has been gathered leads to the 
supposition that wliile the interior of the })asin may be somewhat less 
fap.lted than the parts whicli have been·explored, the difference will be 

· on~y-in ·degree, irregularly faulted blocks, each dipping but little, and 
broken seams, with their s~veral areas· separated from one another by 
~'troubled ground," extending throughout the field. The broken con
dition of the basement rocks makes it very difficult to reckon the depth 
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of the section above the coals at any considerable distance from the 
margin. 

In the present condition of our knowledge of the basin it will be 
safe to assume that at the distance of a mile from the eastern outcrop 
the coal-bearing section lies at a depth of ·about 2,500 feet below the 
surface. Farther toward the interior of the field the depth at which it 
will be found will probably be somewhat greater. It is uot impossible 
that at some points the faulting has carried these deposits more than 
4,000 feet below the present surface. From what has been learned of 
the conditions, it seems unlikely that the section in which the coals 
belong is at any point as deep as 5,000 feet. 

In the present condition of the art of mining the cost of working 
coal seams at the greatest depth above mentioned would not be pro
hibitive, provided there were no other elements of expense than those 
due to the construction of the sh~fts and the charges for hoisting. In 
this field, however, there are certain important hindrances to be 
reckoned with. Much of the rock to be passed through by the shafts 
is penetrated by very numerous minute faults, the faces of the frac
tures not having been cemented together since their formation. T~ese 

ruptures will be likely to cause the material to creep under the pressure 
to which it will be subjected at great depths, thus requiring care and 
increasing the cost of lining shafts. The same evil is to be anticipated 

· in greater measure in working the coal under deep cover. Much of the 
coal is already divided by the above-mentioned small faultg into bits 
a fraction of a cubic inch in size. Such portions of. the beds may 
be expf'.cted to creep in a troublesome manner. A like motion may be 
expected in the overlying and underlying clays. There will also be 
certain risks arising from the spontaneous combustion of the coals, and 
from mine explosions, such as have occurred in the past history of the 
pits in this district. _ 

All the above-noted difficulties can probably be met by a proper 
system of mining. All sinkings and drivings OJ?. such ground need to 
be swiftly done. The coal faces should be worked back as rapidly as 
possible, and thorough ventilation provided for the openings. The 
plan of a11owing the roof to descend upon the fioor as soon as possible, 
thus avoiding the retention ol' large spaces for the storage of gas and 
dust, should be considered. In mines operated with such precautions, 
there appears to be no evideut reason why the coals of this basin may 
not be won at depths as great as they are likely to be found. The cost 
of the mining and the relative advantage of the fuel, as compared with 
that of other districts, needs be the matter of a special reckoning. All 
that can be said on those points. in this report is that hitherto there 
bas been no well-devised mining work on a large seal~ done in the field. 
The coal has- been often marketed without due attention to its condi
tion, or to processes of bettering its quality, so that the commercial 
result.s thus far attained a:ff'ord no fair measure of the possible value of 
the fuel resources of this field. 



APPENDIX. 

REPORT ON SOME FOSSIL WOOD FROl\1 THE RICHMOND 
BASIN, VIRGINIA. 

By F. H. KNOWLTON .• 

Mr. J. B. Woodworth recently submitted to me for examination a 
small collection of fossil wood made ·by himself during the season of 
1896 from the Richmond coal field, in Chesterfield County, Virginia. 
The material consists of three small pieces of silicified wood and a 
number of fragments of lignite. The silicified specimens are evidently 
small fragments broken from large trunks, and on this point 1\Ir. 
Woodworth writes as follows: "These are examples of prostrate trees 
20 feet and over in length, and upward of4 feet in diameter at the base. 
1.'hey sometimes appear in the roads, with both extremities concealed 
in the banl,rs." 

Following are the exact localities for the three specimens: 
Near Skinquarter Station, Chesterfield County, Virginia; from the 

upper sandstone measures of the Richmond Basin (1535]. 
Near Otterdale, Chesterfield County, Virginia; in the upper sand

stone measures of the· Richmond Basin [1537\. 
South of Mosley Junction, in Chesterfield County, Virginia; on the 

western border of the Richmond Basin, near the base of the Trias 
[1536]. 

An examination of thin sections cut from these specimens proves 
them all to ·be coniferous. The one from the :first of the above-mentioned 
localities proves to have been so metamorphosed by the process of sili
cification that it is impossible to make mit the intimate structure. The 
wood cells were evidently large, but it is impossible to determine the 
character·of the bordered pits or markings. Tbe other specimens are 
much better preserved, and represent two Hpecies, as follows: 

ARAUCARIOXYLON YIRGINIANUM Kn. 

Pl. LII, figs. 7-10. 

A1·aucarioxylon virgi1tianum Kn.: 'Bull. U. S. Geol. Survey, No. 56, p. 50, Pl. VII, 
figs. 2-5, 1889. 

When this species was described it was supposed to have come from 
a locality within the Potomac formation, at Taylorsville, Virginia, but 
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ARAUCARIOXYLON , RICH MOND BASIN. 

Figs. 1 6 . Araucarioxylon Woodwortht n. sp 
F tg . 1. Radtal sect ion showmg bordE; red ptts X 310. 
Ftg. 2 Transve rse section. x. 90. 
F tg. 3. Tangentia l sect ton showmg medullary rays 90 
Ftg. 4 . Rad tal sectton showtng bordered ptts and medul-

lary rays X 90. 
Ftg. 5 Tange ntta l sectton of Stngle medullary ray. X 310. 
Ftg. 6. Radtal sect•on showtng bordered ptts tn t wo rows, 

somewhat compressed. X 310. 

Figs. 7 10. Araucarinxylon Vtrgintanurr. Kn 
Ftg. 7. Radtal section showmg hexagonal bordered ptts. 

310. 
Ftg. 8. Tangent•al sectton of smgle medullary ray. X 

310. 
F1g 9. Tangenttal sectiOn showmg wood cells and e nds 

of medullary rays 90. 
Ftg. 10. Radtal sect•on showmg borde re d ptts and medul~ 

lary rays X 90. 
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subse(]_uent investigation 1 has shown that it was undoubtedly from the 
Trias or "Older Mesozoic." The error regarding its horizon arose from 
the fact that this is almost the only known locality at which the older 
Potomac rests directly upon the ,Trias, and up to that time fossil wood 
was known to be abundant in the Potomac, but had not been reported 
from the 'rrias. A reexamination of the locality was made by Ward, 
McGee, and Fontaine, with the result of fixing the horizon. Of this 
later examination Professor Ward .writes 2 as follows: 

A subsequent investigation of this locality by Mr. McGee, Professor Fontaine, an(l 
myself has proved that the fossil forest bed from which this specimen was taken 
really belongs to the Older Mesozoic or Upper Trias. This is one of the few regions 
in which the Trias and the Potomac formation are in contact, and without such a 
careful investigation as we made on that occasion it might be easy to confound. these · 
deposits, as the locality for the fossil wood lies close to the line of contact. 

The specimen that I now refer to this species is from south of Mosley 
Junction, and according to Mr. Woodworth is from near the base of the 
Trias. It will be seen on comparing the figures in this report with those 
of the original publication that they agree in all essential particulars. 
The important characters of the medullary rays and the wood. cells and 
their one or two series of more or less hexagnnal pits are indistinguish
able, the only difference being in the size and relative number of super
imposed cells in the medullary rays. This difference, however, is not 
marked, and the two specimens are regarded as belonging to the same 
species. 

The :finding of this species in another t)art of the Richmond basin is 
of interest, and shows that the study of internal structure may be relied 
upon to furnish recognizable stratigraphic marks. 

ARAUCAIUOXYLON WOODWORTH! n. sp. 

Pl. LII, figs. 1-6. 

Dia,gnqsis.-Annual ring very obscure, not visible to the naked eye; 
wood cells broad, long, sharp-pointed, moderately thick-walled, p'rovided 
with 1 to 3 (usualJy 2) rows of contiguous, faintly hexagonal bordered 
pits; medullary rays moderately numerous, short-celled, and in a single 
super-imposed series of 1 to 12, usually 3 to 4, cells; resin ducts, none. 

Transverse section.-The annual ring is not visible to the naked eye, 
but on examination under the microscope it is found to be present and . 
to consist of only two or ·three slightly smaller and thicker walled cells. 
The wood cells are only moderately thick-walled and are quite uniform 
in size. 

Radial section.-This section shows to the best advantage the char
acter of-the wood. The wood cells are shown to be long, sharp-pointed, 
and to be provided with, usually, two rows of bordered pits, ·although 
cells are common on which there is but a single series. Cells on which 

1 Ward, Am. Jour. Sci., 3d series, V~l. XL, 1890, p. 257. 
2 Sixteenth Ann. Rept. U.S. Geol. Survey, 1896, p. 499. 
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there are three rows of pits are much rarer. When in a single row the 
pits are contiguous and but slightly modified in shape by pressure, 
as may be seen in PI. LII, fig. 1. When the pits are in two rows they 
usually occupy the center of the cells and are contiguous and slightly 
hexagonal, as in fig. 7; but occasionally, as shown in fig. 6, the two 
rows may be slightly separated and then may have the characters 
of the single· rows. When there are three rows of pits they are close 
together and m.arkedly hexagonal. The average diameter of the pits 
is about 0.015 mm. and that of the inner pore about 0.003 or 0.004 mm. 

The medullary rays, as seen in this section, are short-celled, ·each cell 
being about as long. as the width of 2~ of the wood cells. They are · 
without markings or pits of any kind, so far as can be made out. 

Tangential section.-Owing to pressure in this direction the section is 
somewhat distorted and does not show clearly the relative abundance 
of the rays. The number of' cells entering into the composition of the 
rays, however, s~ows satisfactorily. It is found that they are in a 
single vertical series of from 1 to 12 cells, the usual number being 3 or 
4. The two figures given (Pl. Lii, .figs. 5, 8) show very well the char
acter of the· rays and their arrangement. 

The hexagonal form of the bordered pits settles at once its generic 
affinities, and it is consequently referred to the genus Araucarioxylon. 
It differs at once from A. virginianum in the character of the bordered 
pits and the short-celled medullary rays. 

This. species is very closely allied to, if not indeed identical with, 
Araucarioxylon arizonicurn Kn., fiFst described 1 from the Triassic or 
Lower Jurassic of New Mexico a·nd Arizona, and since detected in the 
Triassic of North Carolina. 2 It differs from theN ew Mexican specimens 
in the absence of bordered pits on the tangential walls of the wood cells, 
and from both the New Mexican and North Carolina specimens in hav
ing two, or rarely three, rows of bordered pits on the radial walls. The 
short cells of the medullary rays are the same in all these specimeus, 
and it is possible that the increase in the number of rows of bordered 
pits may be only an individual variatioi;I, or possibly due to the tree 
from which they came being larger or more mature. With a larger 
series of specimens from the Richmond basin for comparison, it is pos
sible that some variation would be found ,in this respect, but until this 
can be obtained it seems better to describe the specimens as new to 

· science. I have given it a name in honor of Mr. J. B. Woodworth, the 
collector. 

The bearing of these species of plants on the question of the age of 
the deposits in which they occur is of importance. The Araucarian type 
of structure in conifers was of very early introduction, originating in 
the Devonian, and attaining, perhaps, its maximum development in the 
Upper Carboniferous and Permian. Wood showing this Araucarian 

I Proc. U.S. Nat. Mus., Vol. XI, 1888, p. 3, Pl. I. 
2 The Newark system, by I. C. Rus~ell: Bull. U.S. Geol. Survey No. 85, 1802, p. 29. 



KNOWLTO"'.] FOSSIL WOOD OF BASIN. 519 

type, from the Devonian to and including the Permian, is known under 
the names of Cordaites and Dadoxylon. The former is characterized 
by the possession of an Artisia pith and numerous hexagonal pits, in 
which the inner pore is elliptical instead of circular. In ·the genus 
Dadoxylon are included certain of these Paleozoic woods, of which the 
complete history, for some cause or other, cal?- not be fully made out. 
It is therefore in the nature of a provisional gTouping, and, should more 
perfect material be obtained, it is likely that most, if not all, of its spe~ 
Cies will ultimately be relegated to Cordaites. The more modern struc
ture, which approaches closely to that of the living Araucaria, appears 
to have been inaugurated ·with the beginning of the Mesozoic. To this . 
the name Araucarioxylon is now restricted. It embraces about twenty 
species, most of which are found in the J uratrias, with three or four in 
the Cretaceous and one or two in the Tertiary. 

Of the two species mentioned in this report, A. virginianun~ is now 
reported for the,second time, having been described as from the Lower 
Potomac, but now known to be from the Trias. The species described 
as new is very closely allied to a well- marked Triassic species (A. arizoni
cum), and, as already pointed out, may be identical. The evidence, 
therefore, would indicate the Triassic age of the Hicbmoncl beds, from 
which they came. 
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THE CRETACEOUS FORMATION OF THE BLACIC HILLS 
AS INDICATED BY THE, FOSSIL PLANTS. 

By LESTER F. w .A.RD. 

GENERAL REl\IARK. 

The Black Hills are an object lesson in geology. An isolated spur 
or outlier of the Rocky Mountains, but separated from the main range 
by valleys and plains of considerable width, they seem to stand alone 
as a landmark of the Great Plains, presenting from a distance a dark 
and frowning aspect, which bas given them their name. Their elliptical 
form, the granitic nucleuR of the central portion, and the series of suc
cessively higher formations that concentrically surround this nucleus, 
imbricated over one another and stretching away in all directions with 
diminishing dip, have been too often described to require redescription 
here. 

The history of the discovery of the Black Hills has also often been 
written and need not be repeated, and we are therefore in condition to 
proceed directly to the consideration of the specific problems in hand, 

. and may confine our attention almost exclusively to the one formation 
named in the title of this paper, viz, the Cretaceous. Indeed, the limi
tations of our subject enable us to leave out of account that part of 
the Cretaceous formation itself which has received the largest amount 
of attention from other writers, viz, the marine shell-bearing deposits 
which occupy its upper portion. These, not having thus far yielded any 
fossil plants, will be treated in this paper only in relation to the lower 
·beds, and we are restricted to those deposits which lie between the Fort 
Benton shales above and tlle marine shell-bearing Jurassic formation 
below. 

I. HISTORY OF OUR KNOWLEDGE OF THE CRETACEOUS OF 
THE BLACK HILLS. 

The great exploring expeditions of Lewis and Clark, 1804-1806; of 
Maximilian, Prince of Neuwied, 1832; of Nicollet, 1839; and of Audu
bon, 1843, which so enriched our knowledge of the Great Northwest, 
all followed the valley of the Missouri River so closely as not to pene
trate the Black Hills, and only vague mentions are to be found in the 

527 



528 CRETACEOUS FORMATION OF THE BLACK HILLS. 

reports of these expeditions of a dark object looming up in the distance. 
But it was otherwise with the imp0rtant expedition with which the 
name of John Jacob Astor is so intimately connected and which has 
been made famous by the eloquent pen of Washington Irving.1 This 
expedition was made in 1811, under the immediate direction of Mr. 
Wilson P. Hunt. Its object was entirely mercantile and pot at all 
scientific, yet many of the .facts that were recorded in. Mr. Hunt's 
notebook and by other members of the party and worked into thenar
rative twenty-five years afterwards, have a true scientific value~even 
to some extent a geological value. It is at least true that the exploring 
party left the Missouri River at the mouth of the Cheyenne, followed 
that river up some distance, crossed over to the valley of the Little 
Missouri, and from there skirted the northern limits of the Black Hills 
proper, and passed on to the Big Horn region. The greater part of the 
narative is taken up with descriptions of the mountains, the native 
Indians, and the wild animals that were met with. But soon after 
leaving the l\1issouri River the party encountered a fossil forest, which 
~s described in the following terms: · 

These plains, however, had not always been equally det!tituteofwood, as was evi
dent from the trunks of trees which the travellers repeatedly met with, some still 
standing, others lying about in broken fragmAnts, bnt all in a fossil state, having 
flourished in times long past. In these singular remains the original gra;jn of the 
wood was still so distinct that they could be ascertained to be the ruins of oak trees. 
Several pieces of the fossil wood were selected by the men to. serve as whetstones.~ 

There is no probability that these fossil trunks belongefl to the Cre
taceous formation, certainly not to the Lower Cretaceous, and they were 
probably the same as those now known to exist· in the valley of the 
Little Missouri, especially in the vicinity of Gladstone, which are usually 
referred to the Fort Union group. 

The approach of the party to the Black Hills is graphically described, 
but there is so much that i~ fanciful in the description that t~e scientific 
man must depend upon his own judgment as to what the facts were 
upon which these high-sounding accounts were based. To thosewho 

·are acquainted with that country now it is not uifficult to do· this, and 
therefore the following description, perhaps the first that was ever made 
of the Black Hills, still possesses a scientific interest independent of 
the classic language in which it is couched: 

The Black Hills are chiefly composed of sandstone, and in many places are broken 
into savage cliffs and precipices, and present the most singular and fantastk forms; 
sometimes resembling towns and castellated fortresses. The ignorant inhabitants of 
plains are prone to clothe the mountains that bound their horizon with fanciful and 
superstitions attributes. Thus the wandering tribes of the prairies, who often behold 
clouds gathering rounu the summits of these hills, and lightning flashing, and thun
der pealing from them, when all the neighboring plains are serene and sunny, con
sider them the .abotle of the genii or thunder spirits, who fabricate storms au.d 

I Astoria, or .A.necodotes of an Enterprise beyond the Rocky Mountains, l)y Washington Irving, in 
two \olumes, Phila<lelphia, 1836. 

2 Loc. cit., Vol. I., p. 246. 
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tempests. On entering their defiles, therefore, they often hang offerings on the trees 
or place them on the rocks, to propitiate the invisible "lords of the mountains," an~ 
procure good weather and successful hunting; and they attach unusual significance 
to the echoes which haunt the precipices. This superstition may also have arisen, 
in part, from a natural phenomenon of a singubr nature. In the most calm and 
serene weather, and at all times of the day or night, successive reports are now and 
then heard among these mountains resembling the diseharge of several pieces of 
artillery. Similar reports_ were heard by Messrs. Lewis and Clarke in the Rocky 
Mountains, whieh they say were attribut~d by the Indians to the bursting of the 
rich mines of silver contained in the bosom of the mountains. 1 

There is probably considerable literature relating to the Black Hills 
which antedates the middle of the present century, resulting from vari
ons hunting and trapping expeditions and to some extent from early 
attempts at settlement of the country around their base; also fro~ 
occasional gold hunting· and prospecting parties t~at penetrated some 
distance into the interior. But such literature, if it exists, must be 
contained in the popular journals and newspapers and could scarcely 
be found by the most systematic search. The only mention that I have 
met with belonging to this class is one which very intimately concerns 
the subject of this paper, and is, upon the whole, somewhat remark
able. It is contained in the prose writings of Edgar Allen Poe, and 
occurs in The Thousand-and-Second Tale of Scheherazade. The poet, 
as all know, was in the habit of supporting much of his imagery 
by means of footnotes, purporting to be drawn from facts, and often 
embodying true scientific information. In this characteristic produc
tion occurs the following paragraph: 

Leaving this isla.nd, we came to another where the forests were of 'E!olid stone, and 
so hard that they shiver.,:~ to pieces the :finest-tempered axes with which we endeav
ored to cut them down. 

To this statement he appends a somewhat elaborate footnote, describ
ing three fossil forests. One of these is in Texas, and tbe description 
is credited to Kennedy; another is the celebrated fossil forest near 
Cairo, in Egypt, of which he takes a rather extended account from the 
Asiatic Magazine. Following the first of these accounts by Kennedy 
and preceding the longer one relative to the Egyptian forest, he inter
polates the following brief but highly significant paragraph: 

This account, at :first discredited, ha.s since been corroborated by the discovery 
of a completely petrified forest near the head waters of the Chayenne, or Chienne 
River, which has its source in the Black Hills of ,the Rocky chain,2 

It may never be known when, where, or how Poe came into possession 
of the data for this statement, but it seems altogether certain that the 
fossil forest referred to is none other than the one that I visited in 1893, 
in company with Professor and Mrs. Jenney, and from which the speci
mens of wood were collected which are further mentioned in this paper 
(infra, pp. 552, 642). 

1 Loc. cit., Vol. I., p. 253. 
2 The Works of the late Edgar Allan Poe, with Notices of His Life and Genius, by N. P. Willis,.J. R. 

Lowell, andR. W. Griswold; in two volumes; Vol. I, Tales, New York, 1850,p.139. 

19 GEOL, PT 2-34 
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Our knowledge of the Black Hills, in so far as it is based on scientific 
.reports, all bears a later date than any hitherto quoted. The important 
expedition of Lieutenant. Warren, made in the year 1855, did not reach 
the Hills proper, for, as he says, "The routes traverseu led over the 
Great Plains between the Missouri, the Platte, and the Shyenne, and 
nowhere entered the mountains." But the party was in full view of the 
Black Hills, and Lieutenant Warren makes the following remark with 
regard to them: ''The. Black Hills of Nebraska are believed to be com
posed of primitive rock, and are the eastern portion of the great 

·mountain belt." Dr. Hayden accompanied this expedition, and his 
report follows that of Lieutenant Warren.1 A map accompanies the 
report, showing much more fully than bad any earlier map the mimer
ous streams that have their origin in the Black Hills. Many fossils 
were collected on this expedition, some of them Cretaceous, which were 
fully described by Hall and Meek.2 

This was the :first of a series of similiar expeditions conducted by 
. the United States Army, each of which made new inroads into the 

unexplored cOUJ?.try. · The report of the Secretary of War in 1858 con
tains Lieutenant '\Varr·en's later results, including expeditions in 1856 
and 1857.3 In these reports Lieutenant Warren gives a historical 
account of the whole country explored. The Black Hills were pene
trated from the south as far as Inyankara, where the expedition was 
obliged to return on account of hostHe Indians and insufficient force. 
Besides giving a tolerably clear description of the geographical posi
tion of the Black .Hills, Lieutenant Warren makes a number of allusions 
to the geology, in which the Cretaceous formation is recognized. 

Dr. Hayden accompanied each of the expeditions, and his report 
(pp. 676-747) constitutes the first roally scientific contribution to the 
geology and natural history of the Black BiBs. The section· of the 
Cretaceous, however, given on page 681, does not come from the Black 
Hills, but from points near the Missouri River. Nevertheless, in view 
of its early date, it may be worth while to quote so much of it as refers 
to formation No. 1, afterwards known as the Dakota group: 

Yellowish and reddish friable sandstone, with alternations of dark and whitish 
clays. Seams and beds of impure lignite, fossil wood, impressions of dicotyledonous 
leaves; Solen, PtctuncuZ.us, Cyp1·ina, etc., Lower Cretaceous. 

The reference to fossil wood and lignite is significant, as is also the 
expression "Lower Cretaceous." 

Fossil plants were collected from this horizon and referred tc Dr. 
Newberry, who did not, however, determine them specifically, but 
referred them to thirteen genera, several of which are extinct. Two 

I Explorations in the Dacota Country in the Year 1855, by Lieut. G. K. Warren; Washington, 1856. 
Senate Ex. Doc. No. 76, Thirty-fourth Congress, first session. 

2Mem. Am. Acad. Arts and Sci., new series, Vol. V, 1853, pp. 379ft'. 
a Message from the President of the United States to the two Hou'!es of Congress r.t the Commence

ment of the Second Session of the Thirty-fifth Congress; Vol. II; Washington, 1858. House of 
Representatives, Ex. Doc. No.2, pp. 620if, 671ft'. 
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of these genera, Oredneria and Ettingshausenia, are characteristic of 
the Cenomanian of Europe, and from these and other facts Dr. New
berry argues that the beds can uot be Triassic, but must be Cretaceous 
(see pp. 683-684). 

These several reports were republished verbatim in 1875. 1 

By permission of the Secretary of War Dr. Hayden published cer
tain of these results in the Proceedings of the Academy of Natural' 
Sciences of Philadelphia for 1857,2 and with the assistance of 1\ir. F. B. 
1\ieek, who determined the molluscan remains, he considerably extended 
these observations in a paper immediately following the last. 3 

In the first of these papers, speaking of formation No.- 1, as seen near 
the mouth of the Judith River, Dr. Hayden says: 

Although the formation of which I am about to speak has already revealed many 
important facts, the organic contents of its strata differ so materially from those of 
any other with which I am acquainted in the Northwest, that we are unable to fix 
with certainty its position in the geological scale (p. 116). 

The second paper contains considerable introuuctory matter of a 
geological character, with sections of the various strata in which the · 
fossils were found. On page 128 is given a vertical section of the entire 
region, from the Carboniferous to the Miocene. The description of Cre
taceous No.1 is identical with the one already quoted, except _that in 
place of the words "Lower Cretaceous'' the following is substituted: 
"This bed is not positively known to belong to the Cretaceous system." 

On page 125 the authors make the following important statement 
relative to their formation No. 1· 

The deposits above alluded to (at the mouth of Judith River) as probably on a par
allel with beds seen near the mouth of Big Sioux River on the Missouri-formi~g 
No. 1 of the Nebraska section-are characterized, as stated in one of our former 
papers, by a group of fossils remarkably distinct from those occurring in any of the 
higher Northwestern formations, and there remains some doubt as to whether or not 
they are older than Cretaceous. The presence of the genus Baculites would seem to 
establish the fact that they belong to the Cretaceous epoch; while the occurrence in 
the same hand specimens with these remains of Bacnlites, of a species of Hettangia
a genus of bivalves, no,t known to occur in the Old World in newer formations than 
the Lias-would, on the other hand, indicate that these beds are older than Creta
ceous. For the present, however, we express no decided opinion on this point, but 
content ourselves with the remark that we are inclined to think that they hold a 
position near the base of the Cretaceous system and are probably on a parallel with 
the Neocorriian of the Old 'Vorld, though they may be older. 

lEngineer Department, U.S . .Army. Preliminary Report of Explorations in Nebraska and Dakota, 
in the Years 1855-'56-'57, by Lieut. G. K. Warren. Reprint. Washington, 1875, pp.1-125, 1 map. 

2 Explorations under the War Department; notes expla.natory of a map and section illustrating 
-the geological structure of the country bordering on the Missouri River, from the mouth of the 
Platte River to Fort Benton, in lat. 47° 30' N., long. 110° 30' W., by F. V. Hayden: Proc . .Acad. Nat. 
Sci., Phil., Vol. IX, 1857, Philadelphia, 1858, pp. 109-116. 

SDescriptions of New Species and Genera of Fossils, collected by Dr. F. V. Hayden in Nebraska 
Territory, under the direction of Lieut. G. K. Warren, U. S. topographical engineer; with some 
remarks on the Tertiary and Cretaceous formations of the North west, and the parallelism of the latter 
with those of other portions of the United States and Territ-ories, by F. B. Meek and F. V. F.ayden; 
loc. cit., pp. 117-148. 
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Furthermore, under the head of" Conclusions," on page 133, they say: 

Although the weight of evidence thus far favors the conclusion that this lower 
series is of the age of the lower Green Sand, or Neocomian of the Old \Vorld, we yet 
want positive evidence that portions of it may not be older than any part of the Cre
taceous system. 

In a subsequent paper, published one year later, 1 the same authors 
extend these considerations to include their researches in the Black 
Hills, and this may be regarded as the first scientific treatment of the 
geology of the Black Hills. Relative to their formation No. 1, they say 
in this paper: 

It will be remembered, we have in aU our published. papers, when speaking of that 
portion of the Nebraska section composing No.1, expressed doubts respecting its age. 
We placed it provisionally as the basis formation of the Cretaceous series, uut at the 
same time stated it was not positively known to uelong to the Cretaceous system 
(p. 44). 

They proceed to reproduce the passage last quoted, and add: 

Although we have little direct additional evidence at this time in regard to the 
age of this series, as we ha\e always understood it, we now know that from beneath 
its lower beds, around the base of the Black Hills, there rises a series of very similar 
strata, as may be seen by the foregoing section, separated from its base by no well
marked line of demarcation, and containing many fossils closely similar to those 
considered characteristic of the Jurassic system of the Old World. At the same 
time we have failed to recognize amongst these fossils any forms peculiar to the 
Cretaceous epoch, or even very nearly analogous to species common in rocks of that 
age. 

Inasmuch, however; as.numerous leaves beyond a doubt belonging to dicotyledon
·ous trees, closely analogous to the oaks, willows, and other existing forest trees, are 
known to occur in No.1 along the Missouri, near the Big Sioux, and in northeastern 
Kansas, and we have a Baculite from similar beds, apparently of the same age, near 
the mouth of Judith River, on the upper Missouri-while we also lea.rn from the 
letters and notes of our deceased friend, Mr. Henry Pratten, that he saw a species 
of Bacnlite in formations presenting the same characters, and seeming to occupy the 
same position, along the Platte above Fort Laramie, we think we hazard little in 
viewing at least a considerable portion of No. 1 as belonging to the Cretaceous 
system. 

Another fact favoring the opinion that No.1, even down as low as we have pro
visionally carried it in the Black Hills section, probably belongs to the Lower Cre
taceous, is the occurrence at its base of a bed containing A1nrnonites and Ostrea, 
along with Unio, Planorbis, and Paludina; an association of fossils which, in that 
position, carries the mind rather to the Wealden than to older formations. 

The occurrence of these forms at this horizon also leads us to suspect that a con
siderable portion of the estuary beds at the mouth of Judith River, above Fort 
Union, in regard to the age of which we have been so much puzzled, may be, as 
first sugge~ted by Dr. Leidy, a representative of th~ Wealden, and, as we were then 
inclined to suppose, belong to our No. 1. 

Since we know that there is a 'similar group of beds at the base of No.1, as we 

I Descriptions of New Organic Remains collected in Nebraska Territory in the year 1857, by Dr. F. 
V. Hayden, Geologist to the Exploring Expedition under the command of Lieut. G. K. ·warren. 
Top. Eng. U. S. Army, together with some remarks on the Geology of the Black Hills and portions 
of the surrounding country, by F. B. :Meek and F. V. Hayden, ibid., Vol. X, Philadelphia, 1859, 
pp. 41-59. -
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now understand it, near the Blaek Hills, containing a mingling of fresh-water and 
marine fossils, although we are not sure any of them are specifically identical with 
those found near the Judith, we are inclined to think our first views in regard to 
these Judith River formations 'v.ill prove to be correct, or in other words, the beds 
from which the saurian rema.in·s described by Dr. Leidy were obtained, will yet 
prove to be a part of the series we include in No.1 of the Black Ril1s section. This 
view receives additional support, too, from the fact that the Judith River fresh-water 
or estuary formations were often seen much upheaved and distorted, while around 
the· Black Hills the Tertiary deposits appear to lie undisturbed upon the uphe~wed 
older rocks, in such a manner as to indicate that the last period of disturbance 
among the strata of this region occurred after the close of the Cretaceous epoch, 
but previous to the deposition of the Tertiary (t>P· 45, 46). 

From all this it is perfectly clear tha·t both Meek and Hayden origi
nally regarded the Dakota group as true Lower Cretaceous, i. e., as 
lying below the Cenomanian of Europe. Their argument seems to 
have been in the main in the direction of proving that it could not be 
lower than Cretaceous, i. e., that it could not be Jurassic or Triassic. 
It is true that the fossil plants, as already indicated by Newberry, 
pointed to a Middle Cretaceous age, and not long afterwards quite 
large collections of plants were made and studied by Heer and others, 
who were disposed to place the beds still higher. 

But it is also true that the determinations of Meek, Hayden, and 
Leidy, based entirely on the scanty animal remains, and pointing to the 
Lower Cretaceous, Neocomian, or Wealden, related to beds in which 
there were very few if any vegetable remains, and which lay below the 
plant-bearing horizon. The plant beds consist of dark brown, highly 
ferruginous sandstone, often becoming clay ironstone, and these still 
constitute the typical Dakota sandstone. Now the lower beds holding 
the animal remains do not conform to this description, but are rather 
light colored, coarse sandstones with only occasional ye11ow ferruginous 
bands. They have a considerable thickness, and there is no antecedent 
Improbability in their belonging to a lower horizon. 

The next important paper was published four years later by Dr. 
Hayden, 1 but was read July 19, 1861, and is little more than a re
elaboration of the subjects treated in the papers already quoted 
from. Iu this paper Dr. Hayden continues to refer to No. 1 as Lower 
Cretaceous. 

Dr. Hayden accompanied, as geologist, the expedition in charge of· 
Col. William F. Raynolds to explore the head waters of the Yellowstone 
and Missouri rivers, in the years 1859 and 1860. His report was long 
delayed, but appeared in 1869.2 This expedition did not, of course, pur
port to explore the Black Hills, nevertheless they were entered at vari
ous points and are dealt with more or less extensively in this report. 

IOn the Geology and Natural History of the Upper Missouri: Trans . .A.m. Phil. Soc., Vol. XII, 
Iiew series; Philadelphia, 1863, pp. 1-218, 1 map. 
, 2Geological Report of the Exploration of the Yellowstone and Missouri riverfil, by Dr. F. V. Hayden, 

assistant, under the dire~tion of Capt. (now Lieut. Col. and .Bvt. Brig. Gen.) W. F. Raynolds, Corps 
?f Engineers, 1859-'60; Washington, 1869. 
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One paragraph relates exclusively to Dakota No. l,.and lJas more than 
usual interest in the present connection: 

In the vicinity of the Black Hills, as well as in several other localities, which will 
be alluded to hereafter in their proper places, are a series of doubtful beds, between 
the well-marked Jurassic and the Cretaceous. These rocks are quite variable in 
their character, sometimes composed, for the most part, of a loose material, clays and 
grits; again of compact concretionary sand or limestones. But few organic remains 
have as yet been found in these beds, although the most diligent search has been 
made, and those are quite uncharacteristic, so that their position remains in doubt. 
I have therefore ventured to call them beds of transition, or passage between the 
close of the Jurassic period and the dawn of animal life in the Cretaceous. The 
locality where the following section of these doubtful beds was taken is near the 
source of the Little Missouri, upon the northeastern side of the Black Hills (pp. 45-46). 

A section of the beds follows in harmony with this statement. 
Dr. Hayden continued his explorations during the subsequent years, 

and in 1867 was begun the series of official reports made by him as 
Geologist in Charge of the United States Geological Survey of the Ter
ritories. The first of these annual reports, which related to the Terri
tory then embraced in Nebraska, was for the yea1; 1867. Only a smaJI 
edition of this report was published at the time, and the same is true 
of the two subsequent ones for 1868 and 1869; but in 1873 these three 
reports were republished in a small volume, and it is in this form tlJat 
they are nowusuallyquoted.1 In the first of these reports the Black Hills 
are scarcely treated, but the general section is reprodu,ced unchanged 
from earlier publications. In the report for 1868 the Black Hills receive 
special treatment; their geographical position is carefully indicated, and 
their topographic features described. Tbe geology is also dealt with, 
and the following passages should be specially noted: 

The geological structure of the Black Hills may be mentioned brietly in this con
nection. The nucleus or central portion is composed of red feldspathic granite, 
with a series of metamorphic slates and schists superimposed, and thence upon each 
side of the axis of elevation the various fossiliferous formations of this region follow 
in their order to the summits of the Cretaceous, the whole inclining against the 
granitoid rocks at a greater or less angle. There seems to be no unconformability 
in these fossiliferous rocks from the Potsdam inclusive to the top of the Cretaceous. 

From these facts we draw the inference that prior to the elevation of the Black 
Hills, which must have occurred after the deposition of the Cretaceous rocks, all 
these formations presented an unbroken continuity over the whole area occupied by 
these mountains. This is an important conclusion, and we shall hereafter see its 
application to other ranges, and also to the Rocky Mountain Range taken in the 
aggregate (pp. 69-70). 

In the report for 1869 Dr. Hayden goes more fully into the geological 
formation, and this report throws great light on the position of the 
lowest Cretaceous beds: 

I believe that a thin remnant of this belt extends far south to New Mexico, but it 
is often so obscuretl, or so easily concealed, that I have been continually in doubt in 

I First, Second, and Third Annual Reports of the United States Geological Snrvey of the Territories 
for the Years 1867, 1868, and 1860, under the Department of the Interior; Washington, 1873. 
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re()'ard to its existence. Coextensive with all the mountain ranges is a large series 
o/'beds above the Jurassic belt which belong to the Cretaceous period, the upper 
and middle portions of which are everywhere indicated by characteristic fossil 
remains, as seen on the Missouri River, where they were first studied by Mr. F. B. 
Meek and the writer. The Cretaceous rocks present five well-marked divisions, 
Nos 1, 2, 3, 4, and 5, or Dakota group, Fort Benton group, Niobrara division, Fort 
Pierre group, and Fox. Hill beds. On the Lower Missouri No. 1, or Dakota group, is 
characterized by several species of marine shells and a profusion of impressions of 
deciduous leaves; but along the margins of the mountain elevations I have never 
been able to discover a single specimen of organic remains that would establish the 
age of the rocks. I only know that there is a series of beds of remarkable persist
ency all along the margin of the mountain ranges, holding a position between well
defined Cretaceous No.2 and Jurassic beds, and in my previous reports I have called 
them transition beds, or No.1. They consist of a series of layers of yellow and gray, 
more or less fine-grained sandstones and pudding stones, with some intercalated lay
ers of arenaceous clays. In almost all cases there is associated with these beds a 
thin series of carbonaceous clays, which sometimes becomes impure coal, and con
tains masses of silicified wood, etc. On the west side of the Black Hills they assume 
a singularly massive appearance, nearly horizontal, 2oo. to 250 feet thick, and are 
called Fortification Rocks. Here also occurs a thin bed of carbonaceous clay. On 
the eastern slope of the Big Horn Mountains I observed this same series of beds in 
the summer of 1859, holding a position between Cretaceous No.2 and the Jurassic 
marls, with a considerablA thickness of earthy lignite, large quantities of p~trified 
wood, and numerous large uncharacteristic bones, which Dr. Leidy regarded as 
belonging to some huge saurian. · 

There are very few points of resemblance between these beds and those which 
form the Dakota group, as seen in Kansas and Nebraska. 

All the evidence therefore that I have had to guide me in regard to these beds 
along the margin of the mountain ranges has been their position (pp. 113-114). 

Dr. Hayden's reports for the years 1870-1873 relate chiefly to the 
Great Plains and other parts of tlle Western country, and we find no · 
additional matter bearing directly upon the Black Hills until the 
appearance of Captain Ludlow's report of the military expedition of 
187 4, which again penetrated this region. The geologist of this 
expedition was Dr. N .. H. Winchell, and his report follows immediately 
that of Captain Ludlow.1 

Professor Winchell gives numerous sections of the strata of the Black 
Hills at different points, but is very cautious with regard to their cor
relation with other beds, a11d I find no indication that he differs from 
the views expressed by Dr. Hayden with regard to the position of the 
Cretaceous strata, but he does not make use of the sections of 1feek 
and Hayden. The legend of the map does not contain any of the gen
eral geological terms, sucb, for example, as Cretaceous, and the beds 
which were referred to the Dakota group by other authors are here 
simply called "Dakota sandstone." They are not represented as 
extending entirely around tbe bills, but are put down in patches along 
the eastern and western sides and at the southern extremity, with 

J Report of a Reconnaissance of the Black Hills of Dakota, made in the summer of 1874, by William 
Ludlow, Captain of Engineers, Bvt. Lieut. Col., U. S. Army, Chief Engineer, Department of Dakota. 
Washington, 1875. Geological Report, by N.H. Winchell, State Geologist of Minnesota, pp. 21-66, 
lmap. 
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large intervals of uncolored regions. It is evident that Professor 
Winchell did not observe any subdivision of these beds. 

This brings us, in chronologie sequence, to the most important geo
logical survey that has been made of the Black Hills, even down to 
this date, viz, that of Newton and· Jenney, in 1875, the geological 
part of which was, unfortunately, not published until1880. 1 

The manuscript of this report was prepared somewhat promptly, 
and Professor Jenney's portion, relating to the mineral resources, was 
publis_hed by Congress in 1876, as Senate Executive Document No. 51, 
of the first session of the Forty-fourth Congress, but the geological 
report and the rest of the manuscript remained unpublished for four 
years, when it appeared as above, having been revised and edited by 
Mr. G. K. Gilbert. In the biographical n·otice of Dr. J. S. Newberry 
the origin of the expedition is stated in the following language: 

In 1875 the Secretary of the Interior applied to Professor Henry, the head of the 
Smithsonian Institution, requesting him to suggest a geologist to take charge of an 
exploration of the Black Hills, Dakota, for the purpose of ascertaining the extent 
and value of the gold deposits discovered there. This req1,1est was, by Professor 
Henry, referred to me, and in accordance with my nominations Mr. W. P. Jenney was 
appointed geologist and Mr. H. Newton his assistant. The purely geological work 
of the expedition was for the most part performed by Mr. Newton, and the report 
now committed to you for publication is the result. 

Professor Newton's report on the geology had long been completed 
and appears to have been in nearly perfect form at the time of his death 
in 1877. It forms the first part of the volume, occupying 220 pages, 
and the report is accompanied by an atlas containing three maps. The 
colored geological map is far more complete than any previous map of 
the Black Hills and shows, as none of the former ones had done, the 
remarkably symmetrical character of their geological relations. It 
shows first that there is a narrow ring of Potsdam sandstone, then a 
wide belt of Carboniferous limestone; next an encircling trough, aptly 
compared by Professor Newton to a moat, of red sandy gypsiferous 
clays, in _which is included a purple limestone terrace, all of which is 
supposed to be Triassic, and to be the equivalent of the "Red Beds" of 
more southern regions. Skirting this is a very narrow border of highly 
fossiliferous light-colored Jurassic clays or. marls. Then come the foot
hills, which consist of Cretaceous sandstones and shales .referred by Pro
fessor Newton to the Dakota No. 1 of Meek and Hayden's section. 
These slope back to the dark shales of the Fort Benton group, which 
are succeeded by higher Cretaceous beds that extend to the plains and 
pass under the Bad Lands of the White River formation. 

We are of course concern~d here only with the Cretaceous, and strictly 
speaking only with the lowest member recognized by Professor Newton. 
In his report he takes up the several subdivisions of the Cretaceous in 

I Report on the Geology and Resources of the Black Hills of Dakota, with Atlas, by Henry Newton 
and Walter P.Jenney: Dept. Int., U.S. Geog. and Geol. Surv. Rocky Mountain Region, J. W. Powell 
in Charge. "\:Vashington, 1880. 
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their d,escending order, but uses the n·umbers of· Meek· and Hayden. 
He therefore begins with No.5 (the. Fox Hills group), and deals respec~ 
tively with this, with No. 4 (the Fort Pierre group), No. 3 (the Niobrar~, 
group), and No.2 (the Fort Benton group), concluding with No.1 (the 
Dakota group), under which he includes all that series of rocks which 

.lie between the black shales of the Fort Benton and the Jurassic beds. 
The deBcription of this formation is taken almost literally from the 

numerous memoirs and reports previously published by Meek and Hay
den, and is as follows: 

Yellowish, reddish, and occasionally white sandstone, with at places alternations 
of various-colored clays and beds and seams of impure lignite; also silicified wood, 
and great numbers ofleaves of the higher types of dicotyledonous trees, with casts 
of Pharella? Dakotensis, Trigonarca Siouxensis, etc. (p.174). 

It will be observed that under localities quoted ·Professor Newton 
does not even mention the Black Hills, but proceeds immediately to 
characterize the formation as observed in the Black Hills in the fol
lowing language: 

Black Hills.-Prominently developecl, forming the capping rock to the foothills 
that surround the Hills on all sides, appears with its characteristic composition
coarse yellow or red sandstones with discontinuous variegated clays. At places a 
considerable thickness of very soft and fine white sandstone appears at the base. 
Elsewhere considerable portions are of hard, dense quartzite. No animal fossils 
were found, but many remnants of plants-in no case more than· mere coaly frag
ments. 

Thickness, 250 to 400 feet. 
The rim of Cretaceous strata which encircles the Hills dips outward on all sides 

or away from the axis of upheaval. The strata begin with the foothills that bord~r 
the outer edge of the valley. The Dakota sandstone, resting conformably upon 
the Jura, forms the capping rock of the foothill ridge, and dips outward at various 
angles from 10° to 40°. Just as the Cretaceous encircles the outcrop of the under
lying Jura and Trias, so the different OYerlying groups of the Cretaceous___:.the Fort 
Benton, the Niobrara, the Fort Pierre, and the Fox Hills-succeed each other in regu
lar order, forming a series of concentric ridges that decrease in altitude as the dis
tance from the Hills increases (p. 175). 

· This description is further reinforced by the follqwing · more special 
characterization: 

Taking up the groups now in order, the first to describe is the Dakota.' Typic
ally it i:s a coarse sanu:stone, generally conglomeratic, yellowish in co! or, and stained 
red in places by the oxidation of the ~ron contained in its nodules. Sometimes the 
sandstone is white in color and uniform and fine in texture, and in several places 
large portions of the formatwn consist of intensely hard, glassy, and compact quartz.: 
ite, white or brownish in color, and having the density, toughness, sharpness, and 
conchoidal fracture of typical flint. The quartzitic development was especially 
observed at the southern end of the Hills, where the Dakota expands into a plateau, 
and in the region north of Warren Peaks, but it is not confined to those localities 
(p. 176). 
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The general relation ~f these beds to those underlying them h1 the 
Black Hills is admirably shown in two sections .on pages 140 and 141 
of that volume, which are reproduced ~elow as figs. 117· and 118. 

w E 

~6 

5 4 4 2 

]fiG. 117.-Ideal section across the Red Valley at Camp .Jenney, showing the foothills at the left and 
Fanny Peak at the right. (1) Carboniferous limestone; (2) Red sandstone (Carboniferous); {3) 

Purple Ii~estone (Red Beds); (4) Red clays with gypsum (Red Beds); (5) .Jura; (6) Cretaceous. 

Upon the geological map accompanying this report have been based 
a11 subsequent ones, and very few additions have been made. It is 
reproduced here with very little change except as regards towns, rail
roads, etc., resulting from the settlement of the country since that 
date, and may serve as a general index map of that region (see 
Pl. LIII). 

5 4 4 4 ::: 2 

FIG. 118.-Ideal section across Red Valley on Amphibious Creek. 1 (1) C&rboniferous; (2) Red sand
stones and clay (Red Beds); (3) Purple limestone (Reel Beds); (4) Red clay with gypsum (Red 
Beds); (5) .Jura; (6) Cretaceous sandstone capping the foothills. 

After the appearance of this report a loug interval elapsed before 
any further special discussion of the geology of the Black Hills took 
place, during which time the country was being rapidly settled and the 
more important locations were being seized upon as sites for towns, 
while an agricultural population was gradually encroaching from with
out. A State school of mines was established at Rapid City and, in 
addition to mining interests, some local attention was being paid to 
geology. 

In the year 1888 two papers, by F. R. Carpenter and W. 0. Crosby, 
appeared on the geology of the Black Hills, the priority of which I have 
not been able to determine. 2 

Each of these papers is an important contribution, and that of Mr. 
Carpenter cot?biins a map in which the drainage and aU the important 

1 Amphibious Creek is the name given in the Geology of the Black Hills to the stream now called 
Beaver Creek, which in cutting through the rim forms the canyon known as Buffalo Gap. It is unfor· 
tunate that the name should have been changed, as there are several other Beaver Creeks in the 
:Black Hills, and the Board on Geographic Names would do ·well to restore it. 

2Notes on the Geology of the Black Hills, by Franklin R. Carpenter; Preliminary Report of the 
Dakota School of Mines upon the Geology, Mineral Resources, and Mills of the Black Hills of Dakota. 
Rapid City, 1888, pp. 11-52. 

Geology of the Black Hills of Dakota, by W. 0. Crosby: Proc. Bost. Soc. Nat. Hist., Vol. XXIII, 
pp. 488-517. Read March 7, 1888. 
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towns are shown, as wen as the general geology. Some considerable 
advance is made in the knowledge of the geological formations, but it 
relates principally to the lower beds .. The Cretaceous assumes impor· 
tance only in connection with the discussion of the age of the uplift, 
which was formerly supposed to be entirely p~st-Cretaceous; but evi. 
dence is adduced in these papers to show that much of the material, 
even of the lowest Cretaceous, is derived from the older and more cen
tral deposits, which must therefore have been elevated at an earlier 
date. Nothing is here said about subdividing the Dakota group of 
Newton, and the matter remaiped in all respects in its original form. 

In· the summer of 1889 Professor Van Bise, of the U. S. Geological 
Survey, and Mr. 0. W. Hall made a'' vacation trip into the Black Bills 
of South Dakota," and at the meeting of the Minnesota Academy of 
Natural Sciences on December 3 of that year Mr. Hall read a paper 
before that academy, an abstract of which appeared in its proceedings 
of that date.1 So far as this abstract shows their investigations were 
confined almost exclusively to pre-Cambrian strata, and the Cretaceous 
is not mentioned. 

In this rapid survey of the history of the discovery of the Cretaceous 
in the Black Bills and of the Dalwta group in general, I have been 
obliged to leave out of account a series of events connected with the 
subject in a general way, but without relation to the Black Bills, con· 
sisting in the tracing of the Dakota group across the plains from Min
nesota to Kansas, the discovery of an immense flora and its elaboration 
at the hands of Heer,2 Newberry,3 and Lesquereux,4 accompanied by 
an animated discussion as to the age of the Dakota group. 

After numerous mistakes, due to conclusions drawn from insufficient 
material, to the infancy of the science of fossil plants, and to precon
~eptions based upon Old World geology, a general consensus was at 

I Bulletin of the Minnesota Academy of Natural Sciences, Vol. III, No.2. Proceedings and Accom· 
panying Papers, 1887-1889, Minneapolis, 1891, pp. 185-186. 

2Les Ph:yllites Cretacees du Nebraska, par MM. les Prof. J. Capellini et 0. Heer: Mem. Soc. Helv. 
Sci. Nat., Vol. XXII, No.1, Zurich, 1866, 22 pp., 4 pl. Surles plantes fossiles du Nebraska, par Osw. 
Heer: loc. cit., pp. 11-22, Pl. I-IV. ' · 

SNotes on the Later Extinct Floras of North America, with Descriptions of some New Species of 
Fossil Plants from the Cretaceous and Tertiary Strata, by J'. S. Newberry: Ann. Lye. Nat. Hist., Vol. 

!IX, New York, April, 18fi8, pp.l-76. 
Illustrations of CrfltacP.ons and Tflrtia.ry Plants of the Western Territories of tbP. United States; 

Department of the Interior, U.S. Geol. and ·Geogr. Surv. Terr., Washington, 1878, 4°, 26 pl. 
4Qn sorue Cretaceous Fossil Plants from Nebraska, by Leo Lesquereux: Am. Jour. Sci., 2d ser., 

Vol. XL VI, July, lSflS, pp. 91-105. . 
Contributions to the Fossil Flora of the Western Territories, Part I; The Cretaceous Flora, by 

Leo Lesquereux: Rept. U. S. Geol. Surv. Terr., F. V. Hayden, Geologist in Charge, Vol. VI, 40, 
Washington, 1874, 136 pp., 30 pl. 

A Review of thfl Cretaceous Flora of North America, by Leo Lesquereux: Eighth Ann. Rept. U.S. 
Geol. and Geogr. Surv. Terr., for the year 1874, F. V. Hayden, U.S. Geologist, Washington, 1876, pp. 
316-365, pis. i-viii. 

Contributions to the Fossil Flora of the Western Territories, Part III; The Cretaceous and Tertiary 
Floras, by Leo Lesqitereux: Department of the Interior; Rept: U.S. Geol. Surv. Terr., F. V. Hayden, 
Geologist in Charge, Vol, VIII, 4°. Washington, 1883. Description and Enumeration of Species of the 
American Dakota Group Formation, pp. 25-107, pis. i-xvii. 

The Flora of the Dakota Group, A Posthumous Work, by Leo Lesquereux, edited by F. H. Knowlton: 
Mon. U.S. Geol. Survey, Vol. XVII, 4°, Washington, 1892, 400 pp., 66 pl. 
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last reached. which placed·the Dakota group into substantial correlation 
with the Cenomanian of Europe. This view, based almost exclusively 
on the fossil plants, had become so firmly established that it resulted 
~n a general feeling that Dr~ Hayden, Mr. Meek, and others had made 
a great mistake in referring any of the beds embraced in their Oreta
ceous No. 1 to the Lower- C]~etaceous in any sense other than that they 
were the lowest Cretaceous beds represented in North American g~ol
ogy, and the opinion had come to prevail that there was no Lower Cre
taceous in the Rocky Mountain region .. 

But simultaneously with the latter part of this period investigations 
in British America, on the Queen Charlotte· Islands, in California, in 
Texas, and in Virginia had led to the certainty of the existence of true 
Lower Cretaceous beds in each of those regions, and had brought to 
light the Kootanie, the Queen Charlotte group, the Shasta group, the 
Comanche series, and the Potomac formation. I had myself been 
engaged ·in the study of the Lower Cretaceous flora of the United 
States, and especially of the Potomac formation, since the year 1885, 
and had examined a number of the Lower Cretaceous areas in other 
parts of the country. In 1883 I visited the Great Falls of the Missouri 
in company with Dr. C. A. White, and I observ~d that the rocks in 
that region which Dr. White, in harmony with the tradition of the 
time, referred to the Dakota group were entirely different in character 
from the weB-known brown sandstone which yields the flora of that 
group, and. I even dared to suspect that such a vast thickness of these 
beds as is displayed on the Upper Missouri could scarcely .all belong to 
the Dakota group. · In 1888, or thereabouts, Mr. R. S. Williams mad~ 
a collection of fossil plants at the town of Great Falls, which were 
:referred to Dr. Newberry for determination and were described by him 
in the year 1891.1 He founc~ them to agree in all essential respects 
with forms of the Kootanie, as made known by Sir William Dawson, 
and thus was established the true Lower Cretace9us age of these 
deposits. Subsequent discoveries have only confirmed this conclusion, 
and considerable additional evidence !las been brought to light. Col-· 
lections made by Knowlton, Peale, and Weed were elaborated by Pro
fessor Fontaine,2 and in 1895 I visited the region myself and made a 
~uch.larger collection than any of the previous ones, chiefly from Cas
cade County, some 25 miles southeast of Great Falls, between the 
Little Belt and High Wood Mountains, from coal mines in the same 
formation. . This collection has also ·been studied and reported upon by 
Professor Fontaine, but his report is not yet published. Suffice it to 
say that all this material agrees in supporting the conclusion reached 
by Dr. Newberry as to the substantial identity of this ·flora with that 
of the Kootanie beds of Brit_ish America. 

1 ]~be flora of the Great Falls coal :field, Montana, by J. S. Newberry: Am.,Jour. Sci., 3d series, Vol. 
XLI, March, 1891, pp. 191-201, pl. xiv. · _ 
: ,2,Description. of some fossil plants from the _Great .Falls coal field of Montana, by William M. Fon· 
taine: Proc. U.S. Nat. Mus., Yol. XV, Washington, 1892, pp. 487-495, pls.lxxxi!-lxxxiv. 
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A somewhat careful sttidy of the :flora of the Amboy clays and of 
beds of practically the same age on the shores of the Chesapeake Bay 
and across the State of Maryland to the Potomac had led me to the 
conclusion that these deposits also lie below the line which should 
properly separate the Upper from the Lower Cretaceous. Investiga-
tions in Alabama and other Southern States had further shown the 
virtual identity in age of the Tuscaloosa formation and the Amboy 

· clays .. The Comanche series had yielded a few fossil plants, which 
proved to be at least as old as the oldest Potomac beds.1 All these 
results, taken together, had led me to believe that the true Lower Cre
taceous was really very wides1~rea.d, and that it would be found in 
many parts of the West where it had not hitherto been suspected to 
exist. 

In the investigation of the Potomac formation in Maryland the sub
ject of fossil cycads had necessarily become Juominent, and I arrived at 
the conclusion that all the trunks of this character that had bee~ 
discovered in Maryland are derived from the older beds, which I call 
the Basal Potomac. Professor Cragin had obtained a fragment from 
Kansas which certainly belongs to a cycad trunk and which he 
described as Oycadeoidea 'lnunita, in 1892.2 He supposed that this frag
ment came from the Cheyenne sandstone, but after having visited the 
locality I am satisfied that this could not have been the case, and, 
taking all the evidence into account, I am inclined to believe that it 
had weathered out from the base of the true Dakota group, perhaps 

. from tlle Reeder saudstone.3 

I mention the cycadean trunks because it was through these that my 
interest was first attracted to the Black Hills. In February, 1893, the 
Smithsonian Institution received a letter from Mr. F. H. Cole, at Hot 
Springs, South Dakota, a dealer in specimens, inclosing photographs 
of certain petrifactions found in that vicinity, which lle said llad been 
called ''cycads." The letter and photographs were referred to me on 
the presumption tha.t these objects were of vegetable origin. I at once 
perceived that they were fossil cycadean trunks closely resembling 
those ·collected by Tyson in 1860 in the iron-ore clays of Maryland and 
named by Professor Fontaine Tysonia marylandica, and, therefore, also 
similar to the forms found by Mantell and others in the early part of 
the century in the Purbeck beds on the Isle of Portland aud at other 
points in the south of England. Being greatly interested in the 'dis
covery, I recommended that the owner of the fossils he requested to 
send on a specimen for examination. The request was complied with, 
and the specimens proved. to be all that I had expected. I therefore 
made the further recommendation that negotiations be entered into 

I Notes on some fossil plants from the Trinity division of the Comanche series of Texas, by \Vill· 
iam M. Fontaine: Proc. U.S. Nat. Mus., Yol. XVI, Washington, 1893, pp. 261-282, pl. xxxvi-xliii. 

2()ontributions to the palreontology of the Plains, No. 1, by F. \V. Cragin: Bull. Washburn Col~ 
lege Lab. Nat. H.ist., Topeka, Vol. II, No.10, 1889, pp. 65-68. 
· a See Mr. C. N. Goul<l's paper in Am . .ro·ur. Sci., 4.th series, Vol. V, March, 1898, pp.173, 174. 

. ' 
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with a view to the purchase of the collection of six specimens, which 
were offered for sale. This recommendation was also adopted; the 
collection was purchased,· and arrived in May, 1893.1 

Hot Springs is located on the Red Beds in the valley of the Min
nekahta Creek, or Fall River, and it would have been natural to sup
pose that the cycad trunks had come either from these or from the 
Jurassic which borders it bad it not been stated that they were found 
"on a high hill." My interest was, of course, strongly aroused to know 
the stratigraphical position of the beds in which they occurr~d, and 
therefore early in September I made an expedition to the region for the 
purpose of determining it if possible. I had previously corresponded 
with Mr. F. H. Cole, of Hot Springs, from whom the specimens had 
been purchased. I had also written to Professor Jenney, who was then 
at Dead wood, and who kindly consented to join me on my arrival and 
aid me in the investigation. After considerable search,and some diffi
culty the locality was at length found. The details of this expedition 
are given below (p. 552). 

The general resemblance of these cycad tru~ks to those that have 
been discovered in various parts of the world in beds below the Middle 
Cretaceous raised ·the suspicion in my mind that these deposits migh~ 
be older than the plant-bearing· Dakota. I learned while there that 
Professor McBride had been in that region studying the cycads, and 
that .he bad collected some and taken them to the State University of 
Iowa, at Iowa City. In October of that same year he published a 
description_ of a species which he called Bennettites dacotensis.2 Pro
fessor :McBride, and also Professor Calvin, State geologist of Iowa, 
who had examined the region, presented papers on this subject before 
the Iowa Academy of Sciences in December, 1893, the latter especially 
discussing' the geological position of the cycads.3 Professor Calvin 
shortly after published the results of •his investigations in a communi
cation to the American Geologist.4 Professor Calvin's principal object 
seems to have been to fix the position of the cycad beds relatively to 
the well-recognized formations above and below, and it was not,.of 
course, difficult for him to show that they lay between the Fort Benton 
shales and the marine Jurassic. The idea that this thick formation, 
amounting in some places to 400 feet, should .itself be susceptible to 
subdivision does not seem to have occurred to him, and after consid
erable· discussion of these more general relations, ip. which he seems to 
realize that he is giving a great breadth to the subject, he concludes in 
the following language: 

Returning finally to the main object for which these observations were under
taken, it is clear that Bennettite~ dacotensis McBride belongs to the Cretaceous period, 

I See Science, Vol. XXI, N ~- 543, .June 30, 1893, p. 355. 
2 A now cycad, by T. H. McBride: Am. Geologist, Vol. XII, October, 1893, pp. 248-250, pl. xi. Re

printe<lin Bull. Lab. Nat. Hist., State Univ. Iowa, Vol. II, No.4, 1893, pp.,391-393, pl. xii. 
a see Science, Vol. XXIII, No. 570, .January 5,1894, p.10. 
4 Am. Geologist, Vol. XIII, No.2, February, 1894, pp. 79-8!; also published in the Proc. Iowa Acad. 

Sci. for 1893, Vol. I, pt. 4; Des Moines, 1894, pp. 18-22: 
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and the flvidence is practically conclusive that the exact horizon ·at which the 
individuals of the species were imbedded is represented by the uppermost layers of 
the Dakota sandstone. . 

I was wholly unaware of the work that Professors McBride and· 
Calvin were doing, and had overlooked the article of the former in the 
American Geologist for October. On my return from the Black Hills 
I proceeded to elaborate the results that I bad reached, but having 
much else to do I did not complete the paper until after the middle of 
February, 1894, when I sent it on to the Journal of Geology, in which it 
soon after appeared.1 The substance of that paper will be given under 
the next head. 

In all that I said in this paper Professor Jenney concurred, as we 
were together during the entire investigation, and I sent him the 
manuscript when completed. The sections were made after mutual 
consultation, and in the field, and were reproduced in the article with
out change. The diagrammatic sections are my own, and are based 
upon the data collected. As stated in that !trticle, we were not satisfied 
with the evidence furnished by the cycads alone or by the cycads and 
the fossil wood, but proceeded to discover beds containing fossil plants, 
both in the lower portion and also in the upper. These two classes of . 
plant-bearing beds differ fundamentally, and the nature of the plants 
from the lower beds made it practically certain at a glance that they 
could not belong to the plant-bearing Dakota group. But i was not 
satisfied to rest the case upon my own judgment as to these plants. I 
therefore referred them to Professor Fontaine, whose thorough famil
iarity with the older Potomac flora and Mesozoic plants in general 
bas made him 'the leading authority on the su~ject. His report upon 
the collection is published in this article, pp. 259-260. The concluding 
paragraph of that report is as follows: 

It will l?e seen from this account that the plants, so far as one can judge from 
such imperfect material, indicate a Lower Cretaceous and Neocomian age, with 
rather more resembance to the Kome than Potomac phase or gTouping, but it is by 
no mea,ns certain that the Potomac grouping is not nearest to that here shown. 

I also referred the fossil wood to Professor Knowlton, and his report 
immediately follows that of Professor Fontaine, and is in entire har
mony wi~h it as regards the Lower Cretaceous age of the specimens. 
Indeed it would naturally seem to point to a still earlier period, 
although it can not be said to prove this. 

The specimens from the upper beds were indentified by myself, and 
are fully described and figured below .(p. 702-709, Pis. CLX-CLXXII). 
There is no reason to suppose that they do not represent the true 
Dakota group, and the line between the Upper and Lower Cretaceous 
must fall somewhere between the cycad beds and the upper plant beds 

I The Cretaceous rim ot the Black Hills, Jour. Geol., Vol. II, No.3; Chicago, April-May, 1894, pp. · 
250-266. 
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above the quarry sandstone. Nothing has happened since that paper 
was published to modify the following statements which it contained: 

It thus appears that the flora of the beds above Eva,ns quarry is distinctly thai; of 
the Dakota group, while all the plants found below that horizon as distinctly 
indicate a Lower Cretaceous age. The force of this evidence is to my mind irresist
ible, and it is safe to predict that if any other paleontological evidence is ever 
found it will confirm this conclusion. The question still remains as to where the 
dividing line is to be drawn. Between the cycad and fossil wood horizon and that 
of the Dakota leaves there are some hundred feet of sandstones and shales. Sixty 
to seventy-five feet of this consists of the massive or heavy-bedded building stone, 
which in places becomes flinty and very hard. As the thin shaly layer which 
separates this from the leaf bed may be safely put with the latter into the Dakota 
proper, and there seems. no reason for separating the similarly constituted layer that 
inter-veneEr between the cycad horizon and the base of the sandstone from the one 
upon which it rests, the question is narrowed dow1;1 to that of the position of the 
quarry sandstone. That question I will leave to the stratigraphical geologists 
(p. 263). 

Professor Todd, State geologist of South Dakota,_in 1894 still con
tinued to place the Dakota group between the Jurassic and the Fort 
Benton, and to indicate the earlier Cretaceous as "absent." 1 He does 
not do this in ignorance of the results at which I bad arrived, but 
reproduces my sections (pp. 63-71), speaking of one of them as "par
ticularly valuable both for its completeness, and the careful discrimina
tion and measurement of the strata." Commenting on these sections, 
Professor Todd says : 

A point of special interest should be mentioned here, namely, that numerous speci
mens of cycad trunks have been found at various points. '!'hose which have been 
quite carefully studied and described by Mr. L. F. Ward (Journal of Geology, 1894), 
of the United States Geological Survey, and Professor McBride (American Geologist, 
1894), ofthe Iowa State University, were collected in the southern part of the Hills, 
southwest of Minnekahta and southeast of Hot Springs. Specimens also have been 
found several miles north of Rapid City, and in a ravine southwest of that place. 
They all seem to be traceable to the lower layers of the Dakota sandstone, and Mr. 
Ward, partly for this reason, strongly suspects that the lower layers of the so-called 
Dakota formation may be older than that period _(pp. 71-72). 

This is certainly a very mild statement of my position; and my Ian
. guage was intended to express something much more than a strong 
suspicion as to the Lower Cretaceous age of these deposits. 

But whatever doubts there may have been then, they have all been 
set completely at rest by subsequent events. During the summer of 
1894 Professor Jenney, while operating in the coal-mining district of. 
Hay Creek, Crook County, Wyoming, in the northwest portion of the 
Black Hills, but within the Cretaceous rim, found fossil plants in great 
abundance associated with the coal. True to his instincts as the type 
of a scientific collector, be proceeded to collect these plants, and, as a 
pure labor of love, he obtained during the summer and sent to Wash
ington by official mail one of the finest collections that has thus far been 

'.A preliminary report on the geology of South Dakota, by .J. E. Todd, State Geologist: South 
Dakota Geological Survey, Bulletin No.1, Sioux .Falls, 1894, p. 22. 
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made from any part of the West. They were· sent direct to me, and my 
interest in them, as may well be imagined, was intense. I received 
them for the United States Geolo'gical Survey, and when they had all 
been unpacked and duly recorded I sent them to Professor Fontaine 
for determination. He gave them his painstaking attention, and 
prepared the able report which I embodj' in this memoir (pp. 645-702, 
Pls. OLX-CLXIX). . . 

It is needless to anticipate this report further than to say that the 
plants completely demonstrate the Lower Cretaceous age of the Hay 
Creek coal field. Professor Jenney was good enough to make a careful 

·study of the stratigraphical-relations of the numerous beds in which 
the plants occur, representing a large number of horizons, which were 
fully shown in careful sections. At my request Professor Jenney has 
furnished extensive notes upon his work there, which are embodied 
in this paper, and he lias ah;o kindly furnished a map of that region. 
All these data together will, I trust, render the whole subjeet clear to 
the geologist. 

In a revision, which I made in 1894, of the genus Cycadeoidea of 
Buckland, which genus probably embraces all the fossil cycadean trunks' 
thus far found in America, I described from notes and sketches made 
by Professor Jenney a new species of that genus, which I called 0 . 

. Jenneyana. 1 The description there g\ven was of course very meager, 
and is completed in this paper (pp. 627-632, Pls. CXXI-CXXXII). 

This species was made known to me by Professor Jenney, who had 
long be~n aware of the existence of the two large trunks at the State 
School of Mines at Rapid City. He had been to the pains to inquire 
into the source of these and had learned that they were collected 
many yeaFs before, about 10 miles. northwest of Rapid City, by a gen
tleman named Leedy. Being exceedingly anxious to ascertain whether 
this locality also lies in the Cretaceous rim of the Hills, I went to 
Rapid City early in August, l~D5, where I joined Professor Jenney, . 
and we proceeded to the locality and made a thorough examination of 
the general region. A more complete account will be found under the 
description of the Blackhawk region (infra, pp. 560-563), and I need 
only say here that, ?S we expected, the beds yielding this specimen lie · 
above the Jurassic, and the cycads were associated with the heavy 
sandstones which constitute the lowest Cretaceous deposits. These 
beds are therefore substantially the same, in their stratigraphical 
relations, as those yielding the other cycads and fossil plants already 
referred to. Numerous other specimens had been collected and carried 
away by persons who desired to profit by them, and not one could be 
found by our party. Some of these, as will be shown, were subse
quently obtaiueu by purchase. A great amount of fossil wood occurs 
in that locality, a good collection of which was made. 

I Fossil cycadean trunks of North America, with a revision of the genus Cycadeoidea Buckland: 
Proc. B10l. Soc. Washmgton, Vol. IX, April9, 1S94, pp. 75-88. (0. Jenneyana is described on p. 87.) 

19 GEOL, P1' 2-35 
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From Rapid City I proceeded to Hot Springs, where I obtained con
siderable additional material, some of it from localities already described, 
but the remarkable trunk which I call Oycadeoidea excelsa, and which is 
described below (p. 637), was collected in an entirely different locality, 
which is fully indicated in connection with the description of the species, 
and its location on the map is given as exactly as the data will permit. 

In both my visits to the Black Hills, in ~893 and 1895, I saw large 
numbers of fossil cycads at various places, mostly in the hands of 
dealers iu specimens, who held them for sale, often at moderate prices, 
but others were seen in heaps of stones along with specimens of ore, coal, 
building stone, and other products of th~ country, often symmetric
ally arranged in pyramidal forms, at railroad stations and elsewhere. 

As the funds at my disposal were limited, I was able to purchase only 
s~ch as appeared to me to represent distinct species, although I was 
aware that, not having as yet described the species, I might easily be 
mistaken in the matter, and that doubtless many new species existed 
which could have been easily obtained by anyone who had the means. 

Well knowing the fate of most of such material, which usually gets 
into the hands of private individuals making no pretensions to science 
and who wish such specimens merely as curiosities, but who hold them 
in high esteem and are unwilling to part with them, or in most cases 
are so situated that no scientific man ever sees the specimens again, I 
was glad to learn that Professor McBride had himself secured a large . 
number of specimens for the State University of Iowa, where I hoped 
they would soon be taken up and submitted to thorough scienti~c study. 
· But even after he had secured all he desired great numbers remained, 
and when, the following year, Prof. 0. C. Marsh approached me on the 
subjeet and manifested a special interest in these objects, I gladly 
imparted to him all the information in my possession relative to the best 
means of securing them, including the names and addresses of dealers 
who had them for sale, the prices at whieh they were held, and the 
localities from which they had been collected, so far as these were 
known to me. I greatly hoped that with the resources at his command, 
Professor Marsh would rescue from oblivion and insure to science , 
many of these interesting paleontological treasures. 

I heard nothing further from PTofessor Marsh until on March 18, 
1898, I received a -letter from him stating that he had obtained a 
large collection of cycads from the Black Hills and requesting me to 
come to New Haven and describe them. As the present paper was 
then already in an advanced stage of preparation and the descriptions 
of those in my hands were already written and would be included in it, 
it seemed to me that the opportunity should not .be lost of embracing 
under the same head all the new material that might be accessible. I 
therefore immediately oonsulted with the Director on the subject and 
received orders to proceed at once to New Haven and take all necessary 
notes on Professor Marsh's collection. · 

This work ·was performed from the 22d to the 31st of March. This 
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collection consisted of 87 specimens, and notes were taken upon each 
of these and the more important of them were fully flescribed. Having 
with me the descriptions of all the other cycads, I paid special attention 
to characters which could not be observed in the specimens already 
described, either because these were too perfect to show any internal 
structure or from defectiveness of any kind. All variations that the 
new material indicated from the specimens previously taken as types 
of species already identified were also carefully noted, with a view to 
the correction and expansion of the characters. All the new species 
were of course very carefully dealt with. 

In addition to these notes Professor Marsh placed a photographer at 
my disposal and all the more important specimens were photographed, 
often from various points of view, for purposes of illustration. Ail 
these notes and illustrations appear in their proper places, embodied 
in the descriptions of the species. 

vVhile at New HaYen, engaged on this ·collection, Professor Marsh 
informed me that two additional invoices were soon expected from the 
Black Hills, and that be wished me to include these also, if possible, 
when-they arrived. But I could not then wait for them and returned 
to Washington. On }fay 20 he telegraphed ~e that the first invoice 
had arrived, and on May 31 he similarly notified me of the arrival of 
the second invoice. The two invoices contained 39 specimens, which, 
added to the 87 specimens previously received, constitutes a collection. 
of 126 cycadean trunks and fragments. 

As nearly all of the first large collection had been obtained from the 
Minnekahta_region, very close to where the original types were discov
ered, and as these two new invoices were from the Blackhawk region, 
from which so few cycads bad been thus far made known, it was 
especially important that these should be included in this report, and 
therefore, at a risk of considerable delay, I undertook their elaboration, 
which was accomplished in a little over ·a ·week, viz, from June 6 to 
June 13, and this included the work of photographing the important 
specimens. All the data thus secured are embodied in the descriptions 

·below and constitute a very material increase in our knowledge of the 
eycadean vegetation of the Black Hills Cretaceous. 

Nearly all the specimens in the Yale collection.were reported either 
from the Minnekahta region or from the Blackhawk region, and but 
very little additional information accompanied the collections. The 
last i~voice from the Blackhawk region was accompanied by data speci
fying the location of the specimens somewhat in detail, giving dis
tances and direction from Black's ranch, but this embraced compara
tively few specimens. The first invoice contained one specimen which 
was said to have been found between 2 and 3 miles west of Sturgis, 
South Dakota, a wholly new locality. . 

With the exceptiOn of a small collection obtained by Professor Marsh 
from Mr. Stillwell, in Deadwood, and reported by him from the Minne
kahta region, all ·of these· large collections which Professor Marsh 
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secured were made by Mr. Henry F. Wells, of Sturgis, one of Professor 
:Marsh's trusted collectors of fossil vertebrates, who had been induced to 
turn his attention to a search for cycads, and whose skill as a collector 
readily enabled him to locate the cycad beds and obtain quantities of 
specimens. which had been overlooked by more superficial observers. I 
was certain that Mr. Wells must have covered a considerable area In 
his explorations beyond that which I had myself seen or that other 
collector~ had visited, and as the workof determining the species pro
ceeded I was more and more impressed with the importance of a fresh 
survey of the cycad regions, with a view to more exact correlation of 
the different beds with each other, aud a more satisfactory determina
tion of the stratigraphical position of the cycad beds in general. I felt 
that if I could secure the guidance of Mr. Wells to all these localities 
this result could be accomplished, and I corresponded with him upon 
this subject. He expressed a willingness to accompany me to all tile 
localities at any time that I might designate. 

I was unable to bring this about until the early part of October, 1898,. 
when, by previous arrangement, I met Mr. Wells at Sturgis, and we 
devoted eight ·days to this work, with very satisfactory results. vVe 
first visited the new locality between two and three miles west of 
Sturgis, where specimen. No.1 of the 'Yale coilection was. obtained by 
Mr. Wells. He had found it ou a low spur of the foothills, wilich had 
dropped or slipped down from the high cliffs to the westward, and was 
entirely out of position. A second impe.rfect specimen had been found 
by him near the same spot, and still lay on the surface. Mr. Wells 
stated that he had explored the cliffs from which these materials had 
·fallen, but had thus far been unable to find any cycads in position. 
We then proceeded to 'the Blackhawk region and went over all tile 
ground covered by his explorations, and later to the Minnekahta region, 
which was examined in the same way. 

The more special results of this expedition, including geological sec
tions, will be given under the Minnekahta and Blackhawk regions, 
respectively, but .some of the general conclusions arrived at from this 
examination, which was much more thorough thap any that I had pre
viously given to the question, may properly be stated here. It is well 
known that these Cretaceous sandstones form the foothills surrounding 
the Black Hills, and that they present more or less of an escarpment 
facing the central core of the hills and separa~ed from the higher. and 
more interior uplift by a broad valley occupied by the Red Beds, which 
surround the Hills. As a matter of fact, Lowever, the lower part of 
the escarpment is almost always occupied by beds that are lower than 
the Cretaceous, the base itself consisting of a greater or less thickness 
of the Red Beds themselves, succeeded by the whole thickness of the 
Jurassic, which may amount to 150 feet. Upon this lie the Cretaceous 
sandstones, which, should they be all represented, would form a chff 
more than 300 feet higher, sometimes making a total of nearly 600 feet 
above the lowest part of the broad endrling valley. 
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At one time, of course, all these materials e~tended over the area now 
occupied by this valley and they have been carried away by the general 
process of denudation. This process, however, was somewhat peculiar 
in consequence of the large amount of gypsum contained in th~ Red · 
Beds, which, as soon as exposed, rapidly disappeared, resulting in a 
systematic undermining, as it were, of the cliffs, which gave way along 
an irregular border and either sank or slipped down so as to occupy at 
different periods positions much lower than that from which they came. 
The further influence of lateral denudation, forming deep canyons in the 
sides of the external wall, resulted in 'the final formation of a large num
ber of narrow spurs or low sloping ridges, often containing the remains 
of the original cliffs, practically unchanged, after having sunk down to 
lower positions and still reJ?aining easily identifiable with' the cliffs from 
which they had fallen. The present position of these cliffs, therefore, is 
no indication of their true position, and although this can usually be 
determined where large masses have held together, this can not be done 
in case of loose materials that cover the slopes. Here rocks from all 
positions in the Cretaceous series lie mingled together and cover the 
ground to considerable depth, occupying horizons topographically much 
lower than the base of the Cretaceous. Sometime~ these spurs are 
reduced to small mounds, isolated in the red valley, and cycadean trunks 
have been found far out in the middle of the valley on such mounds and 
ridges. Being of a character much more durable than even the hardest 
of the sandstones, they remain intaet wherever they may happen to be, 
and some have been found lying on top of the Red Beds the_mselves, all 
traces of their original matrix having disappeared. 

This accounts for a fact that bad long puzzled· me, viz, the occurrence 
on many of the cycad trunks of a coating of lime or calcareous matter, 
often turning one side of them pure white and being very firmly cemented 
to the rock and difficult to remove. This had led some to suppose that 
the cycads came out of the calcareous limestone of the Jurassic. As a 
matter of fact it proves nothing, since the greater part of the cycads 
that have thus far been found have lain in a position many feet belo1V the 
base of the Cretaceous, often upon the Jurassic limestone, but usually 
associated with vast quantities of sand rock, which had accompanied 
them in the general settling down of the strata to which they belonged. 

It is easy to see from all this how very difficult it is to determine 
the true position of the cycad beds, especi~lly as they are never found 
adhering in a natural way to the rock in which they were originally 
embedded, but are always washed out and found lying in all positions, 
indicative of more or less transportation, or a.t least local displace
ment. This is not affected by the fact that nearly all the specimens 
that Mr. Wells has found that were overlooked by other collectors were 
more or less buried in the ground, only small parts projecting 'suffi
ciently for him to recognize their character. The materials in which 
they were buried were as heterogeneous as those on the surface, and it 
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would often require many feet of excavation to reach the original bed 
upon which these loose materials rested. 

There are, however, a few facts which may be taken as constituting 
evidence as to the position of the cycads. 

First, a few specimens have been found, if not actually in place or 
precisely where they grew, at least high up on the original cliff, and it 
is clear that their position must have been at least as high as that in 
which they lay. 

Second, the cycads and the ·:(ossil wood are ~lmost always closely 
associated, although the latter is much more abundant. Both being 
sHicified, the conditions which would preserve the one would also pre
serve the other, and therefore it seems probable that both occur at 
pretty much the same horizon. There ar~ a: few cases in which the fos
sil wood has actually been found in place; that is, as erect trunks in 
position and prostrate lbgs projecting from the original cliffs. The 
fossil wood is not found at all horizons, but only within a certain limit 
of elevation, and it is not believed that the cycads have a wider ver
tical range than the wood. 

Third, both the fossil wood and the cycads, even on the lowest slopes 
at which they occur, and however far below their original position, are 
usually associated with a certain general class of rocks whose character 
is sufficiently distinct to make it possible to ascertain their original 
position, and this is the same class of rocks in which the fossil wood is· 
found when seen in place. 

All three of these classP.s of evidence combine and harmonize in 
fixing the position of the cycad bed, which is always the next impor
tant series of rocks that underlie the hard quartzitic sandstones that 
occupy the uppermost strata, with a thickness of,from 75 to 100 feet. 
The cycad and fossil wood bed consists of softer sandstones separated 
by thin beds of shale and is not·usually over 50 feet in thickness, but 
may possibly be 75 or 100 feet at some localities. 

It may be as well to mention here that on this'expedition I took con
siderable pains to examine the relation of the Cretaceous to the Juras
sic, and especially to the uppermost member of the latter, which 
contains the "Atlantosaurus beds." I visited the original bed from 
which bones were first taken, at the foot of Piedmont Butte, and was 
fortunate in findiug Mr. George R. Wieland engaged in taking up tbe 
bones of a large animal. This spot is 1 mile due east of the town of 
Piedmont. I measured the bed and found it 54 feet in thickness, and 
theparticular horizon at which the bones were then being excavated, and 
which had Hself a thickness of about 6 feet, was about 40 feet below 
the top of the Jurassic or base of the Cretaceous. · It is a dark clay 
shale and at this point rests upon heavy beds of white sandstone. It 
was impossible to decide, either here or at any other point I examined, 
whether there is unconformity between the Cretaceous and the Juras
sic. The particular bed in question is about 100 feet above the bed of 
Elk Creek and has an elevation above sea level of about 3,400 feet. 
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As will be seen later, this bed is therefore about 300 feet below the 
cycad horizon, and cycads actually occur 4 miles southeast. of that 
place. _ 

The Atlantosaurus beds, as thus described, are exceedingly character
istic of the Jurassic of the Black Hills. In my first paper in the Journal 
of Geology 1 they were accurately described as occupying the upper
most 50 feet of the Jurassic, although at that time 1 had no idea that 
these constituted the Atlantosaurus beds. During the present expe
dition I examined them at every point where the cycad beds were 
studied and never failed to find them, with almost exactly the same 
character and nearly the same thickness. In many places fossil wood 
occurs in a very fine state of preservation near the summit of these 
beds and in contact with the Cretaceous, while lignite is the form taken 
by the wood when it is preserved in the clay shales immediately below. 
They are the same as No. 5 of Professor Jenney's section of the Hay 
Creek region-, the Beulah clays, of which he gives a full account in his 
notes published in this paper (infra, pp. 568-593), and many of the fea
tures which I have here mentioned were observed and recorded by him. 

vVhen all the. facts above stated are taken into consideration the 
difficulties in the way of measuring sections in this region become 
apparent. It is obviously impo~sible to reach any reliable conclusions 
by attempting to make sections of the fallen and disturbed materials 
that occupy the slopes on the sides toward the broad valleys. In 
most cases it is impossible- to say where the Red Beds end and the 
Jurassic begins or to find the line between the latter and the Cretace
ous. In order to measure a section in Ruch a region it is therefore 
necessary to find a, slope which is not adjacent to a broad valley; that 
is to say, to find some deep canyon a cross section of which will have 
the form of the letter v and upon the sides of which there has been no 
opportunity for the slow undermining of the cliffs and the resultant 
covering up of the slopes by the materials that have come down from 
above, but in which there has been a rapid and natural denudation, at 
all stages of which the materials liberated have been carried away, 
leaving the surfaces exposed. Such exposures are not easy to find, and 
often are not deep enough to embrace the entire thickness of the beds 
which it is desirable to measure. The section measured by Professor 
Jenney and myself in 1893, on the slope of Red Canyon, was an unusu
ally favorable one, and as will be seen, I was able on this occasion, in a 
few cases, to find other suitable places and to make sections illustrating 
each of the general regions. 

II. THE l\IINNERAHTA REGION. 

As it was this region which yielded the first cycads, through which 
my attention was drawn to the general subject, it seems natural to treat 
it first. I include in it all the southern portion of the Black Hills which 
has thus far yielded any fossil plants, and this is embraced i~1 a rectan-

I Jour. of Geol., Vol. II, No.3, Aptil-May, 1894,p.255 (cf.No. 7 of section No. I.) 
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gular area having Edgemont for its southwestern corner ~nd extending 
eastward to the Evans quarry, which lies near the middl~ of the area 
north and soutb. The accompanying map of this l'egion (PI. LIV), 
which I have had expressly prepared, embraces townships 7 and 8 S., 
range 3-6 E., lying wlwlly in Fall River County. 

It nearly all lies within the valley of the Minnekahta River, or, as it 
is now more comuionly called, Fall River. The immed-iate area within 
which the first cycads were found is yery near the divide between this 
stream and Red Oanyon, while the actual slope on which the most of 
them occurred is that of a small tributary of Chilson Creek which falls 
into the Cheyenne between Edgemont and Cascade Springs. 

When I visited this region in 1893 for the purpose of determining the 
exact location of the cycads purchased of Mr. Cole, as above described 
(p. 54:3), I proceeded directly to Hot Springs and arrived there on the 
5th of September.· Professor Jenney met me there from Deadwood, by 
arrangement. I also found Mr. Cole and arranged with him to accom
pa_ny us to the locality. An outfit was secured and the 6th and 7th were 
occupied in maki11g this investigation. The locality itself was on or 
near the horse ranch of Messrs. Payne and Arnold, and we secured 
the services of Mr. Payne, who was perfectly conversant with all that 
region, and he took us immediately to the spot. It is about 3 miles 
southwest of Minnekahta Station on the Burlington and Missouri Rail
road, .about 1-2- miles west of the bed of the small stream above· men
tioned, on the foothills formed by the Cretaceous sandstones. . We 
made a somewhat extended examination of the country round about. 
A ·mile or more to the northwest of the cycad locality '''e found the 
divide between that stream and Red Canyon. Another branch of the 
first-mentioned stream comes into it from the west, and lies to the south 
of our area, which is therefore on a southeast slope and near an abrupt 
descent into a canyon. From this point northwest to near the crest of 
the divide, the highest point of which is called Matties Peak on the 
township plat of the General Land Office, the slope is moderate and 
nearly uniform. At the foot of this crest and about 1-2- miles north
west of the cycad locality occurs an extensive fossil forest. The wo9d 
is all completely silicified, and consists of prostrate. trunks of various 
sizes and lengths and an abundance of smaller fragments, many of 
which are scattered about on the sloping 1)hiin a long distance below 
the actual horizon at which they were petrified. At that horizon many 
·still remain, apparently undisturbed, and in one place a trunk over 20 
centimeters in diameter was seen projecting several feet from beneath 
the massive sandstone ledge. · 

To the south of Matties Peak is a saddle, beyond which the crest of 
the divide is lower, and here the forest is seen to the best advantage. 
The most prominent object is a silicified log over 75 centimeters in diam
eter and 25 meters long, lyiug where it fell, which may not haye been at 
a very remote date. It had broken away from its roots at the surface of 
the ground, leaving portions of the stump still exposed, and the entire 
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root could probably be exhumed. Over the area of ground beyond the 
present trunk, where the upper limbs and branches would naturaiiy have 
been, g-reat i:rqm bers of fragments and splinters were scattered, clearly 
indicating that many of these branches must have remained attached 
when the tree fell. 

It will be noted that all this is within the drainag-e of the Cheyenne 
River, and therefore it corresponds perfectly with the location of the 
petrified. forest described· by Edgar Allen Poe, as quotecl above (p. 529), 
viz, "Near the head waters of the Chayenne, or Chienne River, w~ich 
has its source in the Black Hills of the Rocky chain." Of course it is 
possible that there are other fossil forests that would answer this 
description, but I know of none, and the chances of its being this iden
tical spot are increased by the necessity that it should occur in a geo
logical formation in which petrified· forests are to be looked for. It 
could not, therefore, have been in the Red Beds below nor in the Fort 
Benton above, and the area is restricted to the Lower Cretaceous. It 
is therefore scarcely possible that he could have referred to any other 
than the forest under consideration. A large amount of silicified wood 
also occurs at the cycad locality itself, and there is reason to suppose 
that the horizon is practically the same. The whole of this region, 
including the entire crest of the divide and the area extending to the 
bottom of the canyon of the cycad bed and far to the southeast, consists 
of the series of hard sandstone that were treated in the Black Hills 
report as constituting the Dakota group. 

The great improbability that the cycads could have lived in Dakota 
time, or contemporaneously with the flora of the Dakota group, led me 
to suspect that these beds were below that horizon, and I resolved not to 
leave the field until all the evidence on this point that was attainable had 
been examined. In the immediate vicinity of the fossil forest and cycad 
bed there were no evidences of plant remains of any other class. The 
crest above the fossil forest consists of hard, chiefly massive sandstones, 
which may be traced far around the Hills, and form the upper part of the 
abrupt escarpment above the soft Jurassic and the Red Beds. On the 
inner face of this escarpment it was therefore possible to observe a 
great thickness of the Cretaceous in a limited area; and passing over 
this crest a little to the southwest of the fossil forest we entered the· 
first lateral canyon which leads into Red Canyon on the west, so named · 
because in it the Red Beds are well exposed. The escarpment here is 
more or less overgrown with timber, and although the slope is very 
steep it was possible to work on any part of it. From the summit of 
Matties Peak to the bottom of the valley was, by careful measurement, 
over 500 feet, but considerably over 200 feet of this. was occupied by the 
Jurassic, distinctly marked off from the Cretaceous, while at the very 
bottom the Red Beds were reached. Above the Jurassic there were about 
275 feet of Cretaceous deposits, and on different parts of this slope good 
exposures occurred, showing considerable variety. It was in these 
exposures that the search for fossil plants was made, and in one of 
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them it was successful. This occurred 60 to 75 feet above the Jurassic, 
and in a number of places imperfect plant remains were found, chiefly 
in a soft pink and gray sandstone. · 

Matties Peak rises some 75 feet above the fossil-forest horizon, and 
the plant bed now under consideration is about 125 feet below that of 
the fossil forest. The plants occurred partly in shales and partly in 
hard sandstone. They consist chiefly of ferns, and have a facies totally 
different from that of the well-known fl.ora of the Dakota group .. They 
are. all carefully described and figured below, and their affinities would 
of themselves be sufficient to make the Lower Cretaceous· age of the 
bed that yielded them altogether certain, and it was upon these more 
than upon the cycads or fossil wood that I rested the case in the article 
above quoted. 

The following is the section measured at this place, with a brief 
description of each bed, giving its thickness in feet. The diagram 
which follows will serve to make the matter still clearer. 

SECTION OF MATTIES PEAK. 

Dakota of Newton, 275 feet. 
Feet . 

. 13. Massive pinkish sandstone approaching a quartzite locally.: ....... _ ........ 75 
12. Grayish white sandstone with silicified wood and cycads ... _ ................ 30 
11. Pinkish and yellowish soft sandstone ........... _ ....... - .. _ .. _ .. _ .. -- .... -. 75 
10. Clays with indications of coal .... : _____ -----·------·-----·----------------· 20 
9. Soft pink and gray san(l8tone with ferns and other plants .. _____ . __________ . 25 
8. Reddish, pinkish, and yel~owish brown massive cross-bedded sandstone .... -. 50 

Jn1·assic, 220 feet. 

7. Olive gray clay and sandstone shales, including the Atlantosaurus bed" .. __ . 50 
6. Light red soft sandstone .. _ ... __ .... ____ .. __ .. ____ ...... _______ .... ": .... ___ . 60 
5. Olive gray clays and gray sandstone shale:; ... ___ . ___________ .. ____ . __ .. _ . _. _ 40 
4: Olive drab clay. __ ... - . ___ . ___ ... - ............ __ . __ . _. _ ..... _ .. ____ .. - _ ..... 20 
3. Yellow sa,ndstone shales ............ __ .............. __ ..... _ ........ _ ....... !ZO 
2. Olive drab cla.y .••••.. __ ~ _ .. ___ .... __ . _ .. _ ... __ .. _. _ ..... _ ...... " .. __ .. ___ .. 30 

Red Becls (Trias). 

1. Red marls, conformably exposed at bottom of canyo11 ........... : .. ..... _ ... 20 

This section may be represented diagrammaticaJly as follows: 

FIG. 119.-Section across the divide between Red Canyon and Chilson Creek. 1, Red Beds·; 2-7, Juras· 
sic; 9, Plant bed; 12, A, Cycad bed; B, Fossil forest; 13, Equivalent of Quarry sandstone in section 
at Evans quarry (see infra, p. 560). 
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As already stated, this· region lies very near the divide between the 
l\iiunekahta Valley and the Red Canyon, but is really on the slope of 
Chilson Creek, which makes down into the Cheyenne River a long way 
to the east. At the time I visited this place in 1893 I was under the 
impression that the valley to the east of the cycad beds drained north~ 
ward into the Minnekahta Valley, and so stated in my article. But 
~this is a mistake, for it is not until we reach the Minnekahta-station, at 
the junction of the two railroads, that we find the beginning of the 
Minnekahta drainage. A number of small streams from the west, 
north~ and south unite a little way to the eastward and form .the Min
nekahta or Fall River, whose course is nearly eastward to near Hot 
Springs, a distance of about 15 miles. It flows chiefly over the Red 
Beqs, and the Cretaceous escarpment lies to the south, forming a con
spicuous east-and-west ridge, with a high point at its western end 
known as Parkers Peak. 

On my visit to this region in October, 1898, in company with Mr. 
Wells, I went carefully over aU the ground on which he had obtained 
his specimens. They all came from a region surrounding the original 
spot which I examined in 1893, and from which so many of the earlier 
specimens bad been obtained, but 1\{r. Wells found that there was an 
area, irregular in outline and more than a half mile square, over which 
cycads were strewn~ though by no ~eans evenly, as they occurred in 
groups at different points, more or less separated from one another. 
This area is all within what is called Bradleys Fiat and occupies most 
of the eastern portion of it. There are three spur ridges running out 
in a southeasterly direction from the main axis, parallel to the line of 
my section. The central one is that on which the original cycad bed 
is situated, and cycads were found over nearly the whole surface of this 
ridge, but chiefly on its southwestern slope, a larger number having 
been obtained from above the original locality than anywhere else. 
The most southwesterly ridge yielded cycads only on its northeastern 
slope, i. e., facing the principal localities of the central ridge. On the 
most northeasterly ridge ~ycads were more rare, hut were sparingly 
distributed over the whole of its lower portion, and it was on this ridge 
that they extended farthest up the slope to the northwest, i. e., in the 
direction of the main axis. 

It was evident from a careful examination of these ridges, especially 
along the slopes of the deep ravines that separate them, that this 
whole area must be regarded as out of place geologically and as occu
pying its present low position by reason of having settled down in the 
general process of denudation. The disturbance, however, was not so 
great as in most cases of the kind, and many of the rocks seem still to 
remain adhering .together in a broad sheet, with occasional ledges in 
which relatively they have never been disturbed, and even outcrops of 
the hard quartzitic masses belonging at the top of the highest ridges 
were found normally overlying the softer sandstones in the same rela
tive position in which they may be seen on the crest of the divide 1~ 
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miles farther to the northwest. In the diagrammatic section, Fig. 119, 
the dip is purposely exaggerated to represent this late tilting of the 

. strata. 
I had long been aware that fossil cycads had been found on the south 

side of the broad valley to the southeast of Minnekahta station. A 
specimen which I saw in a pile of stones at the station was said to 
have come from this. region, and I was told that others had been found 
there. Mr. Wells, learning these facts, bad explored the country in 
that direction and had obtained a considerable number of specimens, 
one of which is No. 5 of the Yale collection, which differs from all 
others in being completely turned to white tlint (see infra, p. 603). The 

. various localities at which Mr. Wells secured the specimens were 
· visited by me, in company with him, and proved to be of exceptional 

interest from a geological point of view. The south side of the general 
· Re<l Bed valley, extending a distance of 6 or 8 miles from Parkers 

Peak eastward, co.nsists of a series of high bills, separated by deep 
ravines, opening into the valley from the south. Toward the western 
end of this series these canyons have a more and more northwesterly 
course, the last one opening out at the north end of Parkers Peak, 
which is nearly 100 feet higher than the rest and is crowned by the · 
quartzitic· rockR that overlie the softer sandstones. No cycads have 
been found, to my knowledge, on or around Parkers Peak, but at the 
foot of several of the high ridges to the east of it they occur and the

1 

localities were carefully examined by me. The greater number of the 
cycads of this region, however, were not found near the base of these 
high ridges but at a considerable distance to the north of them, either 
on very low ridges extending out into the plain, or on isolated knolls 
that occur at intervals over a considerable part of the broad valley 
itself. These knolls consist of the same soft sandstones that belong at 
the top of the highest hills on the south, and are merely remnants 
of the materials that were carried away by the process of denudation 
when the valley was excavated. They are all, therefore, entirely out 
of place and their position can only be judged by the nature of the 
rocks with which they are associated. In fact, it was here that. a con
siderable number of specimens were found embedded in the red soil at 
the bottom of the valley, in the general vicinity of which there were 
scarcely any remains of the sand rock. Others were deeply entombed 
in the pure white sand of the Jurassic, and still others lay upon the 
white calcareous shell rock of that formation and were incrusted with 
a coating of lime. 

It seems probable that these heavy cycad trunks may not have been 
transported any great distance, and the theory that tlil.ey have rolled 
down the slopes of the adjacent hills, at least within any recent period, 
is completely disproved by the great distances at which they occur 
from the foot of the hills, often with lateral ridges between. In aU 
probability their original position was not far from vertically over their 
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present one. It is certain that they belonged to the southern range of 
hills~ because they occur much nearer to the south than to the north 
side of the ·valley. It must therefore be supposed that the hills and 
cliffs along the south side formerly extended over the spot. where the 
cycads now occur, and as some of them were found quite close to the 
foot of these hills this whole region may be regarded as a cycad
bearing area. This area occupies a position to the east and southeast 
of Minnekahta, distant from 1 to 3 miles from the station, and covers a 
space of nearly two miles square. 

The second of the high spurs to the east of Parkers Peak seems to 
have furnished the larger number of specimens, and they were fouu.d 
on three side~ of this hill around its base. I was therefore specially 
desirous of making a section of this hill, but owing to the difficulties 
which I have already explained '(supra, p. 549), it was impossible to find . 
any point on the north or northwest sides at which this could be done. 
It was clear that the Red Beds occupied the lower part and that the 
whole of the Jurassic was to be found on the slope, but. the sandstone~ 
from above so deeply covered the flanks of the ridges that t-he relative 
thickness of these beds could not be determined. Fortunately, how-

.· ever, a deep gorge had been cut into the side of this projecting ridge, 
havibg a southwesterly course and opening out into the canyon between 
this and the next one on the west. This gorge furnished much better 
conditions for the measurement of a section, and this was accomplished 
with considerable success. The hard quartzitic sandstone which forms 
the highest bed is not present on these ridges and the softer sandstones 
extend entirely to the summit. The following is the section: 

SECTION 01!' SPUR EAST OF PARKERS PEAK. 

Cretaceo·us, 208 feet. 
Feet. 

7. Rounded summit and slopes at top of ridge, consisting chietly of soft yel
lowish or reddish sandstones and thinner sandstone and clay shales, with 
abundance of fossil wood. This is probably the source of the cycads nlso... 88 

6'. Nearly vertical ledge of light-colored sandstones ...... __ ....... _ ..... _ ... _.. 48 
5. Slope, mostly covered, consisting of coarse sandstones and clay bed~ . . . . . . . . 72 

J-urassic, 130 feet. 

4. Olive-gray clay and sandstone shales, including the Atlantosaurus beds ... _ _ 60 
3. White sandstone ledge.--·-··---- ........ -----· ............................ 10 
2. Yellow sandstone ... --·-·· ...................... ---- .... ·-·--- ........ ---~-- 20 
1. Light-colored rocks, much obscured, probably limestoneu .................. _ 40 

Red Beds to bott01n of canyon .................... ---~ 50 

'l'otal ... ___ ... - ..........•......... _ ........................ _ .... -- _. 388 

Parkers Peak is the ~nly one of this range of hills which retains the · 
cap of quartzitic sandstones, and it accordingly rises about 100 feet 
above the summits of the several more eastern ridges. Its top forms 
a sort of mesa or elongated table with a north and south trend, and its 
western face rises directly above the sources of Chilson Creek and is 



558 CRETACEOUS FORMATION OF THE BLACK HILLS. 

nearly in line between the very similar ridge called Matties Peak 4 
miles to the westwarc.l, which forms the divide between this .valley and 
Red Canyon, and which was the subject of my first section. The great 
cycad beds of the Minnekahta region lie between these two high points, 
and I therefore thought it very desirable to obtain a section of Parkers 
Peak. This was attended with many difficulties and the section is not 
as satisfactory as could be desired, but is as nearly accurate as it was 
possible to make it. 

SECTION OF PAHKERS PEAK. 

C1·etaceous, 310 feet. 
Feet. 

8. Hard sandstone ledge, partially q uartzi tic... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 
7. Steep slope, mostly covered, but consisting of soft sandstones corresponding 

to and probably constituting the fossil wood and cycad bed..... . . . . . . . . 75 
6. Vertical cliff of soft pinkish and white sandstones ................. __ . . . . . . 60 
5. Slope, mostly covered, of alternating sandstones and clay shales.... . . . . . . . 75 

· Jurassic, 135 feet. 

4. Olive-gray clay and sandstone shales, including the Atlautosaurus beds . . . 60 
3. Other Jurassic beds, mostly obscured . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . '15 

Red beds exposed, 100 feet. 

2. Grass-growb. slope with occasional red patches indicating Red Beds_... . . . . 50 
1. Red beds in the valley to bottom of Chilson Creek .... _ ...... __ . _. . . . . . . . . 50 

Total height of Parkers Peak to bed of Chilson Creek . . . . . . . . . . . . . . . . . 545 

Some 10 miles east of Mfnnekahta station the broad Red Bed valley 
gradually closes in to form a canyon narrowing eastward, through which 
the small stream known as Hot Brook, having its source in numerous 
thermal springs, passes. This at length unites with several other 
branches and forms what is there known as Fall River, on which the 
town of Hot Springs is located. Here the course of the drainage bends 
southward and breaks through the high ridge on the south, forming a 
"gap" through the foothills nearly parallel to Buffalo Gap, 15 miles 
northeast of that point. Its course is here. southeast, and where it 
enters the hills and forms a deep canyon it affords an excellent section 
through the Cretaceous sandstones, with a length of some 4 miles, to 
where it enters the Fort Benton clays and ultimately emerges upon the 
plain and joins the Cheyenne River. · 

The electric-light plant for the town of Hot Springs, some 5 miles 
distant from it, marks the termination of the Dakota strata, and Evans 
quarry, which is just above this point on the left bank of the stream, 
yields very fine building stone from a massive stratum nearly 60 feet 
thick, containing· no organic remains. But immediately over this 
building-stone stratum occur shales and sandstones in which dicotyled
onous leaves had previously been found by Professor Jenney. It was 
in consequence of this that he had assumed that the cycads were from 
the true Dakota group yielding dicotyledonous leaves. But it soon 
became apparent, on visiting the region, that this was not the case and 
that the equivalent of the cycad bed was some distance below the quarry 
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sandstone, which· is virtually the equivalent of the massive sandstone 
forming the crest above the fossil forests. 
· We made a careful measurement of this section and it was published 
in my article. In my second visit, in 1895, I could find no reason for 
any essential modifications in that section, and I therefore reproduce it 
here without chauge: The·q uarry sandstone dips very rapidly to the 
soutb~ast, so as to come down to the bed of thd stream at the electric
light plant and to constitute the rock over which a fine cataract :flows 
at this point and through which the water bas worn deep longitudinal 
grooves. Immediately over these roc~s there is abed, some 6 or 8 feet 
in thickness, of dark clay and argillaceous sandstone shales, with car· 
,bonaceous matter and some impure coal. In this bed· was found a great 
abundance of more or less commiuuted. vegetable matter, with short 
fragments of culms of reed-like plants, which it has not been possible to 
determine. There also occur, in certain of the shales, a fe~ tolerably 
well-preserved dicotyledonous leaves, some of which have been deter
mi;ted, and were sufficient to prove beyond~ reasonable doubt that this 
stratum belongs to the true Dakota group. A small collection was 
made near the cataract over the bard sandstone on the right bank of 
the stream, above the electric-light plant. · 

This bed was easily followed to the quarry, where it constitutes. the 
. overlying mass which it is necessary to remove in order to uncover the 

workable sandstone below. At this point the bed also contains layers 
qf soft white sandstone of considerable thickness. I.~arge blocks of this 
had been thrown down and lay strewn at the foot of the quarry. On 
the surfaces of these, and more or less scattered through their mass, 
were impressions of dicotyledonous leaves of Dakota types .. The shales 
were also found in place above the quarry, and some of these yielded 
very good specimens. No fossil plants were found in any bed below 
this layer. For a long distance on both sides of the canyon the quarry 
sandstone forms the crest of the ridge, constituting a more or less abrupt 
escarpment of from 25 to 75 feet. 

Higher up the stream the beds beJow the quarry sandstone come 
• into view, consisting of softer sandstones, argillaceous shales, and car

bonaceous layers, with impure coal seams, all highly charged with 
gypsum. These finally come down to the bed of the stream and are 
ultimately seen resting upon the Jurassic clays,_ whicp. in turn overlie 
the Red Beds. Some distance below Hot Springs the Cretaceous _can 
be seen at the summit of the cliffs with the whole thickness of the 
Jurassic below them and the Red Beqs at the base. These latter, at 
and about Hot Springs, are overlain by heavy beds of conglomerate, 
probably of Pleistocene age. 

The following is the section as measured below Hot Springs: 

SECTION AT EVANS QUARRY, 

Fort Benton. 

11. Grayish black clays with layers of ferruginous concretions, extending to the 
south fork _of the Cheyenne River-contact conformable. 
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Dakota of .Sewton, 339 jfJel. 

10. Pink sanustone, mostly thin-bedded, with ripple marks and fucoid-like 
impressions ..................... - ....................... -....... -- .... . 

9. Soft black shales, with traces of carbonized plant remains and some frag-
ments of fossil wood ..... -... - .... - ......... -.... : .......... -......... . 

8. Pink and gray sandstone ................. -- ............................. . 
7. Clay shales and sandstones, the latter sometimes white, ali plant bearing, 

much comminuted vegetable matter, matted beds of swamp plants, ~nu 
well-preserved dicotyledonous leaves of Dakota types, determinable .... 

6. Black clay full of carbonaceous matter, with locally 6 inches of impure 
coal .......... - - .... _ .... - - - ... - - -......... - - ........... - ............. . 

5. Quarry sandstone, nassive, light pink, soft, weathering iron-brown ..... . 
4. Soft yellowish and reddit;h sandstones ......... - _ ......... -- ~ ............ . 
3. Drab~coloreu clays with carbonized vegetable matter and gypsnm cryfitab, 

interbedded with yellow sandstones ................................... . 
2. Soft yellow and reddish sandstones with some clay layers ...... ___ ..... _. 

.J 111·assic. 

1. Olive-gray, drab, or bluish cla.ys with reddish and yellowish sandstol)es, to 
base. 

This sectiou may be represeuted dia,gramruatieally as follows: 

Feet. 

'so· 

15 
30 

10 

4 
60 

100 

30 
60 

FIG. 120.-Section through Minnekahta Canyon. 1, Jurassic; 3, Equivalent of plat1t bed in section 
No.1; 4, (Upper portion) Equivalent of cycad bed in section of Matties Peak; 5, Quarry sand
stone; 7, Dakota leaf bed; 11, Fort Benton. 

It will be seen by a comparison of these sections that they are in 
substantial agreement, although no effort was made to m~Jre them so. 
The upper member, No. 13, in the section of Matties Peak (supra, p. 
554) probably represents the quarry sandstone of this section, which 
was considerably thicker at that point, 15 feet more being found, exclu
sive of erosion; but these rocks were often much harder,and no quartz
itic rocks were seen in the quarry. On account of the debris thrown ., 
down from the quarry and other obstructions, it was not possible to 
examine the next member below with as much care as was desirable in 
view of the fact that it seems to be the equivalent of the cycad and 
fossil-forest horizon; i. e., No. 12 of that section corresponds to the 
upper 30 feet of No.4 of the present one. ' 

III. THE BLACKHAWK REGION. 

In a letter· which I received from Professor Jenney, dated August 
28, 1893, he gave me the first intimatiou that ·cycadean trunks bad been 
found in other parts of the Black Hills than the Minnekahta region. 
In that letter he says : 

I learned from Profel:ls~r Carpenter, formerly of the School of Mines at Rapid City, 
that there is a fine cycad in the collection of that institution. The specimen was 
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founcl lying on the surface near Piedmont, South Dakota, a small station on the 
Fremont and Elkhorn Railroad, some 18 miles north of Rapid City and nearly 50 
miles northeast of Hot Springs. Professor Carpenter tells me that this cycad may 
have been derived from either the Jurassic or Dakota. Near by are the ''Atlanto
saurus" beds in the Jurassic, from which Prof. 0. C. Marsh o~tained many bones of a 
new species of "Atlantosaurus." Fossilbones, Professor Carpenter (who first dis
covered these fossils) tells me, are very abundant in the Piedmont louality. It 
would appear that the cycad-bearing beds, whatever age they may be, encircle the 
Black Hills, so it is probable that other specimens may be found. 

Being much interested in this statement, I wrote him at once with 
regard to it, and his next letter, dated September 22, 1893, contained 
the following additional information : . 

I find that ·the two specimens of cycads at the School of Mines are in all probability 
of a different species from those found at Hot Springs. The specimens may belong to 
one individual. One is the dome-shaped termination of a trunk about 15 inches in 
diameter; the other appears to be a fragment of the trunk. Compared with the Hot 
Springs variety, the trunk of this is taller, more cylindrical, and the markings of the 
leafstalks rudely pentagonal, seven-eighths to 1 inch in diameter, sometimes irregu
larly four-sided, not rhombic like those we found. I can not learn the exact horizon 
at which these cycads were found. Some person brought them to Rapid City, where 
for months they remained in a vacant Jot until noticed by the dean, who removed 
them to the School of Mines. So it is not at all certain that they were originally 
derived from the same or equivalent.beds as those yielding cycads at Rot Springs. 

In a third communication, dafed October 8, 1893, on the same subject, 
after having examined the specimens at the School of·Mines and made 
outline sketches of their general form and al~o of the form and size of 
the leaf scars, which he kindly inclosed to me, Professor Jenney further 
states : 

Now about the cycad specimens at the School of Mines. After some detective work 
I have learned that the man who found them is now living in Florida. I have written 
him to ascertain the exact locality. I hope in a few weeks to have a camera and will 
then photograph the specimens. I inclose a rude outline sketch with measurements 
of these specimens at the School that will show you the shape; also a sketch showing 
the variations in shape in the leafstalk cells. These specimens differ from the Hot 
Springs species in having a mo:re cylindrical and much taller trunk, free fron excres
cences or branches, and in the shape and arrangement of the leafstalks, which are 
in. tb.e School specimens imperfectly trigonal, quadrilateral, or pentagonal, and 
frequently strongly winged oL. two opposite angles. The arrangement of the leaf
stalk pits on the trunk is not so symmetrical in the concentric spiral lines as exhib
ited in the Hot Springs species. The leafstalks in the School specimens can be seen 
passing entirely through the outer bark of the cycad, a distance of 5 to 6 inches, 
terminating at the pith-like core. It would be possible to break them out in pris
matic pieces of flint, the exact cast ( ~) of the origiualleafstalk. 

Still later, October 21, he adds: 

I have continued my detective work on the cycad specimens at the School of Mines 
and ·have at last traced them back to the man that found them, now at Keuka, 
Florida. In 1877 Mr. J. M. Leedy, of Rapid City, found the cycads in .the foothills 
some 6 or 8 miles north of Rapid City. They remained at his ranch for a long time 
and were taken to Rapid City for exhibition at a fair held in Liberty Hall;· were not 
returned, but at the. conclusion of the fa1r were thrown out in a vacant lot near the 
hall, remaining there several years until removed to the School of Mines. :Mr. 

19 GEOL, P'l' 2--36 
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Leedy states that he found the specimens north of Box Elder Creek, on the divide 
between that stream and Elk Creek, and east of the railway (Fremont and Elk
horn), so they would be much nearer Rapid City than Piedmont. 1 will visit the 
locality soon and try to find more specimens at the same horizon. 

Some negotiatior1s were entered into for the loan of the specimens to 
the United States National Museum, but Professor Jenney's connection 
with the State School of Mines terminated about that time, and as I 
intended to visit the Hills again I did not press the matter further then. 

As already stated (supra, p. 545), I stopped at Ra;pid City in the 
summer of 1895, when on my way to Oregon, Montana, and California, 
arrriving there August 19. I proceeded on the same day to the State 
School of Mines in company with Professor Jenney, and through the 
kindness of Dr. V. T. M'Gi1lycuddy, president of the State School of 
Mines, I was permitted to examine the specimens about which so much 

· bad been said. In the meantime I had described the species 1 and 
named it Oycadeoidea Jenneyana for Professor Jenney, my description 
being based on his 110tes. President M'Gillycuddy very generously 
consented to the loan of the specimens to the United States National 
Museum, and arrangement~ were made for their shipment to Was.bing
ton, where they arrived in due course of events and were here on my 
return from California in the fall. They are thoroughly described and 
illustrated below (pp. 627,628, Pis. CXXI-OXXV). 

The problem was to ascertain the exact locality from which these 
specimens had been taken, and we spent the rest of the day in making 
careful inquiries of the citizens of Rapid City and of aU persons in that 
vicinity who were in possession of any information on the subject. We 
succeeded at length in :finding 'Mr. Gilbert Getchell, a citizen of Rapid 
City, who, although be does not seem to have :first found the specimens, 
stated that he accompanied Mr. Leedy at the time that the specimens 
were brought in, visited the spot with him, and assisted him in loading 
them into the wagon. He offered to accompany us as our guide and 
felt sure that be could show us the exact spot. On the next day a 
party consisting of Professor aud 1\irs. Jenney, Mr. Getchell, .aud myself 
proceeded to Blackhawk, a station on the Fremont and Elkhorn Rail
road, 7 miles northwest of I{apid City, and there obt~ined a conveyance 
·in which our party vi:-:;ited Black's ranch, about 2 miles nearly due north 
of th·e station. ·It was less than half a mile north of the house on 
Black's ranch where the cycads lay when Mr. Getcllell :first saw them. 
Not only this spot but the whole region to the north and northeast was 
thoroughly explored. No cycads were found, every fragment having 
been carefully gleaned by other parties; as explained above, but an 
abundance of silicified wood occurred at nearly all points and even .at 
the place where the cycads were. . 

The locality is on the left bank of a ravine which has a southward 
course and runs past the rancll house. It is a little level opening 

J Proc. Bioi. Soc. Washington, Vol. IX, .April9, 1894, p. 87. 
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below a wooded hill. On the hillside, immediately above, fossil wood 
was more abundant than at any other point. The rocks consist of 
brown sandstones-similar in all essential respects to those of the cycad 

.locality in the Minnekahta region. The level area on which the cycads 
lay is far below the top of the Jurassic, and ~he sandstones have all 
settled <lown through erosion of the .looser materials from a consid-
erably higher position. · 

The above is all that was known of the occurrence of cycads in the 
Blackhawk re_gion prior to Mr. Wells's discoveries. His last two in· 
voices to Professor Marsh contained 39 specimens from that region, 
viz, Nos. 88-126 of the Yale collection, and these were described by me 
in June, 18!)8. In the National Museum there are 4 specimens from 
there. If to these we add the two large trunks that belong to the 
State School of Mines, South Dakota, we have a total of 45 speci
mens from the Blackhawk region, which are treated in this paper. 

As, on the occasion of my visit to Blade's ranch in 1895, none of my 
party bad been able to ~iscover any additional specimens, I was 
exceedingly curious to know where Mr. Wells had obtained so large a 
number. The labels on the specimens showed nothing beyond the 
fact that they had been found in the Blackhawk region. Professor 
Marsh had, however, at my suggestion, impressed Mr. Wells with the 
importance of giving more specific localities for the cycads, but so 
late in the day that it was only in case of the last and' smallest invoice, 
containing 14 specimens, Nos. 113-126, that Mr. Wells had undertaken 
to be more exact in this matter. All this emphasized the importance 
of my visiting the region again, and under his guidance, minutely 
examining each of the localities. This is what was done in October, 
1898. A few of the specimens found by him were 1wt far from the 
locality pointed out by Mr. Getchell as that of the original specimens, 
but were somewhat farther up a small ravine, which has a due 'south 
course and opens into the larger ravine hav\ng a southeasterly course 
that passes by the ranch house. By following up this ravine still far
ther, we passed over a large number of additional localities and these 
extended entirely over the divide to the north ·and northeast. All of 
these specimens occurred out of their natural· position, among loose 
rocks that had slipped down from the higher cliffs, and the ·same is 
true for most of the specimens from the localities farther to the north
east on comparatively low ground. They bad, therefore, no geological 
significance and there was no possibility of measuring a section to indi
cate their geological position·. It was of the utmost importance, how
ever, that a section should be made, and in order to do this I was 
obliged to explore the high hills to the north, which are in their 
original position. 

About 3 miles due north of Blackhawk and 4 miles southeast of 
Piedmont there is a peculiar conformation of the ~urface, consisting 
of what seems to be, from whatever side it is viewed, a high plateau, 

• 
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rising 300 feet above the valley through which the railroa.d passes and 
having a length nearly north and south of about 3 miles and a width 
of nearly 2 miles. But when one reaches the summit of this high 
hill, one finds that it consists in reality of a sort of gulf or amphitheater, 
not shown on the topographic map, with a depth of between 200 and 
300 feet, but having an outlet on the eastern side, and also a depres
sion in its rim on the south side; otherwise it is entirely surrounded 
by the high ground covered with the Cretaceous sandstones, has every 
appearance of a true basin, and reaches at the highest points the 3,900-
foot contour line. The uppermost rocks are somewhat quartzitic and 
barren, usually forming precipitous ledges, but the next terrace below 
consists of the typical soft sandstones with which the fossil wood and 
cycads are usually associated and are found mingled with them on the 
spurs and slopes below. In this particular case,.however, it bas for
tunately happened that a number of cycads, and among them some of 
the largest and most interesting, were found virtually in place at this 
high level on the ·inner slope of the rim of this basin ~t its southern 
end. Mr. Wieland had also found a specimen on the We!:;t side at the 
same level and another half a mile north of the basin at a little .lower 
level. The discovery of these specimens is very important in confirm
ing the view at which I had previously arrived, that this highest ter
race below the quartzitic cap constituted the cycad horizon. In fact it 
demonstrates this, at least for the Blackhawk region. 

I therefore determined to make a section at the precise point at 
which these cycads occurred. It was impossible to obtain this from 
the south side on account of the gradual slope and the number of slips 
which obscured the strata, and I was obliged to go over on the inside of 
the basin at its extreme southern end and measure the section from 
that side .. Owing to the size or this inclosed valley, .however, some of 
the same difficulties presented themselves that occur in cases where 
broad valleys are adjacent to the slopes, and it was impossible to meas
ure the thickness of the Jurassic or even to find its contact with the 
Red Beds, if the latter occur at all. The following is the section as 
thus measured: 

SECTION 3 MILES NORTH OF BLACKHAWK. 

C1·etaceou.s, 200 feet. 
Feet. 

5. Whitish or yellowish sandstone, greatly varying in ha.rdnes!'l, occasional1y 
, somewhat quartzitic ..... ·--··· ...... ·----· .... ...... ...... ...•.. .... .... 46 
4. Soft, yellowish sandstone and sandstone shales with occasional reddish clay 

seams, especially near the base; cycads found in place within 6 feet of 
base ....•........... -....... -......... - _ ..... - ........... _ .......... _ . . . 50 

3. Ledge of soft light sandstone.····-· ...... ·---~-·----···----.............. 10 
2. Slope mostly covered with debris of sand rock, grass, and herbage .. _.. . . . . 94 

Jurassic exposed: 100 feet. 

1. Jurassic, much obscured, to bottom of canyon ....... __ .................... 100 

Total exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 300 
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The·largest cycad from that region, No. 100 of the Yale collection, 
and the largest but one in the world, was found at a height of 110 feet 
above the Jurassic contact or 80 feet below the top of the highest 
crest on the south end of this basin on its inner slope, and several 
other of the most interesting specimens were found either near this or 
in relatively the same position somewhat farther east. 

A. less successful ,attempt was made to measure a section at the north 
end of the basin, where the rim was found to rise 86 feet above the 
top of the Jurassic, exposed below. But it is probable that the high
est part of the rim here is considerably below the cycad horizon and 
the plain slopes away to the northward, so that no full section can 
be obtained. On the west side, wbere Mr. Wieland found a cycad at 
about the same horizon as those at the south end, the rim is very thin 
and the rocks have the appearance of dipping rapidly to the westward. 
This is, however, undoubtedly due to the effect of undermining and 
tilting them at the time that the broad valley on the west was being 
eroded. On the slope toward the basin the d!p is in the opposite 
direction, doubtless from a similar cause. 

The entire cycad area therefore of the Blackhawk region, as we· now 
understand it, forms a sort of rectangle about a mile and a half wide 
east and west and 3 miles long north and south, with Black's ranch at 
its southwestern corner, and it extends. in altitude from the 3,600- to the 
3, 750-foot contour line (see map, Pl. LV). All the specimens, how- . 
ever, found below the 3, 750-foot contour line are of course out of place. 

IV. THE HAY CREEK REGION . 

.After Professor Jenney and I had discovered, in 1893, that there was 
a large series of beds underlying the true Dakota group in the Black 
Bills, -the idea of developing an extensive fossil flora assumed a definite 
shape in the minds of both of us. His prolonged investigations in ~11 
parts of the Black Hills in the capacity of a mining expert rendered it 
highly probable that if such a flora existed he would sonietime find .it 
w ben studying such outcrops as promised to yield coal. An occasion 
of this kind presented itself much earlier than I bad expected, when, 
the following year, he was employed by the railroad companies to inves
tigate the coal fields on Hay Creek, a tributary of the Belle Fourche, 
which rises in Crook County, Wyoming, and flows slightly north 
of east,- joining the Belle Fourche opposite the town of that name. 
Valuable beds of coal were discovered on the upper tributaries of Hay 
Creek, and this general region is now known as the Hay Creek coal 
field, with Barrett post-office near 'its center. The map (Pl. LVI) 
shows in detail the nature of the Bay Creek coal field, and indicates 
the stratigraphy, as worked out by Professor Jenney, and all the 
localities from which fossil plants were obtained by him and sections 
made. 
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The history of Professor Jenney's investigations will now be given. 
In June, 1894, I received a 'letter from him dated June 10, from which 

I give the following extract: 
I . 

1 have just returned from a three weeks' camping expedition in the foothills of 
the eastern part of the Bear Lodge Range. I had occasion to study carefully the 
Hay Creek coal field, situated 40 miles northwest of Deadwood, and have measured 
many sections covering the Dakota group of Newton.· I found much that would 
interest you. It is true I could not find any cycad trunks, but think we 'Yill yet. 
:find impressions of the leaves. Fossil wood is quite abundant in this formation. In 
one place a huge tree is sticking in the face of a cliff; the trunk is 3 feet in diameter 
and extends along the face of the cliff for 40 or 50 feet, forming acrosR the rifts in 
the rock a kind of natural bridge. I could only take specimens of the sapwood and 

· heartwood of this silicified trunk. It is too large to send to Washington. 
I find in the Hay Creek district four distinct plant-bearing horizons that will 

prove very useful in separating the Dakota group into the different epo'chs. I could 
only collect a few plants from each, but have carefully recorded the localities. 
Several will, if worked, yield, I am satisfied, :finely preserved plants. It is true I 
have not found in the Lower Cretaceous a great variety of plants, and that good 
specimens are not common. 

I discovered between the ,'!urassic and the Dakota group of Newton evidences of 
unconformity, i. e., that the Jurassic formation bad suffered considerable erosion 
prior to the deposition of the Cretaceous. Further, between the top of the Jurassic 
beds with characteristic marine fossils and the base of Newton's Dakota group 
there are about 50 feet of beds as to which I am as yet unable to determine whether 
they should be classed as Jurassic or as Lower Cretaceous. These beds are ash-gray 
clays with calcareous clay nodules, apparently without fossils. At the top of this 
undetermined series of beds and just beneath the sandstone shales with plant. 
remains, the supposed base of the Uretaceous, occurs a bone-bearing bed, from 
which' I obtained fragments of fossil rib bones 2t inches wide, ~to 1 mch thick. 
The "Atlantosaurus ",beds of Professor Marsh, that Professor Carpenter states were 
identified by him near Piedmont, South Dakota, at once came to mind. 

I hope to have time to search the locality and its vicinity and determine the hori
zon of these animal remains. 

To return to the Dakota of Newton, I find it naturally separates into the following 
(this is of course subject to future discovery and to the determination of the plants 
of the several horizons): · 

GENERAL SECTION OF THE DAKOTA GROUP OF NEWTON. 

Upper surface, probably ~:~omewhat eroded, overlain by Fort Benton Shales. 

1. The Dakota sandstone with characteristic plant remains. The base a 
massive sandstone of variable character with respect to hardness, per-

Feet. 

centage of iron, etc . _. _ .. _ .. _ ... __ ............ _ ........... _ ......... _ .·. 100 
2. Clay shales, sandstone shales, and soft sandstones with, locally, beds of car

bonaceous ~hale and plant remains, plants, ferns of modern type, and 
ribbon-like fucoids; at base of this member a massive cross-beddecl 
sandstone 50 feet in thickness; contact stratum1 a breccia of clay and 
sandstone marking unconformity . _ ..... __ .. _ ........ __ . _ .... _ .... _. _... 150 

3. Massive sandstone 40 feet, underlain by drab clay shales and carbonaceous 
shales with plant remains. Plants, ferns, cycad-like in type, ·pine 
needles, plant impressions like modern Equisetum, leaves of willows, 
rushes, etc . - -- .. -- ............... -.. -_ .... c ••••••••••• _. __ •••• _. _. __ • • • 100 

4. Soft sandstones, clay shales and clays with one workable (3 to 5 feet thick)· 
and several sma.ller local seams of coal, plant remains, peculiar ferns, 
cycad-like, and long flattened pine needles.............................. 100 
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Page. 

5. Ash-colored clays with calcareous nodules. No fossils observed; near top 
at conta.ct with No. 4 occur, locally; fossil bones......................... 50 

This member may be Jurassic. 
6. Jurassic clays and shell limestone with marine fossils-Belemnites .. Ostrea, 

Ex9gyra, etc. 

Professor Jenney comwenced a1mm;;t immediately to. send on packages 
of fossil plants. Three packages were sent on June 16, two on June 
28, five on July 8, and one on July 12. In addition to this, he sent a 
box containing specimens collected in August and September. 
Altogether the co1lection is one of the finest that has ever been made 
from all:y part or the West. It came in admirable condition, with 
every specimen carefu11y and accurately labeled, indicating its locality 
and the particular stratum from which it was obtained. This 'collec
tion was forwarded to Professor Fontaine for determina,tion, and his 
report upon it is embodied in this paper (pp. 645-702, Pis. CLXII-
CLXIX). . 

In one of Professor Jenney's letters, dated August 20, 1894, he gives 
the following additional facts, which are well worth recording: 

. I hope the collections I have sent in will insure the determination of the a.ge of the 
coal and the separation of Newton's Dakota group into its several horizons. Since 
my last letter I have done a great deal of detailed stratigraphic work in the interval 
between the Red Beds and the Fort Benton shale. · 

I find overlying the marine beds of the .Jurassic about 50 feet of light-colored 
clays with nodular layers of clay limestones. These beds I first supposed to be pos
sibly Lower Cretaceous, and marked them No.5 in the section I sent you in my letter. 
I have found evidences that these beds are probably Jurassic shallow-water deposits; 
they carry often large trunks and limbs of fossil wood, and in the layers of impure 
limestone a few small Ammonites near the top of these beds; just below the contact 
with the base of No. 4, Cretaceous, occurs a bone-bearing bed-large elongated 
vertebrm and fragments of leg and thigh bones, all in a poor state of preservation. 
These beds recall the Atlantosaurus beds of Marsh to my memory, but as I have not 
the origmal pa.pers by Professor Marsh on those saurian remains I can not say more 
as to their probable place in the section. 

There are evidences that the land was rising at the close of the Jurassic, for some 
of the No.5 beds may be brackish or fresh water, and that before the deposition of 
the lowest beds of the coal series (division No. 4, Newton's Dakota) the land was 
above water and bad suffered a quite extensive denudation, and that the workable 
and lowest beds of coal were deposited -in basins, channels, and valley:;; in the eroded 
Jurassic. This I believe bas not been noted before. I find the dynamic geology of 
the region far more complicated as I study it than was at first apparent. There are 
faults, elevations of strata, both anterior and subsequent to the formation of the coal. 
I have been able to send you quite a representative collection of the plants of No.2 
division of Newton's Dakota; a less extensive one of tbe plants of No.3 division, 
and but few plants from No.4 division, the horizon of the coal. I did not try to 
collect from No. 1, the Dakota sandstone proper, as the plants from that horizon are 
well known. I have hired three or four miners, and will open the coal in No.4, in a 
new field I have discovered in an unexplored section of this region. If there are 
any plants I will send you collections made. 

As I think I wrote you, I find evidences of "unconformity between No.3 and "No.2 
and between No. 2 and No. 1. I have been unable to detect any unconformity 
between No.4 and No.3. The grea.t unconformity of the Jurassic and No.4 has been 
noted. On the higher ridges of Jurassic surface, No.3 rests on the Jura and ·No.4 
is absent. 
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I think I can get you plants that will show No.4 to be older and distinct from No. 
3, though the stratigraphy shows a.pparent uninterrupted deposition. 

Not content with performing these important services, Professor 
Jenney·has taken time to prepare for me, with permission to use in this 
report, an extended series of notes upon the Bay Creek regwn and a 
large number of sections from the most important plant-bearing beds. 
It is with great pleasure that I avail myself of the data thus furnished, 
which I insert bodily into this memoir. The map of the Ray Creek 
coal field WaS also prepared by him; and taking this in COllnectiOri With 
his descriptions and sections, we have a very full statement of the 
geology and paleontology of that region. 

Professor Jenney continued to furnish these notes dqwn almost to 
the time of going to press. It is my duty to add that he has per
formed all these services for the pure love of science, and the spirit by 
which he has been actuated may be gathered from the following 
remark in his letter of April t7, 1898, inclosing the last of his manu-
script, where be says: · 

Use these notes when you can in writing, and all other notes, maps, and data 
sent. Do not worry about giving me credit. The object to be attained 1s the best 
monograph on the coal. field. So use all data as your own and publish over your 
own signature, unless there is good reason for not doing so. You have full authority 
to omit, change, or publish any or all of the material sent in such manner as you 
shall deem best. 

A copy of Professor Fontaine's manuscript describing the fossil 
plants of the Hay Creek coal field was sent to Professor Jen·ney, and 
his notes include a discussion of the stratigraphy from the paleonto
logical standpoint. 

FIELD OBSERVATIONS IN THE HAY CREEK COAL FIELD. 

By WALTER P. JENNEY. 

1'H.E DAKOTA GROUP OF NEWTON. 

In the report on the geology of the Black Hills based o~ the field 
work of the survey of that region made in 1875, Mr. Henry Newton, 
the geologist of the survey, wrote: 

It has already been remarked that the concentration of attention on the main 
body, of the Hills prevented a thorough study of the Jura. In a still greater 
degree it reduced our opportumties for the examination of the Cretaceous. Very 
fe\Y of our excursions penetrated more than the basal member, and the only exami
nations of the entire series were in our rapid approach to the Hills via Beaver 
Creek and on our return march. So far, however, as our observations extended, it 
was evident that the Upper Missouri section of Meek and Hayden was applicable 

· without essential modi fication.t 

Mr. Newton quotes from the Invertebrate Paleontology of Professor 
Meek as fo1lows: 

No. 1.-Dakota group. 

Yellowish, reddish, and occasionally white sandstone, with at places alternations 
of various-colored clays and beds and seams of impure lignite; also. silicified wood, 

I Geology of the Black Hills, p. 1 i5. 
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and great numbers ofleaves of the higher types of dicotyledonous trees, with casts 
of Pharella? Dakotensis, Trigona1·ca Siouxensis, Cyrena arenarea, Ma1·garitana .Nebras
censis, etc. 

Localities.-Hills back of the town of Dakota; also extensively developed· in the 
surrounding country in Dakota. County [Nebras'lm] below· the mouth of the Big 
Sioux River, and thence extending southward into northeastern Kansas and beyond. 
Thickness, 400 feet.' 

:JVIr. Newton, writing from his ·own observations on the Dakota group 
in the Black Hills, describes it as follows: 

Prominently developed, forming the capping rock to the foothilis that surround 
the Hills on all sides; appears with its characteristic composition-coarse yellow or 
red sandstones with discontinuous variegated clays. At places a considerable thick
ness of very soft and fine white ~a.ndstone appears at the base, Elsewhere consider
able portions are of hard, dense quartzite. No animal fossils were found, but many 
remnants of plants-in no case more than mere coaly fragments. ·Thickness, 250 to 
400 feet.z 

Mr. Newton plac~d in the Dakota group all the sandstones and clays 
included between the Jurassic and the Fort Benton, following Dr. F. 
V. Hayden, who had studied this formation along the Missouri River, 
and who first identified the Dakota sandstone in the Black Hills, Dr. 
Hayden having accompanied as naturalist and geologist the expeditions 
under command of Gen. G. K. Warren in 1855 and of Capt. W. F. 
Raynolds in 1859, who made brief visits to the Black Hills. 

Mr. Newton has in the text quoted briefly explained the imperfect 
and hurried character· of the investigation of the later geological for
mations in the foothills, which was unavoidable from the necessity of 
concentrating the work upon the metamorphic region of the interior of 
the Hills, with its placer gravels and gold-bearing veins. 

In the summer of 1877 Mr. Newton returned to the Black Hills for 
the purpose of making a more complete investigation of the geological 
structure and to supply many omissions in the field observations made 
in 1875. While there engaged he died at Deadwood from typhoid 
fever. The manuscript of his report on the geology of the Black .Hills 
was left incomplete at his death and was not published until1880. · 

From the early work of Dr. Hayden in this region the unity of the 
Dakota group was not questioned until the visit of Prof. Le~ter F. 
Ward in September, 1893, who came to the Hills with the object of 
determining, if possible, the horizon of the remarkable fossil trunks of 
cycads found near Hot Springs, South Dakota. In the search for the 
cycad locality and in the approximate determination of the horizon from 
which these fossil trunks had been derived I accompanied Professor 
Ward, as related elsewhere .. 

The following summer I was engaged in an investigation of the 
economic value of the coal of the Hay Creek region in the extreme 
northern Hills, distant 90 miles north-northwest from Hot Springs. In 
the l)rogress of the field work it was found that workable beds of coal 
occurred in the lower part of the Dakota group. Later, as the relation 

1 Geology of the Black Hills, p. 17-!. 2 Geology of the Black Hills, p. 175. 
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of the different beds was worked out, and as collections were made of 
the fossil plants, it became apparent that the Dakota group was made 
up of a number of distinct formations, separable stratigraphically, and 
that each division was characterized by a fossil flora peculiar to itself, 
by which it could be readily recognized. The collections of fossil pla.nts 
were forwarded for determination to Professor Ward at Washington. 
There was also sent a general section of the strata exposed in the Hay 
Creek region, a description of the several divisions determined strati
graphically of· the Dakota group, and a statement of the approximate 
position: of each plant-bearin"g bed or horizon, referred to its proper 
division and measured froni the Jurassic below and also from the 
Dakota sandstone above. 

These plant collections, with the accompanying notes, were referred 
by Professor Wardto Prof. Wm. M. Fontaine for examination. 

The divisions of the Dakota group, determined stratigraphically, 
were confirmed by the study of the plants by Professor Fontaine, who 
further determined that the divisions (Nos. 3 and 4) lying at the base 
of the Dakota group, and including the coal beds .of economic impor
tance corresponded most nearly in tlora to the JJOWer P.otomi:te. TLe~ 
division above (No.2), lying immediately beneath the Dakota sandstone 
(No. 1), was correlated by its flora substantially with the upper portion 
of the Older Potomac (Aquia Creek series), and all of the Dakota group 
in chided between the Jurassic at its base and the true Dakota sand
stone at the top was thus placed in the Lower Cretaceous. 

In the determination of the horizon of the fossil cycads in:. the Hot 
Springs region Professor Ward had previously identified the upper 100 
feet of strata .of the Dakota group as constituting the_Dakota sand
stone proper, characterized in the southern hills by an abundance of · 
weii-preserved dicotyledonous leaves. The underlying beds included 
between the Jurassic and the Dakota sandstone were shown to be in 
all probability I..1ower Cretaceous, from position, from the abundance of 
fossil cycad trunks, and from the confirmatoryevidence of a small col
lection of fossil plants obtained. 

The field work in the Hay Creek region and the plant collections 
made have furnished data for the divh;ion of the Dakota group into 
distinct epochs, corresponding to the prominent divisions of the Cre
taceous of.the Atlantic coast. Further, it has madA certain the deter
mination by Prpfessor Ward of the Lower Cretaceous age of the larger· 
part of the strata in the Black Hills heretofore includAd in the Dakota 
group. 

THE HAY CREEK COAL FIELD COl\iP ARED WITH THE POTOMAC 
FORMATION. 

1. Character of the sedim,ents.--Tbe beds forming the Dakota group. 
of Newton are either pure .sands, clays, or mixtures of clay and sand. 
Granitic sands (arkose) are absent. These sediments are consolidated 
into rock strata of varying hardness. The sands form sandstone in 
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many localities, particularly in the lower part of the Dakota sandstone, 
of a quality suitable for building purposes~ The clays occur as clay 
shales, save the under and over clays of the coal beds, which are com
monly soft fire clays, though with a shaly structure. 

The beds show little or no disturbance after deposition. Erosion has 
taken place in certain beds prior to the deposition of the later; strata 
resting upon them. The clay balls and lenses-irregular masses and 
sheets of clay described as occurring in the Potomac formation, the result 
of the destruction of preexisting clay beds-do hot seem to have their 
counterpart in the Black Hills. So far as the writer has had the oppor
tunity to examine the Dakota formation in other localities. in the belt 
encircling the Black Hills, it everywhere has the above-described 
character. 

2 . .Persistence of plant horizons.-Certain horizons carry plants 
throughout the Hay Creek region; notably the plant horizon of divi
sion No. 3 at the base of the cliff-forming sandstone (No.3); also the 
bed of carbonaceous shales about 100 feet below the base of the Dakota 
sandstone in division No. 2. 

3. The Lower Cretaceous a coal-forming period in the Black Hills-.-
At the opening of the Lower Cretaceous the beds of /workable coal were 
deposited in hollows eroded in the Jurassic surface. A period of quiet 
must then have occurred, long enough to form coal with a thickness of 
from 3 to 6 feet. The coal appears to have been formed· where the 
vegetation grew and to have been deposited in basins, channels, and 
small irregular swampy tracts between the Jurassic hi~ls. 

Like the coal beds of the Carboniferous, the Hay Creek coals have 
an under clay, filled with fragments of plant remains, and an over
clay, in which occur, in favorable localities, well-preserved plants. Over
lying and capping the clays with the included coal are thick beds of 
sandstone. 

In division No.3 thin coals occur, bnt.are seldom found of workable 
thickness. In division No. 2 a bed of black carbonaceous shale occurs 
continuously over a considerable area. In the Dakota sandstone thin 
impure coal seams without economic value are found in the upper shaly 
strata. 

4. The Newcastle coal.-.At Newcastle, Wyoming, at the Cambria coal 
mines, on the southwestern border of the Black Hills, coal also occurs 
in the lowest beds of the Lower Cretaceous. The horizon of the New
castle coal is about 50 feet above the top of the Jurassic. The coal is 
peculiar in character, having been apparently deposited in the bottom· 
of a lake, and formed mainly from the leaves of some species of conif~r. 
The coal is underlain by hard, massive sandstone and is directly covered 
by thick sandstone strata, without a trace of the underclay or over
clay commonly occurring with coal beds the world over. 

At the Cambria mines this coal is 7 to 9 feet in thickness. Seams of 
splint, or impure coal, 4 to 8 inches thick, occur in the upp,er part of the 
bed. On weathering on the slack dump the fragments of these splint 
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layers disintegrate into bunches of long, flat, pine needles, brown colored 
on the surface; on breaking, of a brilliant jet-black coal within. These 
conifer leaves are 3 to 4 inches long, and as a result of one or two 
se~sons' exposure to weather a fragment of splint comes to resemble a 
hunch of coarse brown-colored hay. These needles will burn when 
lighted with a match. 

The Newcastle· coal is heavy, dense, breaking into sbaly fragments·, 
thin at the edges, like rock spalls from a quarry. The ash is nearly 
pure silica, apparently made up most1y of fine sand deposited with the 
vegetable matter forming the coal. The percentage of ash varies widely 
iu difierent parts of the coal bed, but averages about 13 to 18 per cent 
of the weight of the coal shipped. In coking, this eoal g·ives off a large 
amount of condensable products-tar, ammonia, etc. 

The Newcastle coal is used on the locomotives of the Burlington Rail
road, as a fuel for steam boilers at th~ Homestake mines, and in the 
form of coke in the smeltil)g furnaces (D. & D. Smelter) at Deadwood, 
Sout~ Dakota. It is ~ot favored as domestic fueL Microscopic exami
nation of specimens of this peculiar coal from di1ferent parts of the bed 
might throw light on its origin and formation. 

5. Stratigraphical position of the Lower Cretaceous in the Black Hills.
Most valuable of all is the precisely defined position of the Lower 
Cretaceous. The Dakota group of Newton embraced all the strata 
included between the marine Jurassic and the Fort Benton of the Upper 
Cretaceous. The marine Jurassic is characterized in the Black Hills 
by a great abundance of fossil mollusks, so that the age of the forma
tion is well established. Resting uncomformably on the marine Juras
sic, and formed from the products of its erosion, is the brackish or fresh
water formation which I have designated as later Jurassic, division 
No.5 of Newton's Dakota group, the supposed equivalent of the .Atlan
tosaurus beds of Marsh. Whether these beds should_ be regarded as 
Jurassic or as transition beds between the Jurassic and Cretaceous, or 
should be made the lowest division of the Lower Cretaceous is open to 
discussion. The marked uncomformity between the Lower Cretaceous 
and these later Jurassic beds, the great change in the character of the 
sediments in passing from the Jurassic (No.5) to the Cretaceous (No.4), 
and the resemblance of the few fossil shells found in No.5 to Jurassic 
forms, have led the writer to place this formation in the Jurassic. Ther~ 

is 1i ttle doubt that division No.5 of the Hay Creek section is the same as 
the beds included between the Jurassic and the Dakota group at Pied
mont, South Dakota, on the eastern border of the Black Hills, which 
were identified by Marsh as the representative of the .Atlantosaurus 
beds of Wyoming and Colorado. The Piedmont locality was visited by 
J. ·n. Hatcher, who there found numerous large elongated vertebrre 
described by Marsh as a species of Barosaurus. 1 Similar vertebrre were 
found by my assistants in the upper beds of division No.5, in the Hay 

. • I Sixteen t~ .Ann. Rept. U. S. Geol. Survey, Part I, p. 175. 
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Creek region. Professor Marsh gives the following general section of 
the geological horizon of vertebrate fossils in North America :1 

. 

Cretaceous ... __ ... _ _ _ Dakota group. 

( Atlantosaurus beds .. ~ ___ . ____ 1 Dinosaurs: Brontosau-

.., urass1c · ----- ---- -- - ap ano on e s · ·- --- · ·- ---- ~Mammals: Dryclostes, T • l B t d b d I rus, etc . 

· Hallopus bed~-- .... --·-··---- J etc. 
·Triassic. 

Heferring to the'' remains of an enormous dino·saurian" 2 found near 
Morrison, Colorado, in 1877, and described as Atlantosaurus montanus, 
Profe~sor Marsh writes: 

When first founa these fossils were supposed to be from the Dakota group, but 
their Upper Jurassic age was soon after determined by the writer from evidence that 
placed the horizon beyond dispute. 

Professor Marsh continues: 

Another locality of t'auropoda, more recently explored by the writer, is in South 
Dakota, on the eastern slope of the Black Hills. This is the most northern limit now 
known of the Atlantosaurus beds, which form a distinct horizon along the eastern 
flanks of the Rocky Mountains, marked at many points by the bones of gigantic 
dinosaurs, for nearly 500 miles. The strata are mainly shale!:! or sandstones of fresh 
water or estuary origin. They usually rest uncomformably upon the red 'friassic 
series, and have above them the characteristic Dakota sandstones. On the western 
slope of the Rocky Mountains the Atlantosaurus beds are also well developed, espe
cially in \Vyoming, but here they have immediately below them a series of marine 
strata, which the writer has named the Baptanodon beds, from the largest reptile 
found in them. This horizon, also of Jurassic age, i8 shown in the section.3 

From the above it is evident that -Professor Marsh regarded the 
Atlantosaurus beds as later Jurassic. 

The marine beds of the Fort Benton form a marked boundary to the 
Dakota group readily identified by the eye as far as the co_lors of tile 
different formations and the peculiar topography which each impresses 
upon tile field of view can be distinguished. 

Upon examining the Dakota group of Newton in detail the Dakota 
sandstone· is readily differentiated stratigraphically from the lower 
divisions by the abrupt change iu the character of the sediments, the 
Dakota sandstone forming a prominent. cliff, while the clays of the 
Lower Cretaceous immediately underlying it yield to erosion and are 
covered beneath a long grassy slope. Even more marked is the great 
change in the flora. between the Lower Cretaceous and the Dakota 
sandstone, but this I need not go into further. 

In the Black Hills the· strata of the Lower Cretaceous are thus inter
calated in a series of well-determined formations, so that the exact 
relative position is accurately known, both stratigraphically and 

· pa.leontologically. 
Fossil wood occurs in the later Jurassic of Hay Creek, and it is not 

improbable that fossil plants will be found in the brackish_ and fresh 

J Sixteenth Ann. Rep. U.S. Geol. Surv., Part I, p. 145. 2 Ibid., p. 164. 3 Ibid., p. 165. 
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water deposited beds of the Jurassic when the great extent of territory· 
covered by rocks of this age, stretching along the eastern slope of the 
Rocky 1\iountains, is carefully explored and particular search made. 

6'. Resemblance of the flora of the Bay, Oreelc coal.field to that of the 
Lower Potornac.-Professor Fontaine remarks: 

The fact that the Hay Creek :flora shows a much greater resemblance to that of . 
the Lower Potomac than to the Kootanie floras of British America and of Great Falls, 
Montana, which occur much nearer to the Hay Creek region than does the Potomac, 
of Virginia, is another surprising feature (see infra, p. 702). 

In my letter of May 26, 1896, I commented on the insuiar position of 
the Black Hills, and stated that from my own observations the modern. 
flora is more nearly related to that of tile Eastern States than it is to 
the flora of the Rocky Mountains. 

The Black Hills may have been covered by the ocean as late as tlle 
close of the deposition of tile marine Jurassic. No positive evidence 
has been obtained that any portion of the Hills was above water prior 
to that date, althougll the water continued sbmtling from the Car
boniferous to the later Jurassic. Neither bas fossil wood been found 
in the Triassic or the marine Jurassic, and it is not until the later 
Jurassic is 1~eached that it occurs. . 

Jurassic formations occur west of the Black Hills and ... along the foot
bills of the Big Horn Mountains, and extend north into .Montana and 
south through Wyoming and Colorado to New 1\'Iexico. The eastern 
shore of the sea depositing the marine Jurassic is not known; neither 
is it known how far to the east the fresh and brackish waters extended 
in the later Jurassic. The Upper Cretaceous stretches eastward into 
Kansas and Iowa. Strata of Jurassic age have not been discovered 
east of the Black Hills. I found the marine Cretaceous in Arkansas, 
abutting ~n the Paleozoic, and searched the contact for the roissiug 
formations. 

In Cretaceous time a great promontory of land, formed by the 
union of the Ozark and Ouachita uplifts, stretcbeci from Missouri and 
..Arkansas southwesterly across Indian Territory to the Pan Handle of 
Texas. This promoutory bad its origin in the eievation of the ..Alle
gheny continent at the close of the Carboniferous. The land nearest 
to the Black Hills 011 the east during the Upper Cretaceous,was the 
n01tilwesteru shore of this upheaval, which crossed central Karisa~ in 
a liue running northeastward into Iowa. In Jurassic and Lower 
Cretaceous time the western border of the continent may have been 
mncb nearer to the Black Hills thau iu the Upper Cretaceous. Is it 
not proba.ble that tile flora of the Hay Creek region may have been 
derived from the east? Further, occasional strong winds in the Black 
Hills come from the east and tlle b.eavy rain storms often occur with a· 
southeast wind. With all this, with the origin of these winds in the 
Gulf of Mexico, with tlle great extension of tlle Gulf of Mexico to 
southern IIlinois iu the Mesozoic, may not easterly winds have been 
more prevaleut and assisted in the migration of the plants westward~ 
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The Cretaceous shore line lies 400 to 450 miles southeasterly from 
the Black Hills. The Kootanie country is situated on the head waters 
of the Columbia, distant 750 miles northwPst from the Hay Creek 
coal field. Great Falls, Montana, is somewhat nearer, on the head 
waters of the Missouri. 

Since writing the above I have found that this subject bas been gone 
into extensively by C .. A.. White, J. S. Diller, and T. W. Stanton, and 
that Dana embodied 1 their views in a map of North America in the 
Cretaceous period. According to this map, the Kootanie region would 
lie on the northeastern shore of, the "Pacific border" and naturally 
would belong to a different floral province. The tiny dot on the map 
representing the Black Hills, in the middle of the Cretaceous area, 
seems possibly to have derived its flora from the Alleghany continent. 
At. the present day not only the plants, but many of the animals and 
birds, are of eastern species. 

7. Absence of certa.in forms of life in the Cretaceous formation of the 
Hay Creek coal jield.-Many forms of life which naturally would be 
expected to occur preserved in the sedimentary strata, appear to be 
absent. This is the more remarkable because the conditions of climate 
and of deposition and the known occurrence of a most varied fauna 
and flora in other parts of the country during Cretaceous time would 
seem to have been favorable not only to abundant life, but also to its 
preservation in the fossil state. It is true that such evidence is· of a 

, negative character, and that the collections made even in the richest 
plant localities are scanty, yet it is not without value in throwing some 
light on the conditions which subsisted in this region during the depo
sition of the Hay Creek beds. 

a. Absence of cycads.-Careful search was made, without success, for 
silicified trunks or cycads, such as are found abundantly near 1\iinne
kahta station in the southern part of the Black Hills. Photographs 
of these cycads were shown to a number of cattlemen and settlers; but 
no one could recall ever having seen anything resembling them. Tlle 
abundance of silicified wood shows that the conditions were. favorable 
for their preservation. 

b. Scarcity of dicotyledons in the collections -made.-The collections 
were forwarded to ~7 ashington by mail, for which reason selected 
material only \vas preserved, but in making the selection all the mate
rial left on the ground was carefully examined for impressions of leaves 
of anything resembling dicotyledons. Only two or three were found, 
all in the beds of division No. 2. In division No. 1, Dakota sand
stoue, dicotyledons occur in favorable localities, but are mostly poorly 
preserved and difficult to identify. 

c. Absence of ma.rine beds in the Dakota group of 1\Tewton.-The cal
careous clays of division No. 5, later Jurassic, appear to have been 
deposited in brackish waters. A small ammonite, a fragment of a 
shell resembling Unio, and a few other small and poorly preserved 

1 ::\Ianual of Geology, 4th ed., p. 813. 
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shells were found in. layers of impure argillaceous limestone. These 
fossils bear resemblance to Jurassic forms. All the beds of the Lower 
Cretaceous and of the Dakota sandstones have been formed in fresh 

·water. 
d. Prevailing absence in the strata of the Lower Cretaceous and in the 

Dakota sandstone of all for,rns of life cornnwnly occurr·ing in bodies of fresh 
water.-Fossil bones of many species of the Atlantosaurus, as well as 
tm;tles, tortoises, birds, and small mammals are described by Marsh fi·om 
the·Atlantosaurus beds of Colorado, Wyoming, and the eastern slope 
of the Black Hills. Elongated vertebrrn, similar to the forms figured 
by Marsh, were found in the beds of division No.5 in the Hay Creek 
region, the supposed equivalent of the Atlantosaurus beds of Marsh. 

From the base of division No.4 to the top of No. 1, the Dakota sand
stone, although many exposures were carefully examined and an area 
of nearly 120 square miles gone over, yet not even a fragment of a fossil 
bone was anywhe~e found, not a single specimen of a fresh water or 
land shell; neither are there in the beds any visible comminuted frag
ments of shells. Insects also seem to be wanting. What can be the 
reason that while the beds in divisions No. 1, No.2, and No. 3 were 
formed in a body of fresh water, supposed to have stretched for hundreds 
of miles, fishes, turtles, reptiles, and aquatic birds havt3 left no trace of 
their presence~ Neither can I recall finding any fossil plants of species 
which would be aquatic in growth. 

Fossil wood, which is very abundant in the upper beds of division 
No.2, and occurs more sparingly in divisions No.3 and N.o. 4, is nowhere 
found to have been attacked by boring mollusks. This is merely an 
evidence of the absence of the sea or of brackish water, all mollusks 
which attack wood being marine;· but I have thought it best to record 
the fact. 1 

• 

Whatever may have been the character of the vast body of fresh 
water in which these beds were deposited, it is reasonably certain that 
it must have had an outlet, and during the time that the beds of divi
sions No. 4, No.3, No.2, and No.1 were forming, it could never have 
been saline to such a degree that chemical precipitates would occur, 
such as are characteristic of salt lakes-lakes without outlet. All the 
beds of these divisions are either clays or sands. ·Chemically pre
cipitated beds, as limestones, calcareous sediments, gypsum, and marls 
carrying peroxide of iron, are absent. With the exception of con
cretions of limonite, which occur quite abundantly in the Dakota sand
stone, much of which is probably of recent formation from atmospheric 
waters, all the iron in these beds is in the form of peroxide. 

Briefly reviewing the evidence, it may be remarked that the coal of 
division No. 4 and its accompanying shales were deposited in local 
marshes, occupying depressions eroded in the Jurassic surface. The 
coal was evidently formed where the vegetation grew. The beds 
resemble the coal formations of the Carboniferous in having underclay 
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and overclay, the latter carrying impressions of fossil plants, and also 
in the character of the coal itself-dry, black, noncoking, with little 
:;tsh or sulphu!'. 

The third division opened with alternating conditions, forming thin 
coals interbedded with shales and soft sandstones, but closed with a 
considerabie sinking of the· region and the deposition of a persistent 
sandstone covering the whole Hay Creek region and dipping northerly 
and easterly until conceal~d beneath the marine beds of the Upper 
Cretaceous. 

Division No. 2 opens with the formation of a heavy sandstone, con
tinuous over a great area. The lower stratum of this sandstone is in 
many localities a conglomerate or breecia, and there are evidences that 
the underlying No.3 sandstone sufi'ered some denudation before the 
deposition of the No.2 sandstone. 

These sandstones show evidences, in ripple marks, in cross.bedded 
sti·ucture, in layers of coarse sand, and in a few beds of conglom
erate, that they were deposited in shallow water by currents having 
frequent changes of direction. Division N(). 2 closes with beds of clay 
and sandy shale, and locally thin, irregular seams of impure coal, 
deposited in quieter waters and during alternating changes of level. 
The evidence is sP1dom seen of denudation having taken place on the 
surface of division No. 2 before or accompanying the deposition of the· 
Dakota sandstone, becaus(3 the contact of the two divisions is in most 
places concealed. 

The Dakota sandstone shows more than any other sandstone the 
efiect of currents of water in its formation. 'rhe sediment varies widely 
in character in short distances and in different beds. Broad sheets of 
heavy ripple marks occur, cross-bedded structure is strongly marked, 
and iron in the form of limonite is abundant in certain layers. In short, 
from an examination of the beds there is no evidence that the conditions 
which existed in the Hay Creek region during the Lower Cretaceous 
were either unfavorable to the existence. of life or to the preservation of 
the life record in the rocks. The land was entirely above water at 
certain epochs, with marshes, swamps, and shallow isolated lakes in 
the depressions between the hills. These conditions were permanent 
long enough, during the deposition of the beds of division No. 4, to 
form in the deeper basins solid coal 3 to 5 feet in thickness, free from 
partings of shale. 

Later, in early Cretaceous· time, there were intervals of quiet waters 
depositing fine sediments:._cJay8, sandy shales, and fine sandstones . 

. To these mud fiats succeeded widespread deposits of sand, laid by swift 
currents, and ripple-marked by. the waves. High winds occurred, 
which tore branches from trees and leaves from ferns and bore them to 
shallow sand fiats, where they were buried and preserved. It was the 
age of rer\tiles and reptilian birds, yet not a bone or. tooth marks their 
presence. 

H> GEOL, PT · 2--37 
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What was the nature of the body of tl.Jis fresh water stretching for 
hundreds of miles, without land or fresh-wat~r shells, with no trace 
preserved of fishes~ Contrast the paucity of all life, save plants, in 
these I.Jower Cretaceous beds with the wonderful preservation of fossil 
forms, particularly dinosaurs, in the Laramie formation of Converse 
County, Wyoming, southwest of the Black: Hills. ' 

In conclusion, it is not improbable that the absence of cycads may 
have been due to unfavorable climatic conditions on the northern slope 
of the Black Hills. The cycad locality near Minnekahta ~tation is on 
the southern slope of the Hills, 90 miles south of the Hay Creek coal 
field, and may in early Cretaceous time have had a milder climate 
than the more northern region. 

Until all the different coal basins lying on the southern and western 
border of'the Black Hills have been investigated and particular search 
has been made for dicotyledons but little can be argued from their 
apparent absence in the Hay Creek region. The Lower Cretaceous 
completely encircles the Black Hills, aud the outcrop of the beds of 
this age forms a narrow belt along the eastern foothills at the edge of 
the plains. On the southern, western, and northern sides the area 
covered by this formation is much greater, and isolated basins occur near 
Minnekahta, at the Cambria coal mines near Newcastle, Wyoming, at 

. Inyankara, and west of Sundance, Wyoming, where more or less valu
able and extensive deposits of coal have been opened. It is a great 
field, and the collections made are but an indication of what may 
be reasonably looked for as the result of a thorough investigation of the 
Lower Cretaceous belt. The Dakota sandstone at Evan8 quarry, near 
Hot Springs, South Dakota, carries finely preserved dicotyledons. A 
limited collection was made from this locality by Professor Ward in 
September, 1893, described below (pp. 702-709, Pis. CLXX-CLXXII ). 
In the Hay Creek region the Dakota sandstone carries fossil plants in 
the upper beds, but in all the localities examined the plant remains 
were so decomposed and carbonized that none were collected. 

It might be argued that the prevailing absence of land and fresh
water shells in the Lower Cretaceous of Hay Cteek was Q.ue to the dis
solving action of carbonic acid produced by the oxidation of the carbon 
and organic matter in the beds. But this cause would not account 
for the nonpreservation of the bones of reptiles, which are largely 
composed of lime phosphate. 

The different beds vary in composition from nearly pure clays, with 
very little organic matter, to carbonaceous shales wh~eh will burn like 
impure cannel coal; from sandstones filled with carbonized plaut 
remains, in every gradation, to almost pure sand. Further, it has been 
shown that these beds have been deposited under most varied condi
tions, so that it is not reasonable to invoke the destructive action of 
earl.Jonic acid to account for the non preservation of fossil forms, largely 
composed of lime carbonate, throughout several hundred feet of strata 
covering so great an area. Had this been the cause there would have 
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occurred exceptional localities with th~ preservation of calcareous 
tossils.1 

SECTIONS OF THE HAY CREEK COAL FIELD. 

Th9 follo-wing is a section of Cretaceous strata on the cliff on the 
east side of the canyon of Oak Creek, about 2 miles north of Robbins 
Ranch, Crook County, Wyoming: 

Section in Oak Creek Canyon. 
Top of plateau. Feet. 

11. Red sandstone, much denuded .............................. ·............. 2 
10. Carbonaceous shale, with thin coal .................. --.. .. . . .. .. .. .. .. .. '1 
9. Red sandstone ...................................................... --... 10 
8. Shales and sandstones on partly exposed slope . . . . . . . . . . . . . . . . . . . . . • . . . . . 60 
7. Carbonaceous black shale, coaly..................... . .. . .. . . .. . .. .. . .. .. 1 
6. Drab sandstone shales, with finely preserved plant remains ... " ....... :. . 4 
5. Yellow sandstone ....................................... -~-- .... .. .. .. . . 3 
4. Drab cla.y and sandy shales...... .. .. .. .. .. .. . .. . .. . .. .. . .. .. .. .. .. .. .. .. 2 
3. Gray sandstone ........................................ -----· ...... ,...... 7 
2. Gray sandy shales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 
1. Black carbonaceous shale, base of cliff, creek bottom . . . . . . . . . . . . . . . . . . . . 4 

.. Total exposure ...................... "... . . . . . . . . . . . . . . . . . . . . . . . . . . 99 

The Dakota sandstone, beds 9, 10, and 11, is here but a remnant 
left by erosion. A mile to the southeast this formation outcrops 60 to 
80 feet in thickness along the cliff's at the edge of the plateau. 
Bed~ 1 to- 8, inclusive, are placed in N ~· 2 division. Only a part of 

the strata of this division is _exposed, the lower beds lying beneath the 
' water in Oak Creek. 

Bed 6 is a remarkably productive plant-bearing stratum, and deserves 
more extended exploitation. This plant horizon is the highest in division 
No. 2 from wliich collections were made, being 61 feet below the base of 
the D·akota sandstone. The locality is only reached from the plateau 
above, on the southeast side of Oak Qreek. The bed yielding plants 
outcrops at the top of the cliff, which, like a wall, incloses the contracted 
bottom of Oak Creek. 

'Bed No. 1 is here barren of plants, but is traced by openings made in 
¢search of coal along the base of the cliff to· the bluff near Robbins 

Ranch, where, in the overlying shales, many plants were found. 
It is also the stratigraphical equivalent of the plant-bearing shales 

on Pine Creek, 2 to 2~ miles west of .Mrs. Dorset's ranch, distant 7 to 
8 miles west from the Oak Creek localities. 

Below is given a section of Lower Cretaceous, exposed on the north 
· bank of Pine Creek, 2 miles west of Mrs. Dorset's ranch: 

Section on the 1WTth side of Pine C1·eek. 
Top of low ridge. Feet. 

12. Massive gray sandstone, weathering in large blocks, stained on surface 
Indian red to iron black............................................... 30 

11. Light-gray sandy shales, base not exposeu ......................... -~---- 5 

IProfessor Meek, in Invertebrate Paleontology, notes casts of fossil shells in Dakota along the 
Missouri River. 
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Feet. 
10. Unexposed slope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • • . . . . . . 30 

9. Yellow sandstone, weathering brown .......... ____ .......... _.. • . . . . • . . . . 4 
8. Gray clay shales, base covered ......... ~....... . . . . . . . . . . . . . • . . . . . . . . .. . . 4 
7. Unexposed slope ...................... ~. . .. . . . . . . . . . . . . . . .. . . . . . .. . . . . . . 28 
6. Yellow sandstone, thin bedded ........................... _ .. . . .. .. . . .. .. 8 
5. Gray sandy shales. . .. . . . . . . . . . . . . . . .. . . . . . . . . . . .. .. . . . .. . . . . . . . .. . . .. .. . 2 
4. Clay shales with imperfectly preserved plants . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 
3. Unexposed slope ............••................. · ......... ~ . . . . . . . . . . . . . . . . 6 
2. Yellow sandstone, thin bedded ....................... _................... 3 
1. Gray sandy shales with well-preserved plants, forming-low bluff......... 14 

Total exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . 136 
Unexposed slope to water of Pine Creek .. ·..... .. . . . . . . . . . . . . . . . . . . .. .. .. 5 

Bed 12 forms the base of th~ Dakota sandstone. All the rest of the 
section is included in division No. 2. 

The section is important from the large collection of plants obtained 
from bed No: 1 near the roadside along the bank of Pine Creek. This 
horizon is 106 feet below the base of the Dakota sandstone. 

About one-half mile southwest, on the opposite side of the ravine 
traversed by Pine Creek, the same beds apJ)ear at the top of a sand-
stone cliff. where the{ollowing section was measured: · 

• Section on the sonth side of Pine Creek . 

Unexposed slope with Dakota sandstone at top not measured. Feet. 
9. Yellow sandstone ......... - ..................... ~.. . . . . . . . . . . . . . . . . . . . . . . 7 
8. Gray sandy shales, partly exposed .. . . • . .. . .. . . . . . .. . .. . .. .. . . .. .. . .. . . . . . 6 
7. Light-gray sandstone ........................................... -.......... 5 
6. Gray sandy shales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 
5. Gray, drab, and black sandy shales, locally a black coal wit-h abundant 

fossil11lants.... . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 
4.. Gray sandy shales ......................... _.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 
3. Massive soft yellow sandstone, the upper layers somewhat shaly, with occa-

sional plarit remains. . . . . . . . . . . . . . . . . . . .. . . .. . . .. .. . . .. .. . . .. . . . . . . .. .. . 35 
2. Drab clay shale .................................................... ·...... 1 

· 1. Conglomerate of small pebbles, base not seen. . . . . .. .. . . . . .. .. . .. . .. .. .. . . 2 
Unexposed talus to creek. .. .. .. .. .. .. .. .. . . .. .. .. . . .. .. . . .. .. .. .. .. .. .. .. 30 

Total exposure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 

AU beds here numbered are embraced in division No.2. 
The cong~omerate bed 1 resembles the stratum marking the uncon

formity of divisions Nos. 2 and 3 in the sections measured at the Barrett 
and the Larrabee and Young coal mines. Uniting these sections, the 
thickness of division No.2 is 149 feet. Bed 5 of this section is the same 
as the plant-bearing bed 1 of the section half a mile below the north 
side of the creek. From this bed 5 and from the underlying sand
stone a number of fossil plants were collected. 

These localities on Pine Creek are rich in well-preserved plants, are 
accessible, and can easily be found from the data here given. 

The following is a section of Cretaceous strata at nollins tunnel, 
about 1~ miles southeast of Robbins na.nch, Crook County, Wyoming. 
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Section at Rollins t~tnnel. 
Top of plateau. Feet. 

9. Soft massive reddish sandstone, forming low bluff................... . . . . . . 10 
8. Unexposed slope ............................ ·... . . . . . . . .. . . . . . . . . . . . .. . . . . 25 
7. Massive sandstone, ocher yellow,. thin bedded at base..................... 20 
6. Unexposed slope . . . . . • . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . 35 
5. Sandstone, ocher brown, thin bedded ........... " ....... ------------...... 6 
4. Unexposed slope ....•........... -............ .. . . . . . . . . . . .. . . . . . . .. . . . . .. 20 
3. Gray sandy shales ........................................................ · 8 
2. Black carbonaceous shales with finely preserved plants . . . . . . . . . . . . . . . . . . . 3 
1. Drab clay shales ..... " ...................................•......... _..... 5 

Total exposure ............ -.... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 

Bed 9 forms the basal stratum of the Dakota sandstone covering the 
top of the plateau. .All the other: beds are in division No. 2. The 
plant horizon, bed 2, is 107 feet below the base of the Dakota sand
stone and is stratigraphically the same as the bed of black shales at 
Robbins Ranch, Oak Creek, and at the localities 2 to 2~ miles west of 
Mrs. Dorset's ranch on Pine Creek. This plant locality is in a short 
tunnel opened at tlie bottom of a narrow dry ravine i~ the plateau 
extending easterly from Oak Creek to the State.Jine. 

Below is given a section of the Cretaceous strata exposed on the top · 
of the plateau and in the bluffs along Oak Creek, near Robbins Ranch, 
Crook County, Wyoming. 

Section on Oak Creek. 
Top of plateau. Feet. 

17. Drab-colored clay shales, weathering in thin lamellar sandstone and sandy 
shales ................................................................. 2 to 30 

16. Sandstone and sandy shales .......... -.. .. .. . .. . . .. . . . .. .. . . .. . . .. .. .. . . 25 
15. Black carbonaceous shales with charcoal and carbonized plant /remains 

imperfectly preserved ........ -...•..............••... - .. - . . . . . . . . . . . . . 3 
14. Sandstone, thin bedded.-------- .............. ------ .... --·--· .... ·...... 10 
13. Massive sandstone, yellow to gray, wea.thering reddish and ocher brown, 

forming cliff ........... - ...... -. - ... - . - ... - ... -.. . . . . . . . . . . . . . . . . . . . . . 40 
12. Unexposed slope with outcrops of sandstone............................. 60 
11. Soft massive sandstone, weathering thin bedded, forming top of bluff on 

Oak Creek .................. - -.. -.......... _. . . . . . . . . . . . . . . . . . . . . • . . . . . 15 
10. Bla.ck carbonaceous shale and clay . .. .. .. .. .. .. .. .. . .. . . .. .. . . . .. . . .. .. 3 
9. Light purplish sandstone .. -----·........................................ 10 
8. Gray clay shales ........... - .................. -..... _. . . .. . . . . . . . . . . . . . . . 2 
7. Reddish-purple san'dstone and sandy shale with concretions of iron .. _.... 4 
6. Soft yellow sandstone................................................... 6 
5. Clay shales and sandy shales with well-preserved plants........... . . .. . . 2 
4. Gray shales ................................................... ~..... . . . . 3 
3. Carbonaceous black shale............................................... 3 
2. Drab clay .....•........... - ....................... ~. . . . . . . . . . . . . . . . . . . . . 3 
1. Sandstone, base not exposed ........................... ------............ 5 

Total exposure ............................. -.. .. .. . .. . .. . .. . . . .. .. 224 
Talus ..•• _.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 
Water in Oak Creek. 
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Bed 17, the Fort Benton shale, rests unconformabl:r on the denuded 
surface of the Dakota sandstone. 

The whole formation dips northeasterly toward the Belle Fourche 
River, where the Fort Be1iton 'has a thickness of· at least 300 feet. 

The Dakota sandstone, here 78 feet in thickness, includes beds 13, 
14, 15, and 16. 

Bed 15 is locally a loosely coherent mass of vegetable remains, mostly 
leaves, too much decomposed to be determinable. 

The remainder of the section lies in division No. 2. 
Bed 5 yielded the collection of plants described by Professor Fontaine 

from the locality" Cliff· on Oak Cree~, near Robbins Ranch," 6 miles 
northeast of Barrett post-office. 

Below is a section of Cretaceous strata exposed on the north side of 
the yalley of the South Fork of Hay Creek, at the Barrett Coal Mines 
1 mile west of Barrett post-office. 

Section on South Fork of Hay C1·eek. 
Top of hill. Feet. 

Soil, sand, and gravel resulting from weathering of the Dakota sand-
stone _____ . ____________ -- ___ - ____ ...... -.- .. __ ...... __ ...... _ .... _ ... _. 10 

19. Massive soft yellow sandstone _. __ .. _ ........... _. __ -.-. _ ........ __ . _ .. _ _ _ 20 
18. Unexposed slope of hilL ___ ..... ___ . _ .... _ ..... __ .. _ .. ___ .. _ .. __ ... _.... . 15 
17. Outcrop of stratum of yellow-brown sandstone._ .... __ .................. _ 5 
16. Unexposed slope of hill ..... _ .... _ ... _ ............. ___ ......... _ .. _ ..... _ 112 
15. Yellow-brown sandstone ..... ____ .... ---------------- ________ ------------ 6 
14. Purple clays partly exposed ........ _. ___ . __ .... _. __ .... _. _ ........... __ . 20 
13. Yellow sandstone, thin bedded ..... _ ..... _ . ___ ... ___ ............. _ .... _. 15 
12. Massive yellow sandstone, cross-bedded, forming. cliff ..... _ ...... _ ... __ .. 45 
11. Conglomerate of small pebbles of flint and quartz .•.................. __ ._ 3 
10. Breccia of angular fragments of sandstone and shale in white clay, thick-

ness varying ...... ~.-- ... _. _ ........... __ ... _ ........ _ .......... _ .. __ . 10 to 3 
9. Yeilow sandstone with layer near base of brown iron sand _ .......... __ .. 10 
8. Massive gray sandstone, wea:t"hering in thin layers, forming cliff ...... _... 40 
7. Drab clay shales, with plant remains_ .................... ____ .. _. _ .... -- _ . 2 to 5 
6. Soft sandy shales with carbonized plants------ ________ ------ ...... ------ 2 
5. Coal .......... _. _ •. _ .......... _ ...... ___ .... __ . _ .-. _ .. __ .. _ .. _ ....... ___ . 1 
4. Soft yellow sandstone ..... _: ___ ........ ___ .. _ ...... _ •.. _ ... _ .. _ ..... ___ . 4 
3. Drab clay shales .... ___ .. _ .. __ ..... _ ... _ .. _ .............. __ .... ______ .. _. 12 
2. Coal _ ..... _ ...... __ ... ___ ........ __ .. _ .. _. _____ ... _____ . _____ . ___ .. _ . , . . 3 
1. Drab clay shales------ .... ________ .... ____ ........ ------·----- .... ____ .. 15 

Total exposure ..•... __ ........ _ .· .... - . _ . . . . . . . . . . . . . . . . . . . . . . . . . . . 246 

The base of the above section is probably 30 feet above the top of the 
later Jurassic, which outcrops on the opposite side of the valley. Beds 
1, 2, 3, and 4, a thickness of 34: feet, lie in division No. 4. 

The bed of thin coal, 5, the plant.bearing shales, 6 and 7, and' the 
cliff-forming sandstone, 8 and 9, .form division No.3, 58 feet in thick~ 
ness. 

Sandstones 12 and 13 unite to form the persistent sandstone stratum 
of division No.2, which outcrops as a cliff along the hillsides in many 
localities in the area drained by the branches of Hay Creek. 
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In division No.2 are the beds 10 to 18, both inclusive, aggregating 
124 feet. · 

Bed 19, a low cliff near the crest of the hill, is the basal stratum of 
the Dakota sandstone. It forms a prominent landmark on the hilltops 
along the north and south sides of the valley of the South Fork. 

In this section, estimating the thickness of the beds intervening 
between the lowest coal and the later Jurassic, the total exposure of 
Lower Cretaceous (No.2, No.3, and No.4 divisions) is 246 feet. 

As the sec_tion is followed westward beds 6 and 7 vary greatly in 
thickness, increasing locally to 30 feet, and finally thinning out to a 
stratum only 2 or 3 feet thick, resting unconformably on the Jurassic. 

These beds form a persistent p1ant horizon throughout the Hay Creek 
region. From this locality a small collection was made of fossil plants. 

In the shales over the lower coal fossil wood occurs quite abundantly. 
The following is a section of Cretaceous strata exposed on the north 

side of the valley of the South Fork of Hay Creek at the coal mines of 
Larrabee and Young, 1~ miles weE't of Barrett post-office: 

Section at coal mines on South Fork of Hay C1·eek, near Ban·ett. 

Top of hill. Feet. 
Soil and sand resulting from the weathering of the Dakota sandstone 

forming theplateau ...... ------ ..................................... 10 to 30 
20. Soft massive yellow san"dstone ........................................ _. . 8 
19. Soft yellow sa:q.dstone, thin beaded, weathering in a long, grass-covered 

slope .................................. ·_ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 
18. Massive soft gray sandstone ........................... _____ ...... : .... _ _ !::0 
17. Soft yellow sandstone, thin bedded .............................. __ .... _. 15 
16. Unexposed, probably clays and ehales, forming a grass-covered slope ..... _ 30 
15. Soft massive shaly sandstone............................................ 15 
14. Gray sandstone shales, partly exposed ...................... : ......... ~.. 10 
13. Massive yellow-brown sandstone.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . 7 
12. Unexposed slope ...................... --"·............................... 40 
11. Yellow sandstone with concretions of iron oxide. ___ ..................... 12 
10. Shaly sandstone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 
9. Yellowish-brown sandstone ...................................... _....... 3 
8. Shaly sandstone...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 
7. Soft yellow sandstone . . . . .. . . . . . . . . . . .. . . . . . . . . . . .. .. . . . . . . . . . . .. . . . . . . . 9 
6. Breccia of fragments of decomposed clay shale in white clay...... . . . . . . . 3 
5. Soft yellow sandstone ................................................... _ 6 
4. Massive yellow sandstone, forming cliff .. .. .. .. . .. . .. .. . . .. .. .. .. . .. . .. .. 30 
3. Clay shales and sandy shales............................................ S 
2. Conglomerate of pebbles and sand, with bo"~lders 1 inch to 2 inches diameter 

of hard sandstone and siliceous limestone and a few quartz pebbles..... 8 
/ 1. Soft sandstone and sandy shales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 

Top of the Larrabee shaft, which is stated to be. sunk to a depth of 75 feet, 
passing through the following strata: 

Shales, clays, and soft sandstone ................................ : ..... _ . . 55 
Coal .. · ... ~ ........... --- .. -- ............... - ............... -... -.. . . . . . . 5 
Clay and shales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 
Coal ..... .- . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 

Total exposure ....... -.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 373 
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In the above section the Dakota sandstone, division No. 1, is repre
sented by 17, 18, 19, and 20, aggregating 58 feet in thickness. 

I-q division No. 2.Iie beds 6 to 16, inclusive, with a total thickness of 
143 feet. 

The breccia (bed 6 of section) marks the unconformity with the under
lying strata. In this locality beds 7, 8, 9, 10, and 11 of division No.2 
can be seen to unite in outcrop and form a continuous cliff along-the 
hillsides to the east and also to the west of the section mea:sured. 

In the same manner beds 4 and 5 of division No.3 unite to form a 
cliff. One mile we.st all these sandston'es unite from the cutting out of 
the intervening shale beds and form a single cliff 60 to 70 feet in height, 
which continues westerly for 2 miles along the hills bordering the north 
side of the valley of the South Fork. 

Beds 1 to 5, inclusive, and part of the shales in the shaft should be 
included in division No.3, but the line of demarcation from the under
lying coal and shales of division No. 4 is covered, so that these two 
horizons can not be here separated. 

On the south side of the valley, at a distance of half a mile, the later 
Jurassic clays outcrop in a range of low hills at such relative elevation 
with the coal that it is not probable that more than· 25 feet of beds 
intervene between the bottom of the Larrabee shaft and the top of the 
Jurassic. This gives the total thickness of tl!e Lower Cretaceous at 
this exposure 302 feet. 

Plant remains occur very perfectly preserved in the' shales over the 
lowest coal in the J.1arrabee shaft. Only a few specimens could be 
obtained at the time of the examination, owing to the bad air filling 
the shaft. 

The following is a section of Lower Cretaceous strata at John Barr's 
. tunnel, about 4~ miles east-northeast from Barrett post-office, Crook 

County, vYyoming: 

Section at Jolin Bar1·'s tnnnel, near Ban·ett. 

Top of low ridge. Feet. 
9. Gray coarse sandstone ................................................. _.. 5 
8. Massive yellow sandstone, cross. bedded....... .. . . . . . . .. .. .. . . . . . . .. .. .. .. 30 
7. Massive soft yellow sandstone, thin bedded . .. .. .. .. .. .. .. .. .. .. .. .. .. . . . . 40 
6. Coal, impure and shaly ................................... _ ............... -it to t 
5. Black carbonaceous shale with plants ............................ ~........ 2 
4. Coal .....•..... , ....................................... _... . . . . . . . . . . . . . . . . 1 
3. Clay ......................... · ............................ _. . . . . . . . . . . . . . . 2 
2. Yellow sandstone ......................................... _. . . . . . . . . . . . . . . 4 
1. Gray clay shale........................................................... 5 

Total exposure ........... : . .................................. _ . . . . . . 89t 

In the above section beds 8 and 9 belong to division No. 2, and the · 
underlying beds are in division No.3. 

The plant horizon, bed 5, lies approximately 150 to 175 feet below the 
base of the Dakota sandstone, and is the equivalent of the. beds carry-
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ing plants at the Webster ranch apd in shales under third sandstone 
at Barrett coal mines and other localities given in the third division. 

This tunnel, about 60 feet long, is run on the north side of a narrow 
ravine, li miles north-northeast from Forks post-office. Half a mile 
above this tunnel there are two shafts sunk in the bed of the ravine by 
Williams Brothers. The following section is given by Mr. Williams of 
the beds passed through in sinking the lower shaft: 

Section of Williants shaft, near Forks. 

Top of shaft at base of Sandstone Cliff, bed 7 of last section. Feet. 
15. Dra h clay shales. . .... _ ............ - ..... - . . . . . . . . . . . . . . . .. . . . . . .. .. .. . . . . 20 
14. Shaly coal ............... ~ .... - ...... ~ ... - ..... -.. . . . . . . . . . . . . . . . . . . . . . . . . 1 
13 . .Sandstone ... ~ ............... :. -...............• -...... -- ... --. -.. . . . . . . . . . 1 
12. Alternating beds of shale and sandstone ................................... 12 
11. Coal .. - .... -- ............................ - ............... - ...... -. . . . . . . . . i 
10. Black shale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 
9. Sandstone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . 3 
8. Coal and shale ....... _ .................. ___ .............. _ .... __ .. _ .. _. __ ... _1 
7: Clay _ ........•..................... - - - .. - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 
6. Sandstone -----· .......................................................... 2 
5. Black clay shale changing to gray shale at base ...... ---- .................. 12 
4. Sandrock ...... ·'· ............ -............................. - - ..... ·. . . . . . . . 2 
3. Shale with plants ....................................... _ .................. 2i 
2. Sandrock . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 
1. White calcareous clay ahd blue clay ................................... __ .. 22 

Total exposure .... __ ................................. _ ............... 90 

Bed 1 is later Jurassic, verified by inspection of the last material 
excavated in the bottom of the shaft and left on the dump. 

Bed No.3 and some of the associated beds may belong to division 
No. 4, though that formation appears to be wanting in this eastern 
Recti on of the Hay Creek coal ~eld. Nearly all, if not all, the beds in the 
shaft above the Jurassic clays are in division No.3. 

Below is given a section of Lower Cretaceous and Jurassic strata 
exposed near Webster's ranch, 4 miles sou~heas~ of' Barrett post-office: 

Section 11ea1· Webste1·'s 1·anch, southeast of Barrett. 

Top of low hill. Feet. 
9. Yellow sandstone ................................................. _. . . . . . . . . 14: 
8. Gray clay shales ........................... _ .... _. . . . . . . . . . . . . . . . . . . . . . . . . . . 12 
7. Black carbonaceous shale with fossil plants ..... __ ...................... · __ .. 4 
6. Gray shale................................................................. 3 
5. Unexposed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 
4. Soft sandstone, ocher yellow.. . .. . .. . . .. . .. . .. . . .. .. .. . .. . .. .. .. . . . . . . .. .. .. 10 
3. Whitish gray clays ......................................................... 20 
2. Unexposed .............................. ·_ ....... , .............. .-. . . . . . . . . . . 7 
1. Calcareous sandstone with fossil shells, characteristic Jurassic species .. .. . . 2 

Total exposure ......................... -· ........ : . .............. : .. _ . _ _ 82 

In the above section beds 4 to 9, inclusive, are placed.in division No. 
3. The prominent sandstones of divisions Nos. 2 and 3 form cliffs one
fourth and one-half mile north of this point. 
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The horizon of this plant bed 7 can not be accurately determined, 
but is .. not more than 200 feet below the base of the Dakota sandstone. 

Division No.4 is wanting in this part of the Hay Creek area, and the 
beds of division No.3 rest unconformably on the later Jurassic. 

Beds 2 and 3 of this section are later Jurassic (division No. 5) and 
rest unconformably on the denuded surface of the marine, Jurassic 
bed 1. 

The plants collected at this locality were obtained from shales at the 
entrance to a tunnel run on the black coaly shales in search of a work
able seam of coal. This tunnel is caved, so that it can not be entered. 
It is reported to have been. 50 or. 60 feet long, and that specimens of 
well-preserved plants were obtained by the miners working there. 

T,his plant horizon is stratigraphically equivalent to that of the 
localities at the cliff on the north side of the valley of the south fork 
of Hay Creek, the shales under third sandstone of section near Bar
rett, and the beds at John Barr's tunnel, from all of which sm·an col
lections of plants were made. 

The following is a section of Cretaceous and Jurassic strata exposed 
on the hill near Lon Cottle's ranch, 1 mile southwest of Barrett post
office, Crook County, Wyoming: 

Section nem· Lon Cottle's 1·anch~ southwest of Bart·ett. 

Top of hill. Feet. 
Soil and gravel.... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 

32. Thin bedded ferruginous sandstone .................... __ .. .. . . .. . . .. . . . . 15 
31. Massive sandstone, yellow, and irregti.larly impregnated with iron oxide, 

weathering ocher bro'Yn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 
30. Unexposed slope of hill. ......... ·.. . . . . .. . . . . .. . . . . .. . . . . . . . . . . . . . . . . . . . . 20 
29. Yellowish-brown sandstone ... _ ........................... _.. .. . . . . . .. . . . 5 
28. Unexposed slope . ~ . _ ....................... :. . . . . . . . . . . . . . . . . . .. . . . . . . . . 20 
27. Yellowish-brown sandstone ........................... ------ .... .... .... 5 
26. Unexposed slope . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 20 
25. Massive yellow sandstone, cross bedded ...................... _ . . . . . . .. . . . 35 
24. Yellow sandstone, wea'thering in thin layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 
23. Clay shales and sandy shales . . . . . . . .. . . . . . . . . . .. . . . . . . . . .. . . . .. . . . . . . . . . 4 
22. Soft yellow sandstone ........................................... _ . _ . . . . . 2 
21. Drab clay shales with plant remains .............................. ___ .... 8 
20. Coal . _. _ ................. _.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 
19. Gray clay ............................. : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
18. Soft sandstone, ocher-brown colored, thick bedded.. . . . . . . . . . . . . . . . . . . . . . 18 
17. Soft yellow sandstone ... . .. . . .. .. . . .. .. . . .. .. . . . . .. .. . . . .. . . . . . . . . .. .. .. 8 
16. Gray sandy shales ........................................... ~.. . . . . . . . . . 4 
15. Soft yellow sandstone ............................ _ ................. _ .. .. 3 
14. Gray clay shales . . . . .. .. . . . . .. .. . . . . . . .. . . . . . . . . . .. • . . . . . . . . . . . . . . . .. . .. 4 
13. Coal, impure and sbaly ................................................. _ 2 
12. Yellow sandy shales ..................... _ .. .. . .. . . . . .. . .. . .. . . .. . . . . . . . . 6 
11. Drab clay.... . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 
10. c'oal -.... - .. -- - .. - - - . - -...... - - ... -... - - - .... - - ~ - -... - - - .. -- - .. - -... ~ - - - 1 
9. Gray clay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 
8. Gray clay shales ................................................ _ . . . . . . . 7 
7. Carbonaceous shale with thin seam of coaL ........................ _ ... __ 1 
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Feet. 
6. Gray sandy shales. ___ . ___ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 
5. Carbonaceous shales with fossil plants............ . . . . . . . . . . . . . . . . . . . . . . . 3 
4. Soft yellow sandstone, iron stained ............. _. _ .. _ ...... _ ........ _ .. _ 1 
3. Light gray and white clay with calcareous concretions and some crystal-

lized gypsum ....... _..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 
. 2. Yellow soft sandstone and sandy shales.... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 

1. Drab clay shales and sandy shales ........................... _. . . . . . . . . . . 13 
Unexposed ...... ----··.................................................. 3 

Total exposure .......................................... -------·-·.... 347 

\Vater in creek, the south branch of the South Fork of Hay Creek. 

In this section beds 31 and 32 represent division No. 1, the Dakota 
sandstone. 

Beds 25 to 30~ inclusive, aggregating 105 feet, form division No. 2, 
which is at this locality, from the union of the two massive sandstones, 
beds 24 and 25, into a single cliff, not separable from division No. 3. 

Division No.3 embraces beds 19, 20, 21, 22, and 23, and the cliff 
sandstone 24; in all, 52 feet of strata. Bed 21 is the persistent plant 
horizon of this division. 

In division No. 4 are beds 4 to 18, inclusive, a total thickness of 78 
feet; hed 4 resting on the eroded surface of the later Jurassic. 

Beds 1, 2, and 3, aggregating 57 feet, are later Jurassic, and cover 
nearly the whole thickness of that formation; the marine Jurassic out
cropping near the b~d of the creelf a short distance west of this section. 

Adding 40 feet for the upper beds of the Dakota sandstone, removed 
by erosion, the thickness of the Dakota group of Newton, which in
eluded division No.5 of the later Jurassic, is 387 feet. 

At this locality the strata exposed of divisions Nos. 2, 3, and 4, rep
resenting the Lower Cretaceous, aggregate 230 feet. 

From bed 5 a small collection of fossil plants was obtained. 

THE GEOLOGICAL HISTORY OF THE BL.A.CK HILLS.1 

THE CARBONU'EROUS. 

The Black Hills, in common with the whole Rocky Mountain region, 
were deeply submerged beneath the ocean in the early Carboniferous, 
the water shoaling near the close of the period. Thick limestones were 
first deposited, succeeded by alternating beds of brilliantly colored 
sandstones, with no apparent break in the regular deposition of the 
sediments until the purple limestone of the Triassic, lying at the base 
of t-he Red Beds in the divisions of Newton, is reached. 
.. There are strong evidences that the Carboniferous strata extended 
in an unbroken sheet over the entire area of the ·Black Hills uplift. 
Cliffs of Carboniferous limestone completely encircle and inclose the 

JThe Archean, Cambrian, and Silurian are set forth in Newton's report and briefly in my late 
"Report on the geology and ore formation of the Black Hills in the"Union Hill mine investigation" in 
the Black Hills Mining Review for March 21,1898, pp. 6-17. 
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central metamorpbic area, and attain an elevation far above the surface 
of the slates and schists. The great limestone divide in the northern 
central hills, though its surface has lost several hundred feet of Car
boniferous strata by erosion, bas an elevation equal to that of Harneys 
Peak, the highest point of granite in the Archean area. The conclu
sion is inevitable that these Carboniferous beds were at one time con
tinuous over the central part of the hills and have· been removed by 
erosion. The beds deposited later, provisionally included in the Car
boniferous, are sandstones and marls, more or less colored by peroxide 
of iron, in every shade of color-yellowish-white, orange, light to 
dark red. 

THE TRIASSIC! 

It is as yet undetermined whether any portion of the Black Hills was 
dry land during the Triassic. The writer found near the head brancbe~ . 
of Sundance Creek, in the Bear Lodge Range, evidences of faulting and 
unconformity between the Purple limestone and the later sedimentary 
formations, the Lower Cretaceous abutting on upturned Purple lime
stone. 

The characters of the marls, Purple limestone, gypsum, and other 
sediments of the Red Beds indicate a deposition, mainly from the 
action of chemical forces, taking place in a shallow sea, probably cut 
oft' from direct communication with the ocean and subjected to recur
rent periods of desiccation,· all the beds apparently.'barren of life. The 
marls are colored by peroxide of iron, evidence of the absence of 
organic matter in the beds. . Some evidences of unconformity, much 
obscured by the soft nature of the beds, were seen in the exposures 
where marine Jurassic rests on the Red Beds. 

THE MARINE JURASSIC. 

The Jurassic opened with a shallow mediterranean sea teeming with 
life. The small size of the mollusks and other forms preserved in the 
beds of the marine Jurassic is thought to be evidence that the water 
was brackish. The reddish and purple shades of color in some of the 
beds of fine sediment indicate that the material of which they were 
composed may have been derived from the erosion of the Red Beds in 
adjacent more elevated sections of the Hills. Fossil wood has not been 
found to this date in the marine Jurassic, though it is abund~nt in t.he 
clays of the later Jurassic, so that positive evidence is wanting of the 
occurrence of areas of dry land in this epoch. The increase in thickness 
of the Red Beds and marine Jurassic in the valley of Red Water, sep
arating the Bear L<:!dge from the main range of the Beach Hilis, is an~ 
indication of the proximity of land furnishing the material from which 
the sediments were derived. The Bear Lodge and the Black Hills are 
distinct upheavals, and may have been in places above water at a much 
earlier period than has been heretofore thought probable. 
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THE LATEH JURASSIC. 

An interval of time occurred between the elevation of the region 
which raised above water the marine Jurassic beds in the marginal 
belt of the Black Hills and the deposition of the later Jurassic (No. 5). 
The elevation was locally irregular; the Jurassic and underlying Red 
Beds were bent upward into ridges and gentle folds, still traceable in 
the topography of the region, and the whole surface was later subjected 
to erosjon. which wore the soft strata into hills and valleys. In the 
depressions in this eroded surface the soft clays and marls ·of the later 
Jurassic were laid down . 

.Along the crests of the Jurassic ridges in the Hay Creek coal field 
the later Jurassic is absent. .All the evidence derived from the occur
rence of the beds of division No. 5 tends to show that these low eleva: 
tions were dry land in that subepoch. The old eroded Jurassic surface 
isin places well exposed to investigation in.the H~y Creek field, not
withstanding the great relative modifications in the elevation and 
topography of the Black Hills due to the continental elevation of the 
whole Rocky Mountain region at the close of the Cretaceous and to 
the great volcanic disturbances whic~ occurred in the northern part of 
the Hills and the Bear Lodge Range during the Tertiary.1 The se<li
ments of the later Jurassic were evidently formed from the denudation 
of the marine Jurassic beds in the vicinity. Fossil wood is quite abun
dant in the clays and sands of the later Jurassic (No.5). Saurian bones, 
more or less waterworn and decomposed, occur locally in the upper beds. 

THE LOWER CRETACEOUS. . 

An elevation of the region occurred at the close of the Jurassic or at 
the opening of the Qretaceous, shutting off the area surrounding the 
Black Hills from communication with the ocean. It is not improbable 
that this elevation of the land was continental in its extent and involved 
the great basin lying between the Rocky Mountains and the western 
shore of the .Allegheny continent, stretching from the Pan Handle of 
Texas across Indian Territory, Kansas, Nebraska, and Iowa. Some 
erosion of the Jurassic surface occurred before the coal formation, 
division No.4 of the Lower Cretaceous, was laid down .in local swamps, 
basins, and irregular channels lying between the low hills and ridges 
of the post-Jurassic topography. 

This unconformity of the Cretaceous and Jurassic is strongly marked 
in many places in the marginal belt and was first noted by Dr. Franklin 
R. Carpenter.2 

During Lower Cretaceous time many oscillations of lever" occurred; 
the relations of dry land, swamps, and open bodies of shallow fresh 

I Vide published report on the Geology and Ore Formation of the Black Hills, referred to above, p. 587. 
2Preliminary Report of the Dakota School of :Mines upon the Geology, Mineral Resources, and. 

M1lls of the Black Hills of Dakota, Rapid City1 1888, p. 46. 
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water appear never to have been constant. Only in the deposition of 
the coal in division No. 4 is there evidence of a period of comparative 
quiet sufficiently long to admit of the formation of workable beds of 
coal in the Hay Creek field. With respect to relative areas, the beds 
of division No. 4 cover or underlie the smallest area. Division No. 5 
covers nearly all the marine Jurassic on which it rests. The massive 
sandstones of divisions Nos. 3, 2, and 1 appear to have extended over 
the whole Hay Creek region and to have reached nearly, if not entirely, 
over the Bear Lodge Range. In places on Hay Greek ·evidences were 
observed ofunconformity between division No.2 and division No.3, 
a break in the unif9rm deposition of the beds corresponding to the 
marked change in the flora. Less plainly marked, owing to the soft 
nature of the beds, is the unconformity'between the clays of No.2 ~nd 
the Dakota sandstone No. 1. 

UNCONFORMITIES BETWEEN THE SEVEHAL DIVISIONS OF THE DAKOTA GROUP OF 

NEWTON. 

Between all the divisions some change of level occurred, some eleva
tion or depression of the land, .some advance or retreat of the water, 
with more or less denudation of the surface, before the later beds were 
laid down. Yet no profound disturbance of the strata or upturning of 
the sedimentary beds occurred .. The oscillations of level were quiet and 
the successive deposits of clays, sands, and intercalated coals appear 
to be nearly conformable in position. Only by examination of extended 
exposures of the strata are the evidences of unconformity seen. 

The unconformity between the marine Jurassic and division No.5, or 
the later Jurassic, is well defined. The greatest unconformity exists 
between the Jurassic and the Lower Cretaceous. In all the exposures 
examined in the Hay Creek region division No.4 al~ays rests on No.5 
or the later Jurassic, but in many places the beds of division No. 4 are 
absent and division No.3 rests directly upon No.5. Along the crests 
of the ridges of the Post-Jurassic topography the eroded surface of the 
marine Jurassic is overlain directly by the shales and massive sand
stone of division No.3. No positive evidence was seen of unconformity 
between divisions No.4 and No.3 in exposures where the cont.act could 
be examined. 

It should be noted that No. 4 was deposited in local basins of limited 
extent, covering only a relatively small part of the Hay Creek region, 
while No. 3 stretches broadly across the field, overlying the post-Jurassic 
ridges and reaching far up into the Bear Lodge Range; that No.4 was 
a coal-forming epoch of comparative quiet, but that in the deposition of 
No.3 there was evidently a. slow sinking of the land or rising of the 
great body of fresh water filling the Mjssouri basin, the subepoch open
ing with quiet waters and the deposition of clays and thin coals and 
closing with the formation of the massive cliff-forming sandstone (sand
sto~e No. 3), which -covers a larger area than the lowest beds of the 
same division. 
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The following sketch of the ideal section across the Hay Creek coal 
field shows this reaching out of No.3 beds onto the land, the waters 
rising, and each successive bed advancing farther and farther on to the 
post-Jurassic surface until all the local elevations were buried under 
sandstone No. 3. 

\ 

FTr:t. 121.-Sketcb showing the extension of the No. 3 beds onto the land, the land sinking, the waters 
rising, and each successive bed advancing on the denuded Jura surface nntil all elevations were 
buried under sandstone No. 3; a coal-forming period in the early No.3, a samlstcme-depositing in 
the latter part. 

While no marked break was discover~d in the uniformity of the depo
sition of the beds between No.4 and No.3., the plant horizon in division 
No. 3, situated in the shales immediately beneath the No. 3 sandstone, 
can be distinguished in collecting from the plant-bearing beds of clay 
overlying the coal at the base of No.4 by the greater abundance in 
the Hay Creek region of certain forms of plant life. In No.3 the leaves 
of Cycadaceoo (Zamia-like forms), commonly in a fragmentary condition, 
are abundant, while in No.4 there are more ferns, usually with delicately 
cut fronds, together with remains of conifers. 

Unfortunately, good exposures of the plant beds in division No.4 
are rare on Hay Creek, and the collections made are very meager. Still, 
the plant remains found impressed the writer with the thought that 
there was possibly a somewhat warmer climate in the region during the 
deposition of No.3 than had prevailed in the coal-forming epoch of 
No.4. 

Between division No.3 and division No.2 were found irregular beds 
of conglomerate composed of'water-wornpebbles embedded in clay, and 
other evidences that some erosion of the No. 3 sandstone had taken 
place prior to the formation of sandstone No. 2, this unconformity mark
ing the break in plant lift3. 

The upper beds of division No.2 are mostly soft clays, clay shale~, 
and sandy shales, so that evidence of unconformity between No. 2 and 
the Dakota sandstone No. 1 is very difficult to obtain. Further, the 
contact at the base of the cliffs of the Dakota sandstone is rare.ly ex
posed for observation. There are some evidences of a denudation of 
the No. 2 beds before the deposition of the Dakota sandstone, and 
the great break in plant life makes this more probable. .The ·Dakota 
sandstone covers an immense area in the Missouri basin, and from the 
nature of its formation should naturally be expected to be unconform
able to the Lower Cretaceous, on which it here rests. 



592 CRETACEOUS FORMATION OF THE BLACK HILLS. 

The unconformity of the Dakota sandstone and Fort Benton seems 
to be the result of erosion of the upper beds of No. 1 by the advancing 
sea depositing the Fort Benton clays, the profound sinking of the 
region admitting the ocean into the Missouri basin. 

DYNAMIC GEOLOGY. 

The relation of the coal-bearing areas to the Black Hills uplift and 
to local subordinate uplifts and their dependence on these will now b~ 
considered. 

All the coal beds so far discovered occur in the outer border of the 
Black Hills, in such proximity to influences of the uplift that it is 
somewhat less probable that workable coal of division No. 4 will be· 
found beneath the later formations far out from the Hills by drilling 
or shafting. The condition prerequisite for the formation of coal-the 
elevation of the land above water-seems to have obtained only in close 
proximity to the uplift. 

In the deposition of the beds of division No. 3 the conditions were 
very different; there were widespread marshes forming coals, mostly of 
too limited duration to admit of workable beds being deposited ; oscil
lations of level and frequent changes of conditions, both of life and 
of the deposition of sediments, being the rule. Thin coals have been 
found in No. 3 beds, in the Belle Fourche well, and in other drill holes 
put down through the later formations; also in this division in the areas 
of the Dakota groupresting on the high ridges. of the Jura surface in 
the Hay Creek region. · 

All .coals occur in broad expansions of the belt covered by the Dakota 
group, which completely encircles the Black Hills uplift, and also in 
places where there are extensive areas of Lower Cretaceous beds nearly 
horizontal in dip. Where the dip (which is radial from the centers of 
uplift) is steep, the belt is narrow and no coal is found. For this reason 
the narrow outcrops of the Dakota group from Bear Buttes tQ, Buffalo 
Gap, along the eastern border of the Hills, do not carry more than 
thin coals. This is another instance of the influence of the uplift. 

All have been formed in local basins, channels, and depressions, arid 
in some cases in the bottom of lakes, eroded in the Jura surface, so .that 
the governing factor of the localization of the coals of division No~ 4 
is the post-Jurassic topography. In this localization the depressions 
in the Jura surface have been influenced by local uplifts and eleva
tions of the land as well as by the folding of the Triassic and ,Jurassic 
beds, and also by certain faults, which in occurrence antedated the 
Cretaceous. 

Incident to this deposition of the strata of division No. 4 in local 
basins, it is noticed that where the Dakota group is thick, particularly 
with the beds of divisions Nos. 3 and 4, the coal is thick; and where 
the formation is thin the coal beds are thin or absent. It has also been 

·observed that the sanustone capping· the coal (the No. 4 or ocher sand-
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stone) is thick when the·underlying coal is thick, and·~hen thin seldom 
covers workable coal. The thickness of the Dakota sandstone increases 
in the Bear Lodge Range, and·· in no way appears to be an indication 
of the thickness of the coals lying at the base of the Dakota group. 
Eliminating the Dakota sandstone and division No. 5, the relative 
thickness of the coals seems to be indi.cated by the thickness of divi
sions Nos. 4, 3, and 2; that is, by the development of the Lower Creta
ceous-a result of coal sedimentation. The thickness of th~ Lower 
Cretaceous increases from the margin to the center of a basin or coal 
:field. Not only do the individual beds increase in thickness, but new 
beds are intercalated in the series. The coal is thick near the center 
of the basin and thin a.t the sides; also, impure or shaly coals become 
locally purer in quality toward the deeper depressions in the basin. 
·The Lower Cretaceous divisions (Nos. 4, 3, and 2) may thus in the 
aggregate thickness vary between a minimum of 100 feet and a maxi
mum of 300 feet. 

The rnles for prospecting for coal may be laid down as follows: That 
the workable coals all occur in local basins in the broad areas of the 
Dakota group; that when the Lower Cretaceous beds are thick, coal 
may be sought for, but when thin the coal is thin or wanting; that 
coal is wanting over high ridges in the Jurassic and occurs only in 
depressions in the post-Jurassic surface. 

PROPOSED NAMES FOR l'HE DIVISIONS. 

No.1. The Dak~ta sandstone. 
No.2. The Oak Creek beds. 
No. 3. The Barrett shales. 
No. 4. The Hay Creek coal for~:Qation. 
No.5. The Beulah clayR. 1 

V. CRETACEOUS FLOR.A OF THE BL.ACK HILLS. 

In discussing the flora of the Black Hills Cretaceous it has seemed 
best in this paper to divide the subject and treat it under four separate 
heads. The advantages of a strictly systematic treatment are not 
ignored, but in the present case such a treatment would in large meas
ure obscure certain prominent considerations which seem to outweigh 
those of system. 

The great predominance of the fossil cycads in the Black Hills ren
ders it desirable that they be brought into somewhat clearer relief than 
would be secured by simply allowing them to occupy their natural 
position in the general botanical arrangement, and I have thought best 
to emphasize this fact by not only assigning to them a separate chap
ter, but also by making this the first chapter in the part devoted to the 
flora .. 

I Long outcrops of division No.5 occur 3 or 4 miles north of the town of Beulah, in Red Water 
Valley, adjacent to the Ray Creek coal field. 

19 GEOL, PT 2--38 
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Soft, thin-bedded yellow sandstones, with sandy shales, commonly ferrugi
nous. Local beds of carbonaceous shales and thin, impure coal with plant 
remains occur. The strata heavily eroded. 

Massive sandstone, varying in hardness and color with the amount of iron 
oxide contained in the beds. Colors yellow to ocher-brown, weathering on 
surface iron-brown. In some localities a white sandstone. Forms a prom
inent cliff in the topography of .the region. The No. 1 sandstone. 

1------------Unconformity------------

Softsandstones, clay shales, and clays; light-gray,'yellow, and shades ofpur
pli~b red; with two or three layers of thin ferruginous sandstone. 

A persistent carbonaceous shale with plant remains occurs 90 to '100 feet 
below the base of the Dakota sandstone, J;>ivision No. 1, as indicated in the 
column. 

Carbonaceous shale with plants, 3 feet. 

Massive yellow sandstone, often cross bedded. The outcrop of this sandstone 
commonly combines with the massive sandstone forming the top of DiYision 
No.3, making a prominent cliff along the slop~s of the valleyJ. The No.2 
sandstone . 

1-------- Conglomerate, 2-3 feet.-Unconformity --------

Massive sandstone, light-gray to ocher-yellow in color, showing on weathering 
a thin-bedded structure. Th~ No.3 sandstone. 

Gray clay shales with plants. 

Clay shales with local thin beds of impure coal. Fragments of fossil wood 
are abundant in the clays. Locally this bed is absent in the sect.io11. 

Massive sandstone, ocher-yellow, weathering yellowish brown on the surface. 
The No. 4 sandstone. 

Gray and drab-colored clay shales, with local thin coals. Plant remains . 

Coal. Mined at the mines of Larrabee and Young and at Barrett. 

Gray clay shales and sandy shales 'rith plant remains. 

Soft gray or yellow sandstones with carbonized plant remains. 

Unconformity-----------
Whitish and light-gray clays with . some sandy shales and concretions of 

white,· calcareous clay. The upper layers carry in many localities fossil 
wood and the bones of saurians. .Atlantosaurus beds. 

Light-gray thin-bedded sandstone. 1------------- Unconformity ------------

Marls, clays, sandy shales, and soft sandstones, the beds colored yellow, gray, 

oUvc, >cddish, '"'d dnll pncyle •hodce. Fo"U O•troo, G'yphrea, etc., I 
abundant. 

FIG. 122.-Generalsect~n of the strata occurring in the Hay Creek coal field, Crook County, Wyoming. 

19 GEOL., PT. 2-(l)--Facep. 593. 
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600 to 800. 

75 to 100. 

250 to 350. 

Marine formation covering a vast at·ea 
surrounding the Black Hills. 

Th~ true Dakota sandstone. Fresh
water deposition. Occurs in the 
outer rampart of hills along the 
Red Valley. 

Formerly included in the Dakota 
sandstone. .A. fresh-water deposit. 

A few small springs are found in this 
formation . 

These sandstone beds form the prin
cipal water-bearing strata of the 
Black Hills. 

Thick beds of clays and soft-clay shales, gray, drab, and 
black in color, with iiOme thin sandstones. Certain of· 
the beds are superior brick clays. 

Massive sandstone, with som~ beds of clay in the upper, 
part. The whole formation is more or less ferruginous 
and the colors of the rocks vary widely, from white 
and yellow to iron-brown in localities but a limited: · 
distance apart. Quarrie(l for building stone. ~ 

Clays and massive sandstones, with local beds of coal near 
the base. The coal fields of Cambria (Newcastle) and 
Hay Creek are at this horizon. 

~-----ll-----i-------~--------------------~--------------------~·-------------------------------11 

35 to 50. 

200 to 300. 

300 to 350. 

25 to 35. 

150 to 200. 

.A. brackish-water deposit occurring 
on the outer margin of the Red 
Valley. 

A. marine formation occurring with 
the overlying beds. 

By erosion forms the "Red V aCley" 
encircling the Black Hills. 

\ 

Purple limestone. Marine. Forms 
the inner boundary of the ''Red 
Valley." 

Variegated sandstones. Marine. 
Bound the "Red Valley." 

Some small springs fiow from these 
beds, commonly with more or less 
brackish water. 

.A. few small springs of water charged 
with gypsum. 

The source of many large springs. 
Water usually of good quality. 

Not known to give rise to springs. 

Soft clays, marls, and sandstones of white, olive, and red
dish shades. They include local depositl!-of fire clay. 

Soft thin-bedded sandstones and shales with clays and 
some thin shell limestones. The beds are colored yel
low, gray, olive, reddish, and purplish shades. 

Soft, disintegrating sands, marls, and clays of a brilliant 
Indian red from the contained iron, with local irregular 
deposits of gypsum mined for plaster. 

Hard, thin-bedded limestone, dark colored and ·pitumi
nous, affording when burnt a remarkably pure white 
lime. 

Soft sandstones and marls, colored all shades, from yel
low, orange, and pink to light and dark red. 
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Marine. Occurs in the inner foothills 
and central divide. 

Marine. Forms the great central pla
teau and borders the uplift. 

Marine. Occurs with next above. 

Marine. 

Marine. Borders the central meta
morphic area. 

Marine. Occurs outcropping in the 
zone bordering upon the metamor
phic area. 

Metamorphic. 

Sel(lom gives rise to springs save in 
the central divide of the Black Hills. 

Many 11treams flowing across this lime
stone sink in these l.Jeds. Springs 
occur in the central plateau . 

Alternating sandstones and limestones in massive strata, 
with some beds of shales. Prevailing colors gray and 
white. 

Massive limestone, gray and white in color, often cavern
ous. Certain beds furnish a superior white lime. 

Drab ~nd reddish colored shales. These shales haY& 
nowhere been found to carry fossils, and are provision-

This formation is not known to give ally included in the Trenton. 
rise to ~prings. 

Strata almost impervious to water 
where not fractured. 

A water.bearing.,stratum, owing to 
the wide joints'and fissures in the 
beds . 

Carries but little water relatively, 

Yellow limestone in thick beds. Quarried for building 
Jlllrposes . 

Sandstones, calcareous shales, and clay shales, mostly 
thin-bedded, gray, drab, and reddish-brown in color. 

Hard quartzite in thick beds, gray, brown, and iron 
stained, with a coarse conglomerate locally at the base 
in contact with the shales, on the upturned edges of 
which the quartzite rests unconformably. 

Chloritic, talcose, and hydromica slates, hornblendic and 
mica schists, siliceous elates, and hard metamorphic 
quartzites with quartz veins. 

NOTE.-On the Black Hills uplift igneous and volcanic rocks have been, in post-Cretaceous time, intruded through the Archean metamorphic sla.tefl and all the overlying sedimentary strata. from the Cambrian to the Upper Cretaceous. These igneous rocks are in great variety, including porphyry, tracbybe, 
rhyolite, and phonolite. The rhyolites an~ trachyt~!! form prominent igneous peaks-Terry, Custer, Crow, and Bear Butte-in this section of th_e Hills. 

19 GEOL, PT 2-(2)--:E,ace p. 593. 
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The fossil forests, though less important, partly because so imper~ 
fectly worked up, nevertheless possess· a special historical value, as has 
been shown, and the one species systematically described will be placed 
under a special head. 

The remaining material, consisting of impressions of leaves, fronds, 
fruits, and other· organs, naturally fall under two separat.e heads on 
account of their different geological positions, those from the lower beds 
belonging to the L()wer Cretaceous, while those from the upper ones 
belong to the true Dakota group. With regard to the former of these 
classes, in view of the small number' found in the .Minnekahta region, 
most of which also occur in the Hay Creek region, it has not been 
thought best to tr~at them separately. · 

Four subdivisions will therefore be made of the general subject, as 
follows: 

I. Fossil cycadean trunks. 
2. Fossil forests. 
3. Other Lower Cretaceous plants. 
4. Plants from the Dakota group. 

1. FOSSIL CYCADEAN TRUNKS. 

In the historical and geological portions of tQ.is paper it has been 
necessary to discuss the occurrence of cycadean trunks in the Black 
Hills at considerable length, and it only remains to speak somewhat 
more specially of the particular localities from which the important 
specimens were taken. The six specimens originally purchased of Mr. 
F. H. Cole were all reported to have been found on the spot to which 
l\lessrs. Cole and Payne guided my party in 1893, viz, on the southwest 
side or slope of the middle ridge of Bradleys Flat. These embrace 
Nos. 1-6 of the collection of the United States National Museum, and 
constitute the types of Oycadeoidea dacotensis (McBride) Ward emend., 
0. Oolei n. sp., G. pulcherrirna n. sp., 0. Paynei n. sp., and 0. ·colossal is 
n. sp. No. 7, which is the type of 0. 1ninnekahtensis n. sp., was found 
by me on the same spot, as were also Nos. 8-19, mostly fragments, and 
representing 0. McBridei n. sp. (Nos. 8, 9, 10, 13, 14, and 16), 0. occidental is 
n. sp. (Nos.11, 12, 17, and 18), 0.1l1arshiana n. sp. (No.15), and possibly 
0. minnekahtensis (No. 19). The small specimen obtained from Mr. 
Homer Moore. in 1895 was thought by him to be from this locality, 
but as it belongs to 0. Jenneyana, most of the specimens of which have 
been found in the Blackhawk region, I regard this as doubtfuL The 
two .specimens belonging to the Woman':::; College of Baltimore (Nos. 
1501 and 2128 of the museum of that college), purchased by Mr. 
Arthur Bibbins at the World's Columbian. Exposition at Chicago in 
1893, who was informed by the person who sold them to him that they 
were from the Black Hills and had been cut and polished in Germany, 
belong also to 0. Jenneyana, and are probably·from the Blackhawk · 
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region. The two specimens obtained by Professor Jenney from Mr. 
McBride were doubtless correctly represented as from the last-named 
region, and also belong to C. Jenneyana. ·Two other specimens which 
Professor Jenney obtained for me from Mr. Stillwell are from the same 
source. One of them represents C. Jenn·eyana, and the other is the. 
type of C. Stillwelli n. sp., a species which also occurs in the Minne
kahta region. The precise locality from which the two .original type 
specimens of the first of these species were obtained has already been 
quite fully described (supra, p. 562), and that of the only specimen 
known of C. excelsa n. sp. will be stated as accurately as the data permit 
under the description of that species (intra, p. 638). 

The much larger number of specimens (126) represe:nted in the great 
Yale collection scarcely extends the range above indicated. With the 
exception of No. 1 of that collection, representing C. dacotensis, and 
found 2 miles west of Sturgis, as already explained (supra, p. 548), 
these specimens all came from the Minnekahta and Blackhawk regions. 
The careful survey, however, which I made of those two fields in 
October, 1898, having Mr. Wells as my guide, has greatly broadened 
the earlier conceptions of them, and has not only ·shown that the area 
over which the cycads occur· in both is quite large, but also that their 
geological position is everywhere practically the same. It.is the geo
graphical and probably only to a limited extent the geological posi
tion that gives specific variety to the cycadean flora of the Black Hills. 
The commoner species, such as 0. dacotensis, C. McBridei, and C. 
Stillwelli, will probably be found at nearly all points where cycads 
occur, while the rarer ones will be restricted to special regions. 

An important extension which these new discoveries has made in 
the Minnekahta region is the development of the large cycad-bearing 
area to the southeast of Minnekahta station eastward from Parkers 
Peak. Mr. Wells pointed out where he had obtained a large number 
of specimens in this area, but with the exception of the one that was 
so striking from being completely chalcedonized (No. 5 of the Yale col
lection), I was unable to identify any of the specimens from his verbal 
descriptions. This will probably be done in the future, as he can 
doubtless recognize most of them from the figures in this paper. As 
all three of the ridges constituting the cycad-bearing area of Bradleys 
Flat are immediately adjacent to one another, this may be regarded as 
a unit so far as the geographical distribution is concerned. Mr. Wells 
was able to show me the exact spot where each of the most striking of' 
the large specimens occurred. Most of them were on the middle ridge, 
but No. 21 of the Yale collection, the large and fine specimen that con
st.itutes the type of the new species, 0. Wellsii, was found on the most 
southwesterly of the three ridges. A number of the other more strik
ing specimens were also found there, including No. 14 of the Yale col
lection, doubtfully referred to C. 1ninnekahtensis. 
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With regard to the Blackhawk region, it is equally clear that prima
rily there was one general area such as I have described, and that the 
specimens have not been laterally transported to any great distances. 
Those found at lower levels may be regarded a~ having probably been 
imbedded in rocks almost vertically over where they occurred. Not 
only are the slopes to. the south and southeast of the amphitheater the 

·result of the gradual undermining and dropping down of the higher sand
stone ledges, but the a.mphitheater itself has its inner walls lined with 
these rocks, while those on the inner side of its rim dip inward toward 
its center on all sides, still further emphasizing the manner in which it 
was excavated. There is therefore no special significance in the par
ticular parts of this general area at which different specimens were 
found. The two species that specially characterize this region are 
C. Jenneyana and 0. ingens n. sp., and it may be said that the former of 
these species predominates at the more southern portions of the area, 
while the latter occurs chiefly farther north-and higher up, near the rim 
of the basin. It was therefore not until Mr. Wells had explored these 
latter portions that this species was discovered, but here it was found 
quite as abundant as G. Jenneyana is below. 

The gen~ral localities for all the cycads of the Yale collection are as 
follows: 

No. 1. Two miles west of Sturgis, 1 specimen. 
Nos. 2-87. Minnekahta region (impossible at present to designate 

their exact location except in the few . cases· mentioned above), 86 
specimens. 

Nos. 88-126. Blackhawk region (more precise location of a few spec
imens given above and others under the description of the species), 39 
specimens. 

To sum up the subject of the geographical distribution of fossil 
cycadean trunks in the Black Hills, it may be stated that they have 
thus far been chiefly foun~ in two areas-the one on the southeast and 
the other on the east side of the H~lls, the latter near the center from 
north to south. The former of these areas, if we combine, as we 
properly may, the Bradleys Flat and Parkers Peak localities into one, 
extends in an east and west direction for at least 5 miles with a width 
varying from half a mile .to 2 miles. The other, as already stated, is 
from 1 to 2 miles wide east and west, by 3 to 4 miles long north and 
south. 

In addition to.these areas, however, cycads have actually been found 
and collected at four other widely separated points in the Cretaceous 
rim, one of which I have myself visited. This is 2 miles west of Stur
gis, as above stated. Another is the place where the unique specimen 
representing the new species 0. excelsa was found, described as fully 
as the data permit under that species. 

A third locality is somewhere between Bellefourche and Spearfish, 
not yet definitely fixed, ht~t believed to be in the breaks of Hay Creek. 
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This locality is well vouched for .. The specimen was obtained several 
years ago by Mr. Stillwell from a person residing in that part of the 
country. 1\ir. Wells purchased·it of Mr. Stillwell and owned it anum
ber of years before disposing of it. He described it minutely to me, 
and from his description I judge that it represents a new species. 
He is certain of the above facts as to location and will probably learn 
further particulars in the future. 

The fourth and last of these outlying localities is in the vicinity of 
Sundance, in Wyoming. Mr. Wells showed me a specimen at his 
bouse that he had himself obtained from there, and he intends to 
make further explorations in that region at an early day. The posi
tion of the cycads here is the same as at all other points, viz, in the 
soft sandstones and shales near the summit of the Cretaceous rim. 

Cycads have therefore actually been found on nearly all sides of 
the Black Hills in the same geological position, and there is no doubt 
that other localities will be discovered which will close up more and 
more the intervals separating the areas now known. 

All the fossil cycadean trunks that have been found in America thus 
far probably belong to one genus, the Cycadeoidea of Buckland. In 1894 
I published a revision of that genus1 and in 1897 I des'cribed the seven 
species then known from Maryland.2 In the latter pap,er I gave a full 
description of the genus in the light of modern research. The classi
fication adopted was not that of Engler in Engler and Prantl's 
Natlirlicheu Pflanzenfamilien (II. Teil, 2. Abteilung, pp. 24-26), which 
is modeled· after Schimper's treatment in Zittel's Handbuch der Palm
ontologie (Abth. II, pp. 211-232), and is no longer accepted, having been 
materially changed by Potonie and Engler in the same work (Nach
tdige zu II-IV, pp.14-17; 341, 360). According to this the Bennettitales 
form a class distinct from the Cycadales, or living cycads, consisting 

·of the· exclusively extinct family Bennettitace::e, coordinate with the 
family Cycadace::e, which is restricted to the forms now living. Potonie 
would refer the greater part of the forms that I have called Cycadeoidea 
to Carruthers's genus Bennettites, which Count Solms-Laubach restricts 
to such as have been found to contain seeds in the fruits, i. e., practi
cally to one species, B. Gibsoni, and chiefly to one specimen. I have 
already pointed out 3 that this is simply an accideut of preservation 
and not a good ground for the establishment of a new genus, and there
fore I would adhere to Buckland's name, which has priority over all 
others, and can them all Cycadeoidea. In all other respects I am quite 

1 Fossil cycadean trunks of North America, with· a revision of the genu11 Cycadeoidea Buckland:. 
Proc. Bioi. Soc. Washington, Vol. IX, April9, 1894, pp. 75-88. 

2 Descriptions of the species of Cycadeoidea, or fossil cycadean trunks, thus far disco\ered in the 
Iron Ore belt, Potomac formation of Maryland: Proc. Bioi. Soc. Washington, Vol. XI, March 13, 
189i. pp. 1-17. 

a Pro c. Biol. Soc. Washington, Vol. IX, April 9, 1894, p. i9. 
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willing to conform to the classification of Engler and Prantl's great 
work. The arrangement will therefore be as follows: 

Subkingdon1 SPERMATOPHYTA (Phanerogams). 

Subdivision GYMNOSPERMAE. 

Class BENNETTITALES Engler, 1897. 

Famliy BENNETTITAOEJE Potonie, 1897. 

Genus CYCADEOIDEA Buckland. 

Pis. LVII-LXI. 

1827. Gycadeoidea Bucklaud: Proc. Geol. Soc. London, Vol. I, No.8, pp. 80-81 (session 
of June 6, 1827) .. 

1828. Cycadeoidea Buckland: Trans. Geol. Soc. London, 2d Ser., Vol. II, pp. 375-401, 
Pis. xlvi-xlix (volume dated 1829, but memoir probably issued separately 
iu 1828). 

Trunks chiefly low (30 to 90 em. in height) and. more or less conical or 
oval in shape, but sometimes tall, reaching over a meter iu height, and 
cylindrical, 15 to 75 em. in diameter, usually simple, but sometimes 
branching, with a depression at the summit, in the middle of which, 
when not decayed, there is a terminal bud of conical shape; termi~al 
bud, however, usually wanting in the fossils, leaving a cavity commonly 
known as the "crow's nest," by which name, for this reason; the speci
mens from the Portland quarries are popularly· known. The armor 
consists of appendicular and reproductive organs surrounding and 
enveloping the axis, the former being the bases of the leaf stalks or 
petioles, which are surrounded by a dense mat of ramen tum or fine hairs. 

The leaf stalks are normally four-sided and four-angled, the lateral 
angles acute and nearly equal, the vertical angles obtuse but unequal, 
the lower much sharper than the upper, so as to render the cross section 
subrhombic. This form varies on the one hand to a true rhomb, and on 
the other hand to a true triangle, the most frequent intermediate type 
being that in which the upper angle is wanting, and the two upper 
sides are reduced to a simple curve or arch, so that the cross section 

. assumes the form of a drawn bow and bowstring, the arch formed by 
the two upper sides representing the how, and the two lower sides, 
with the reentrant angle, representing the bowstring. In size the leaf 
stalks vary from 15 to 35 mm. in width, measured between the lateral 
angles, and frQm 5 to 20 mm. in. height measured between the vertical 
angles, or from the lower angle t.o the summit of the arch formed by 
the two upper sides. The line joining the former is not geucrally 
horizontal or at right angles with the axis of tbe trunk, but one is 
usually slightly lower than the other. The line joining the latter 
is not generally vertical or parallel to the axis of the trunk, but one is 
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usually a little on one side of the other. The only portion of the leaf 
bases that is always preserved in the fossil state is the ·mat of ramen
taceous hairs that surrounds them. In the great majority of cases the 
petioles themselves are decayed to a greater or less distance below the 
summit of these mats, which thu8 constitute walls surrounding and 
inclosing the portion that remains of the petioles, if any, and in their 
absence forming' definite cavities' having the shape of the cross section 
of the leaf stalks, which constitute the leaf scars. These leaf scars, 
with or without the lower portion of the leaf bases, penetrate to the 
axis of the trunk and form a varying angle with it. Normally. this 
ai;tgle is a right angle over all the central portions of the trunk, while 
below the organs are slightly descending and above more and more 
ascending to the apex, where they become vertical. At the summit, 
too, they diminish in size and usually in form, and are reduced in and 
immediately around the terminal bud to small triangular or polygonal 
bracts (perulce of 1\fiquel). In some species (C. Uhleri) all the organs 
of the body of the trunk are defiexed, and in some (C. Goucheriana, 
0. minnekahtensis) there is a definite zone near the middle of the 
trunk, below which they are descending and above which they are 
ascending. The leaf scars are arranged in a mor~ or less exact 
quincunx order, and usually in two sets of spiral rows around the 
trunk, in one of which they ascend from the base in the direction 
from left to right and in the other from right to left, crossing each other 
at varying angles and both rows making a certain angle with the axis 
of the trunk, which varies with the species and more or less with dif
ferent specimens of the same species. One of the two sets of rows is 
usually more distinct than the other, but the more distinct rows some
times pass upward from left to right and sometimes from right to left. 
The bases of the petiole's when present and well preserved often show 
at the surface presented to view a row of pits aU around parallel to the 
walls and at different distances from the margin representing the vas
cular strands. Other such pits are sometimes present near the center. 
The petioles are 1requently disarticulated at a natural joint, which may 
fall near or at the summit of the scar or it may fall some distance within 
the scar. In some species there are two such joints separated by a node. 
Occasionally these joints consist of a thin membranous diaphragm 
stretching across the petiole, of firmer texture than the rest of its sub
stance. Even where the petioles are wholly absent the position of the 
joints or diaphragms can sometimes be determined by a sharp ridge 

' around the inside of the scar. The walls are made up of the ramen tum 
of two adjacent petioles. In some cases these matted masses are so 
dense as to produce a simple homogeneous plate on all four of the sides, 
which, where the petioles are wanting, forms a deep, angled cavity of 
exactly the shape of a cross section of the petiole. Usually the portion of 
the wall furnished by each .of the adjacent petioles can be distinguished 
by a junction line or commissure, visible along the outer edge of the wall. 
This commissure sometimes takes the form of an intermediate plate of 



600 CRETACEOUS FORMATION OF THE BLACK HILL& 

a less dense consistency than the two outer plates. In other· cases this 
central plate is much .thicker than the two outer ones, which latter may 
be reduced to the ·appearance of thin linings of the scars. In still other 
cases the central portion is more or less open and cavitous. The walls 
vary from 1 mm., or even less, to 5 mm. or, in rare cases, 8 mm. in 
thickness. 

The other class of organs that help to make up the armor are the 
reproductive organs. These are borne on all parts of the surface of 
the trunks, except, perhaps, in immediate connection ·with the terminal 
bud,. which is exclusively an organ of growth. They are scattered 
about with very little order over the surface among the leaf scars. 
They are usually of a harder subst~nce than that of the foliar organs, and 
better adapted to resist the erosive influences to which the fossil trunks 
are· exposed. Where the trunks are worn, therefore, the reproductive 
axes are liable to protrude somewhat. Viewed from without, they 
usually present an organ with an elliptical cross section, the longer 
diameter being nearly horizontal, variable in size, but always larger 
than the leaf scars. The central portion is often wanting, and a funnel
shaped cavity less deep than the leaf scars takes its place. When the 
central portions.are preseut they show markings having the form which 
the outer ends of the essential organs present, which is very variable 
and usually obscure. Surrounding the central portions are several 
rows of open scars arranged concentrically. These scars are sometimes 
triangular, quadrangular, polygonal, or nearly circular; but the most 
of them; especially the outer ones, are somewhat cre::Jcent-shaped, hav
ing the concave side toward the center. The inflorescence is a spadix 
surrounded by an involucre, consisting of the concentrically arranged · 
bracts or .scales whose scars were last described. ·The spadix bas a 
receptacle at base, located near the inner surface of the armor and sup
plied with fibers from the axis.· From the receptacle there rise two 
kinds of organs: first, peduncles or filaments, known in a few specimens 
to bear seeds, and conjectured in one specimen to bear anthers at their 
summits; and, second, elongated chaff-like scales more numerous than 
the latter and rising above them, the upper portions expan'ding and 
flirming a dense mat or covering over the essential parts. In most 
cases all these organs are wholly included in the armor, the only seeds 
that have thus far been found being deeply embedded in the tissues. 
The organs of inflorescence are probably axillary, but owing to the 
proximity of the leaf scars this is not generally apparent. In regions 
of the surface where they occur they usually crowd the leaf scars and ' 
cause variations in their shape. This effect is most marked on the 
upper sides of the scars, often quite obscuring or obliterating their nor
mal features. 

The axis of the trunk inclosed in the armor when complete consists 
of four parts, which, enumerated from without inward, may be denomi
nated respectively as (1) the libro-cambium, (2)· the parenchymatous 
wood, sometimes called the cortical parenchyma, (3) the wood proper 
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or fibrovascular zone, and (4) the medulla or pith. In many cases the 
libro-cambium zone can not be definitely distinguished from the cortical 
parenchyma, and nothing is visible but the large and numerous vascu
lar bundles passing out from the interior into the leaves; but some
times there occurs a definite line or thin zone of loose tissue immedi
ately below the bases of the leaf stalks. There is usually a zone of 
apparently homogeneous cellular tissue, often of considerable thickness, 
filling the interval between the armor and the woody axis. The woody 
zone consists of one or more rings of exogenous tissue traversed by 
medullary rays .. Where more than one, they are separated by thin 
interstices of parenc~hymatous· tissue. The medulla is usually large 
and composed of coarse parenchyma. 

The genus Cycadeoidea is illustrated by five plates devoted to char
acteristic trunks from. Europe ·and America. Pl. LVII represents the 
two original species of Buckland, 0. megalophylla and 0. microphylla, 
from the Purbeck of the Isle of Portland, and also a third species, 0. 
portlandica, from the same beds, described by Carruthers in 1870. All 
of the specimens here figured were found by Dr. Alfred Russel Wallace 
and myself on the occasion of our visit to Portland on August 17, 
1894, and the specimen represented by fig. 3 is the one collected by us 
in one of tlie quarries. 1 • 

On PI. LVIII is reproduced the figure of Oycadeoidea Masseiana Cap. 
& Sohns., whi,ch appeared in the Sixteenth Annual Report of the Sur
vey with a full history of its discovery and significance ( cf. Part I, pp. 
502-510, pl. ciii). It is a fair representative of the genus from the 
I tali an beds. 
·On Pl. LIX is given a reproduction from a photograph sent me by 

Prof. H. B. Geinitz of the great 0. Reichenbachiana (Gopp.) Cap. & 
Solms., now in the Dresden Museum. It was found at Lednice, n~ar 
Wieliczka, in Galicia, a century and a half ago, and treated by Knorr 
and Walch in their great work of 1755. It was long regarded as the 
largest fossil cycad in the world (see infra, pp. 604, 605). 2 

PI. LX represents a group of cycads from the iron ore beds of Mary
land, all belonging to the genus Cycadeoidea. SevPral of these are 
embraced in the group represented on pl. c of Part I of the Sixteenth 
Annual Report of the Survey, but at that date they had not been 
named or described. · 

This was done in 1897,3 but no references were then given to pub
lished :figures. This may therefore be regarded as the first illustration 
of these species, and the group constitutes an excellent representation 
of the genus Cycadeoide.a. The specimens represented in this group 
were all collected or obtained by Mr. Arthur Bibbins and belong to 
the Woman's College of Baltimore.· 

1 See Sixteenth Annual Repoi·t U.S. Geological Survey, Part I, pp. 48!-486. 
2For synonymy see Proceedings of the Biological Society of Washington, Vol. IX, 1894, p. 85. 
a Proceedings of the Biological Society, Vol. XI, 1897, pp, 9-17. 
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Finally, on Pl. LXI is given a group of the leading types of the species 
from the Black Hills, embracing the six original trunks obtained from 
Mr. Cole and the large branching trunk, G. minnekahtensis, collected 
in 1893. 

C:YC.A.DEOIDE.A. DACOTENSIS (l\fcBride) Ward emend. 

Pls. LXII-LXVI. 

1893. Bennettites dacotensis :McBride, in part: American Geologist, Vol. XII, p. 2491 

pl. xi, fig. 1 (non fig. 2); Bull. Lab. Nat. Hist. State Univ. of Iowa, Vol. II, 
No.4, Iowa City_. 1893, p. 391, pl. xii, fig. 1 (non fig. 2). , 

1894. Cycadeoidea dacotensiH (McBride) \Yard, in part: Proc. Biol. Soc. \Vashington, 
Vol. IX, p. 86. 

Trunks large (30 to 50 em. high, 30 to 50 em. in diameter, 100 to 150 
em. in girt.h), short-cylindrical, contracted below, dome-shaped above, 
symmetrical, some.times laterally compressed and. elliptical in cross 
section, probably subsequent to entombment~ bearing a number of 
short secondary axes or undeveloped branches in the form of rounded 
protuberances, or, in case of decay, of corresponding s'aucer shapecl 
depressions; apex presenting a flattened surface with a central eleva· 
tion, studded with polygonal bract scars and bases arranged in rows 
which sometimes proceed in helicoid form from the center outward; 
rock substance of a dark brown or reddish color, firmly silicified, bard 
and heavy, sometimes weighing over 100 kilograms, fine-grained; 
organs of the armor slightly ascending except near the base, the 
angle increasing toward the summit, where they become vertical; leaf 
scars, where not interrupted, forming two series of spiral rows which 
proceed in different directions and intersect one another, those from 
right to left nearly horizontal below and curving upward until they 
form an angle of 45° with the vertical axis, the opposite series less 
distinct, forming a small angle (5° to 100) with the axis; scars sub
rhombic and nearly uniform in shape, larger below, diminishing upward, 
the distance between the lateral angles varying from l 6 to 26 mm., 

. and that between the vertical angies from 10 to 16 mm., empty from 
decay of· the petioles, at least to considerable depth, sometimes to a 
depth of more than 5 em.; interspaces between the. scars very thick 
though variable, sometimes 16 mill., presenting an undulate or 
wrinkled surface with indications of deeper lines of separation of the 
walJs; spadices large and somewhat elliptical in outline, the longer 
axis nearly horizontal, 8 to 10 em. long, the shorter nearly vertical and 
5 to 7 em.; iuvolucral bract scars numerous, arranged in concentric 
ellipses a1 ound the central organs in many somewhat distinct rows, 
increasing in size from the center outward, subrhombic, triangular, or 
polygonal in shape, 2 to 20 mm. in diameter, apparently passing insen
sibly into the normal leaf scars, empty like them, forming deep cavities 
or punctations;. essential organs of the buds, flowers, or fruits Eome
times wanting, their place occupied by a deep circular cavity, more 
frequently represented by a dark and firm substance, which in some 
of the smaller ones projects beyond the general surface; armor 5 to 
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7 em. thick, separated from the ligneous axis by a definite line; corti
cal parenchyma 5 em. thick; :fibrous zone 4 em. thick with three or 
more rings of wood, or sometimes presenting a number of thin concen
tric laminrn of alternating black and brown substance, apparently 
representing as many rings of wood, and inclosing the homogeneous· 
medulla 5 to 15 ern. in diameter, conforming in cross section to the trunk. 

Only one of the specimens belonging to the U. S. National :Museum 
is referable with certainty to this species. This is the fine truuk~ 
No. 1, of the collection of six purchased of Mr. Cole. That this is 
specifically identical with Professor McBride's specimen represented 
by fig. 1 of his plate there is no room to doubt. It is, however, diffi
cult to reconcile it with his description in view of the fact that in that 
description he has included two specimens belonging to entirely differ
ent species, his fig. 2 showing none of the external characters of fig·. 1, 
or of the specimen in hand, but clearly belonging to the same specific 
·group as several of the fragments collected by Professor Jenney nnd 
myself from the Minnekahta locality in 1893, as will be shown below 
(pp. 613-614). A.s Professor McBride in his description includes charac
ters that could scarcely have been exposed in the perfect trunk repre
sented by his fig. 1, it seems clear that be derives such f~om the specimen 
fig. 2, which was probably a fragment showing these characters in the 
fractures. It was therefore a question whether to retain the name or 
not. I conclude to do so for so much of Professor Mc}3ride's description 
as applies to his fig. 1. 

The Museum specimen is somewhat larger than the one at the Uni
versity of Iowa, standing ov.er 44 em. high, having a girth of 122 em., 
and weighing 90.27 kilograms. It is one of the most perfect and beau
tiful cycadean trunks that have thus far been brought to light. 

Thirteen of the specimens in the Yale collection are referred to this 
species. These are Nos. 1, 3, 5, 6, 13, 30, 39, 43, 54, 62, 63, 95, and 106. 
Of these Nos. 3, 5, and 54 are nearly perfect trunks,· and one of these, 
No. 54, is larger than the one at the U.S. National Museum. 

In Pis. LXII and LXIII are given side, top, and base views of the 
original type specimen, No.1, of the U.S. National Museum; in Pis. 
LXIV and LXV, side and top views of the equally fine and somewhat 
larger trunk, No. 54, of the Yale collection, and Pl. LXVI affords a 
view of the inner parts from one side of the Yale specimen No. 13. 

This is the most common species in the Black Hills, and has been found 
in the illinnek~hta and Blackhawk regions, and 2 miles west of Sturgis. 

0YCADEOIDEA COLOSSALIS n. sp. 1 

Pls. LXVII-LXXII. 

Trunks colossal, subconical,, more or less laterally compressed; sub
cylindrical, dark colored, hard and heavy, weighing from 100 to over 

Jlt was not thought necessary to alter the proofs of this memoir by quoting the Proc.U. S. :Nat. 
Mus., Vol. XXI, pp.l97-229, as the original place of publication of the new species of fossil cycadean 
trunks, because the manuscript was prepared in duplicate and simultaneously submitted for publica
tion in both places. A..s, however, the paper in the Proc. Nat. Mus. appeared in October, 1898, these 
species, with the exception of 0. Wielandi, p. 621, are not new here in the strict sense of earliest 
publication. 
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300 kilograms, 38 to 79 em. high, 40 to 66 em. in major, 26 to 46 em. in 
minor diameter, 100 to 180 em. in girth, bearing numerous relatively 
small branches not projecting far beyond the general surface; te~minal 
bud low, set in a circular platform of small polygonal scars filled by 
the bases of the leaves or bracts; organs of the armor and secondary 
axes horizontal at the middle portion of the trunk, somewhat descend
ing at the lower portion and ascending at the upper portion; phyllotaxy 
much obscured by the intrusion of other organs, but spiral rows ascend
ing from left to right at an angle varying from 75° below to 45° above 
plainly traceable; leaf scars subrhombic to nearly rhombic, very small--. 
relatively to size of trunk, 13 to 16 mm. between lateral, and 8 to 12 
mm. between vertical angles, empty to a depth of 13 to 50 mm., the 
bottoms of the. cavities apparently occupied by portions of the _leaf 
bases; interstices between the scars very variable, but, except at the 
summit, generally large, sometimes 25 mm., nearly even on the surface 
but finally marked with mostly horizontal but variously curved or 
crooked ridges or wrinkles; with occasional indications of planes of 
separation into two, three, or even fiye plates; walls much thinner 
in the upper portion, often broken down in the specimens, display
ing the striate inner surface of the scars diminishing in size below; 
reproductive organs abundant at all parts of the trunk, large, well 
developed, and conspicuous, after rising somewhat above the surface, 
forming gentle swellings or more abrupt protuberances, elliptical in 
shape, the major axis nearly horizontal, 5 to 10 em. long, the minor axis 
3 to 5 em., usually with a solid center, so:rp.etimes with a small central 
cavity surrounded by firm substance, the whole inclosed within con
centric elliptical rings or rows of involucra! bract scars which increase 
in size from the center outward, are empty and have the form of the 
leaf scars, into which they occasionally seem to _graduate; armor 5 to 
10 em. thick, attached to the woody axis by a uniform layer of bark 
6 mm. thick; cortical ·parenchyma 4 to 6 em. thick; fibrovascular zone 
also 4 to 6 em., separated into two distinct rings of wood, each consist
ing of a loose, spongy substance inclosed in a firm plate or thin bard 
layer, the outer ring 35 mm. and .the inner 25 mm. in thickness, through 

· all of which the medullary rays pass, forming a sort of columnar struc
ture; medulla more or les~ elliptical in cross section, 11 to 13 em. by 
15 to 20 em. in diameter, decayed, leaving a cavity at the base in one 
specimen, and in another having a concentric structure consisting of 
four zones or rings of soft porous material, scarcely differing except in 
coloration. 
, The large perfect specimen, No. 6 of the Oole collection, is the 
largest cycadean trunk known in the world. Prior to its discovery the 
great 0. Reichenbachiana (Gopp.) Cap. & Solms. (see supra, p. 601 
and Pl. LIX) from Galicia, which is at the Mineralog.-Geolog. l\iuseum 
at Dresden, and which I have not seen, had taken the lead. Pro
fessor H. B. Geinitz was so kind as to seud me an excellent photo-
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graph of that specimen and on this I find the dimensions marked. It 
is 50 em. high, 54 em. in major and 44 em. in minor diameter, and 157 
em. in girth. It is t~erefore not so tall as the .American specimen by 
29 em., has a major diameter 25 em. less, and a minor diameter 2 em. 
less, showing that it is less flattened, but the circumference is 23 em. 
less. 1 · 

Eight of the specimens in the Yale collection belong to this species, 
viz, Nos. 2, 7, 9, 10, 17, 37, 40, and 55, of which Nos. 2 and 10 are perfect 
trunks, but are both much shorter in proportion to their size than the 
great National Museum type. They are also less laterally compressed. 
They may have been somewhat vertically compressed. No. 37, though 
Incomplete, is a fine specimen weighing nearly 150 kilograms, and has 
a height of 71 em. No. 55, though it has lost considerable at the 
summit, still weighs 110.68 kilograms. No. 40, which represents less 
than half of the original trunk, is also a fine fragment. The rest are 
smaller and more imperfect. 

In Pis. LXVII and LXVIII are shown side and base views of the 
great type trunk No.6 of the U.S. National Museum. Pis. LXIX
LXXII illustrate the species as represented in the Yale collection by 
Nos. 2, 10, 17, and· 55. They show considerable variation in the form 
and size of the trunks. 

AU the specimens of this species are from the Minnekahta region. 

0YCADEOIDEA. WELLSII n. sp. 

Pls. LXXIII-LXXV. 

Trunks large, ellipsoidal, subcylindrical, or somewhat barrel-shaped, 
more or less laterally compressed, rounded at the summit, bearing numer
ous small secondary axes in the form of protuberances, light reddish
brown or drab colored, fine-grained, hard and rather heavy, sometimes 
weighing nearly 100 kilograms, 40 to 55 em. high, 30 to. 45 em. in 
diameter and more than 1 meter in girth; terminal bud not prominent; 
organs of the armor about horizontal except near the summit; phyllo· 
taxy much disturbed and not traceable; leaf scars rather small, subrhom
bic or nearly rhombic, often trapeziform or very irregular in shape, 
average distance between the lateral angles 20 mm. and ·between the 
vertical ones 12 mm., none of the angles rounded, all except the small 
ones at the apex empty to considerable depth; ramentaceous interspaces 
exceptionally thick, sometimes 2 em., presenting a smooth but gently 

J The photograph sent me by Professor Geinitz was taken from the specimen in position as mounted 
on a support. in the Dresden Museum. Judging from it alone I should say that the trunk is here 
inverted, but to be certain it would be necessary to examine it. It is clear that in the present position 
the leaf scan have a decided downward direction, which is rare but not unknown (e. g., 0. Uhleri). 
:Moreover, t.he scars, which are subtriangular, have now their sharp angle upward, which, if the 
specimen is right side up, would indicate that the keel of the petioles was on the upper side, a condi
tion which I have met with in only two ot.her species, 0. aspera and 0. insolita, described below. 
Goppert's figure (Jubilaums-Denkschr. d. Schlee. Ges. f. vat. Cult., 1853, pl. viii, fig. 4) shows the 
specimen in the same position, i. e., probably inverted. 
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undulating surface, lowest in the middle part, rising. to the scar which 
forms a sharp edge, producing the general effect of being molded in 
plastic clay; reproductive organs very large, abundant, and conspicu
ous, greatly distor.ting the arrangement of the leaf scars as well as their 
form, often nearly Circular in cross#section, 4 to 5 em. in diameter, show
ing the remains of the central organs surrounded by concentric circles 
of large, empty, and deep involucra! bract scars which are semilunar or 
somewhat triangular in shape, and may reach 7 mm. in length; armor 
about 7 em. thick, cortical parenchyma 4 em., fibrous zone 4 em., showing 
two rings, the inner projecting at the base, concentrically laminated and 
inclosing the much decayed medulla about 12 em. in diameter. 

There are two specimens of this species in theY ale coJlection, viz, Nos. 
21 and 59, the former of which is a fine, nearly perfect trunk, large and 
handsome, weighing 92.76 kilograms. I was at first inclined to regard 
them as belonging to 0. 1ninnelcahtensis on account of the general resem
blance of the external surface, but this obviously can not be done, 
because these trunks are unbranched and symmetrical in form. In 
this respect they approach 0. dacotensis and 0. colossalis, but here the 
surface differs completely. No forms intermediate in either of these 
respects occur in either collection, and there is no escape from ·regarding 
these two trunks as con~tituting a new species: 

I have named the species for Mr. Henry F. Wells, who obtained these 
and nearly all the rest of the Yale collection, and from whom Professor
Marsh purchased them. Be may therefore be regarded as the collector, 
which, under the approved rules for naming species, requires the use 
of the genitive form . 
. Pis. LXXIII and LXXIV give side and base views of No. 21, and 

Pl. LXXV shows the perfect side of No. 59. Both specimens are from 
the Minnekahta region. 

0YCADEOIDEA MINNEKAHTENSIS n. sp. 

Pls. LXXVI to LXXIX. 

Trunks gigantic, much branched and irregular in form, the type and 
only perfect specimen knowu weighing 219.09 kilograms, 7 4 em. high, 50 
em. in diameter exclusive of branches, 79 em. across at maximum spread 
of branches, 150 em. in girth, light brown or chestnut colored, smooth 
on the outer surface, presenting the appearance of having been molded 
in plastic clay, moderately heavy; branches very large, forming conical 
protuberances projecting from the middle portion of the trunk, giving 
it a winged appearance, other branches proceeding from other parts, 
e.specially below, composite, i.e., the main branches or primary axes 
having lesser or secondary branches, prominent terminal buds, some
times themselves compound, on all the branches, often very perfect 
with a sort of neck; organs of the armor declined over most of the 
surface, phyllotaxy obscure and not traceable; leaf scars subrhombic 
to nearly rhombic, averaging 22 mm. wide by 10 mm. high, the unusual 
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vertical narrowness perhaps due to compression, very variable, how
ever, in all respects, those on the lesser branches smaller, usually 
empty and striate within; ramentaceous interstices usually thick, 5 to 
15 mm., firm and fine-grained, smooth and polished but somewhat 
undulating, the edges of the scars sharp, always without signs of sub
division; reproductive organs numerous, simulating the small branches, 
the central part preserved but heterogeneous, showing scars and 
markings of the essential organs, varying from 12 to 50 mm. in diameter, 
surrounded by small involucral bract scars; armor about 6 em. thick, 
separated from the underlying tissues by a thin porous layer; cortical 
parenchyma about 5 em. thick, fibro-vascular zone 8 em. thick without 
visible subdivision into rings; medulla not clearly shown, and internal 
structure generally more or less conjectural. 

The remarkably fine but weird and anomalous specimen upon which 
the above description is almost wholly based was found by our party 
lying partly buried in the ground in the same, place where the other 
trunks had been gathered. It was overgrown with lichens in many 
places, and bad been regarded so uncouth as not to be worth transport
ing to Hot Springs. I arranged with Messrs. Payne and Cole to have 
it shipped to Washington, and it arrived in due time in safety. It holds 
the fourth rank as to size and weight, but differs from all others in so 
many respects that a comparison with any is difficult. Specifically it 
approaches most closely to C. pulcherrirna, but lacks all the symmetry 
and definiteness of that form. It is only in the fact that both are very 
branching, especially around the middle part of the trunk, that they 
have an external resemblanee. 

The specimen shows a fine terminal bud at the apex of the prineipal 
trunk, and several others on the other branehes. Exeept near the sum
mits of the several branehes, the leaf scars and other organs of the 
armor are decidedly deseending, but on the main branch or trunk, some 
distanee above all the lateral branehes, there is a sharp line separating 
the descending from the· aseending scars a.bove. This feature I have 
seen elsewhere only in G. Goucheriana from Maryland. 

The only other specimen in the collection that could with any pro
priety be included under this specific head is the small trunk picked up 
at the same time and place and numbered 19. Th~s may represent a 
very young state of this species with all the characters in miniature and 
devoid of reproductive organs. It is bran~hed much in the same way, 
longitudinally compressed, lacks a little of the base and part of one side 
below, but for purposes of description is practically complete. The 
entire trunk was only 18 or 20 em. high, 14 or 15 em. in its longer and 
7 or 8 em. in its shorter diameter, with a maximum girth of 36 em. Its 
present weight is 1.81 kilograms. The dimensions are therefore less 
than one-fourth and the weight is less than one-twelfth of the large 
trunk. It might even have been wholly subterranean, as in the living 
Zamia angustij'olia. 
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Among the fragments in the Yale collection I found eight that 
belong- to this species, and, as the National Museum type is nearly per
fect, these add somewhat to our knowledge of the inner parts of the 
trunk. These specimens are numbered 14, 22, 24, 32, 41, 71-72, 8:1, and 
86. They consist chiefly of branches torn away from large trunks, and 
several of them may have belonged to_ the same truuk. Some of them 
may be found to :tit together, but, as they were lying about in different 
rooms,.and even on different floors, ofthe Peabody Museum, it was impos
sible for me to correlate them. Certain ones, as No. 14, consist of a 
mere gnarl of branches, and most of them are proliferous or composite, 
the branches often having :tine, sometimes compound, terminal buds. 

Pl. LXXVI shows the only view that has been taken of the type 
specimen, No. 7, of the U. ~. National Museum; and Pis. LXXVII to 
LXXIX represent Nos. 14, 24, 83, and 86 of the Yale collection, all of 
which are more or less fragmentary and aberrant. 

It occurs only in the Miunekahta region. 

0YCADEOIDEA PULCHERRIMA n. sp. 

Pls. LXXX-LXXXII. 

Trunks large (38 em. high, 4 em. in diameter; 130 em. in girth in the 
only complete specimen known), short ellipsoidal or subspherical, of a 
light ash color and moderately heavy, bearing numerous large, short 
branches at and below the center:_ all round, forming conical protuber
ances, some of which are 8 to 10 em. long and 12 to 18 em. in diameter at 
the base, rarely compound, i.e., the branches themselves bearing other 
smaller ones, or two or more arising side by side; branches and all other 
organs radiate, i. e., proceeding in the direction from the center of the 
trunk, those of the equatorial zone horizontal, or making a right angle 
with the axis, those below descending, and those above ascending; leaf 
-scars arranged in definite rows intersecting one another, so mew hat spiral, 
butso placed as to simulate meridians and parellelsoflatitude, the former 
series, however, rising from left to right and making an angle which 
varies with the curv~ture from 5° to 10° ·with the vertical axis, the 
other series rising from right to left, varying from horizontal. to an 
angle of 4:5°; scars varying in shape from sub rhombic to nearly true 
rhombs and in size from 10 by 19 em. or smaller near the summit to 
16 by 22 em. measured between vertical and lateral angles, which are 
usually quite sharp, the sides straight and the whole very definite and 
symmetrical, usually empty to considerable depth, but partially :tilled 
by the remains of the leaf bases, which occasionally show punctations 
representing the vascular bundles; ram'entum walls 2 to 5 mm. thick, 
wrinkled on their outer .edges, often with a distinct median groove, 
sometimes reduced to thin lamallre with sharp edges, striate within the 

- scars in the direction of the petioles; reproductive organs not abun
dant, the more typical ones mostly in the equatorial zone among the 
branches, which they sometimes resemble, being large with a solid cen-
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tral axis surrounded by relatively large bract scars, nearly circular, 
with a diameter of 5 em., other smaller ones scattered among the leaf 
scars, only slightly disturbing their arrangement, often abortive and 
reduced to collections of pits in the angles of th13 walls; armor 6 to 8 
em. thick, .irregularly attached to the ligneous axis, which consists of a 
parenchymato:us zone 3 em. thick inclosing a fibrous zone 25 to 35 
mm.thick and divided into two to four exogenous rings; medulla 10 em. 
in diameter at the base, enlarging upward to more than twice that 
size, porous in structure, its outer surface marked with longitudinal 
ridges which are interrupted and alternating, forming the bases of the 
medullary ra.ys. 

The trunk upon which the above description is almost exclusively 
based is the one which was called No.3 of the collection obtained from 
Mr. Cole, and is certainly, in my judgment, artistically the most beau
tiful cycadean trunk known. I say this deliberately, after having seen 
the greater part of all thus far. discovered in all countries, and where 
I have 110t actually seen the specimens themselves I have in almost all 
cases seen artistic models, or at least excellent photographs or draw
ings. The specific name is therefore fully justified. 

The characters of th.e internal structure and the medulia are derived _ 
from the large decayed area at the base on one side, which well exposes 
them, leaving the othe~· side still perfect. The total weight of this 
specimen is 85.73 kilograms. 

Only one imperfect specimen, viz, No. 78, of the Yale collection 
could be referred to this species, and this not without some doubt. 

Pis. LXXX and LXXXI represent side, top, and interior views of the 
type specimen, No.3, of the U. S. National l\1useum. In the last (Pl. 
LXXXI) the specimen was purposely inverted in order to let the light 
penetrate more thoroughly the exposed interior· and bring out the 
structure. Pl. LXXXII is a fair view of No. 78 of the Yale collection, 
which was doubtfully referred to this species on account of the shape 
of the leaf scars on certain parts of the trunk, which, however, are not 
well brought out in the photograph. 

Known only from the Minnekahta region. 

0YCADEOIDEA CICATRICULA n. sp. 

Pis. LXXXIII, LXXXIV. 

Trunks small and short, subconical, more or less laterally com
pressed, smooth and symmetrical, unbranched, light yellowish-brown on 
t~e weathered surfaces, fine-grained and flinty within, about 20 em .. 
high, 18 by 22 em. in diameter, with a girth of about 60 em., and 
weighing 13 or 14 kilograms; organs of tbe armor nearly horizontal; leaf 
scars arranged in two defi~ite series of spiral rows, those from left 
to right forming an angle near the base of about 70o with the axis 
but curving inward in their upward course so that the angle progres
sively diminishes to about 30° at the summit, those from right to left 

19 -GEOL, PT 2--39 



610 CRETACEOUS FORMATION OF THE BLACK HILLS. 

only slightly curving and making an angle of about 45°; scars very 
small, almost exact.Iy rhombic, uniform and definite with all the angles 
sharp, distance between lateral angles 9 to 12 mm. and between ver. 
tical ones 6 to 8 mm.; leaf bases present filling the scars to near the 
top, presenting a roughened spongy· tissue; ramentaceous walls very 
thin, varying from the thickness of tin· foil to 2 mm., presenting a beau
tiful and regular network of whitened lines over the entire outer surface 
of the trunk, with a faint commissure or elongated openin'gs between 
·the contiguous plates of the thicker ones; reproductive organs not 

·abundant nor well developed, the most typical 3 em. in diameter, 
variable in shape and character, consisting of protuberances with a 
depression at the top or ridges with bract scars on the sides, others 
anomalous, consisting of small projections or elevations, probably 
abortive, none of them greatly disturbing the form or arrangement of 
the 'leaf scars; armor 3 em, thick, separated from the wood by a definite 
line or crack; cortical parenchyma 2 em.; secondary wood'3 em., con
sisting of an outer ring 2 em. thick and an inner one 1 em., with a 
fissure between; medulla elliptical, 5 by 7 em. in diameter, consisting 
of a homogeneous substance resembling fine yepow sandstone, clearly 
marked off from the inner ring of wood. 

This species is one. of the best defined of all, notwithstanding that it 
is based upon a single specimen, viz, No. 118 of the Yale collection. 
This is an almost perfect trunk, and is only obscured by sand and 
gravel cemented in· the scars, so that very little can be seen of the 
summits of the leaf bases. It was collected by Mr. H. F. Wells three
fourths of a mile north of Black's ranch, about 3 miles north of Black
hawk, South Dakota. Its only affinities are with 0. pulqherr,ima, with 
which it shares the rhombic scars and their definitely arranged rows. 

The most perfect side is represented on Pl. LXXXIII, showing the 
arrangement of the scars. The base is shown on Pl. LXXXIV; Fig.1, 
and the summit by Fig. 2 of the same plate. · 

0YCADEOIDE.A. 'l'URRIT.A. n. sp. 

Pls. LXXXV-XC. 

Trunks moderate sized, profusely and irreguiarly branched, the pri
mary branches often bearing secondary ones, the branches symmet
rical, abruptly contracted at the base into cylindrical turret-shaped 
projections, dome-shaped at the summit, with a terminal bud at the 
apex composed of small polygonal organs, usually light reddish, soft, 
friable, and of low specific gravity, but sometimes darker, harder, and 
heavier, 20 to 40 em. high, 25 to 50 em. in diameter, the branches 10 to 
20 em. long, 10 to 30 em. in diameter, 30 to 90 em. in girth; leaf bases 
slightly ascending; leaf scars very irregularly distributed over the 
surface except of the branches, here sometimes arranged in two sets of 
spiral rows which intersect each other at about the same angle (600) 
with the ~xis of the branch, subrhombic, the upper and low_er angles 
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reduced to mere curves 23 mm. wide, 12 mm. high; leaf bases almost 
always present, usually projecting, porous; vascular bundles often dis
tinct, set well apart in a row some distance from the margin, with a few 

. others near the center, appearing either as small pits or black dots; 
ramentum walls thin, 1 to 2 mm,., usually with a groove or commissure, 
sometimes thickening at the angles and affected with elongated pits 
and other openings, some of these latter passing into abortive flower 
buds, which constitute an that is known of the reproductive organs of 
the species; armor 5 em. thick; woody axis only known in certain 
branches, thin, 2 to 3 em., and not visibly divided; medulla in one speci
men 9 em. in 'diameter, black and homogeneous. 

Twelve of the specimens of the Yale collection have been referred to 
this species, viz, Nos. 15, 45, 49, 51, 65, 66, 67, 70, 74, 75, 82, and 85, 
and still much remains uncertain as to the characters. They nearly 
all agree in the most striking feature-the possession of peculiar turret
like branches_:_but owing to the fragile nature of the rock and 'the 
sprangling habit of the species all the specimens were badly broken to 
pieces and nothing remains but disjecta membra. Some of these plants 
evidently consisted entirely of branches and possessed no trunk proper 
which could be regarded as bearing these branches, but usually there 
was a large shapeless mass at the base from which they proceeded in 
all directions. Such was the case in Nos. 45, 51, 66, and 67, some of 
wbich must be nearly complete. Nos. 45 and 75 belong to the harder 
and heavier sort, and possibly may not belong to this species. They 
might be referred to 0. 1ninnekahtensis or 0. Marshiana but for differ
ences in the leaf scars and petioles, which agree with this species. No. 
74 is very anomalous and is only placed here to avoid making new 
species out of deficient material. The turret, if such it was, is reduced 
by erosion to a pointed cone without character. The specimen is worn 
to and into the medulla on one side, but the opposite side is well pre
served. The leaf scars are typical, but there is a number of. large pro
jecting axes looking like horns, and the specimen, laid on the worn 
side, has the shape and semblance of a gigantic "horned toad." All 
the other specimens are much alike, and No. 82 is taken as the type .for 
most of the characters. 

So far as the rock substance, color, and external organs are concerned 
this species is very close to 0. JJf.cBridei, but that species is always 
simple and consists of one large, short trunk, constituting a broad dis
tinction which all the numerous specimens of both species do not tend 
in any way to obliterate. In its branching habit it approaches 0. min
nekahtensis and 0. Jl[arshiana, but the external characters persistently 
keep it separate from either. In color it somewhat resembles the 
former, but this is all that can be said. 

Pis. LXXXV and LXXXVI show the characteristic turret-shaped 
branches as typified in Nos. 82 and 67. Pis. LXXX VII and LXXXVIII 
give side and base views of the fine specimen No. 49. Pl. LXXXIX 
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represents the anomalous trunk No. 7 4, and Pl. XC reveals a little of the 
medulla and axis of No. 15. 

All the specimens are from the Minnekahta region. 

CYC.ADEOIDEA McBRIDE! n. sp. 

Pis. XCI-C. 

1893. Bennettites dacotensis McBride, in part: American Geologist, Vol. XII, p. 249, 
pl. xi, fig. 2; Bull. Lab. Nat. Hist. State Univ. of 'Iowa, Vol. II, No. 4, pp. 
391-392, pl. xii, fig. 2. 

1894. Cycadeoidea dacotensis (McBride) Ward, in part: Proc. Biol. Soc. Washington, 
Vol. IX, p. 86. 

Trunks large and very short (25 to 40 em. high, 25 to 75 em. in diame
ter, with a girth of 80 to 250 em.), more or less laterally or longitudi
nally ~ompressed, well silicified but somewhat porous or spongy and 
therefore only moderately heavy, reddish brown in color, occasionally 
bearing small secondary axes which only slightly project; organs of 
the armor variable but usually radial in direction; leaf scars arranged 
in spiral rows intersecting each other at various _angles, usually form
ing an angle with the axis in either direction of from 40o to 550; scars 
subrhombic or lozenge-shaped, the distance between the lateral angles 
varying from 22 to 35 mm., that between the vertical angles varying 
from 13 to 16 mm., nearly always filled with the .well-preserved bases 
of the leaves which have disarticulated at· natural· joints leaving a 
smooth surface, either convex or concave, or occasionally nearly fiat, 
presenting a spongy appearance; vascular bundles of the leaves usually 
distinct in the form of pits or of dots of darker color arranged in one 
row all round the margin a short distance from it and with a few addi
tional ones near the center; ramentaceous inters paces thin for the size 
of the trunks (1 to 4 mm.), compound, i. e.,consisting of two or more 
plates of firmer material separated by intervals <;>f loose porous tissue, 
very uniform in character and little distorted, the porous tissue o'ften 
worn to some distance, leaving fissures divided by thin projecting walls; 
reproductive organs sometimes abundant and conspicuous, but usually 
rather scarce and poorly defined, some quite large with a cavitous 
funnel-shaped or crater-shaped center, others simulating leaf scars 
except that they are surrounded by a loose porous tissue in which 
angular pits occasionally occur, still others resembling small branches, 
making it difficult in some cases to decide to which class to refer them, 
one which has been cut through the center longitudinally showing a 
heterogeneous mass of internal organs resting on a conical receptacle 
25 mm. below its somewhat prQjecting summit; armor 4 to 8 em. thick, 
separated from the cortical parenchyma by a layer of true bark 6 mm. 
in thickness, of soft texture, its inner surface (exposed in one specimen) 
covered with small pits or punctations and definitc.Jy marked by ellipti~ 
cal scars about 9 mm. long and 5 mm. wide, which are aligned horizon
tally around the trunk, the longer axis being in this direction, the 
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up])er side of the scars usually so indistinct as to make them appear 
kidney-slla:ped, the lower side and ends consisting of a dark r~ised 
ring or welt with a groove all round it a.nd exterior to it, the central 
portion occupied by a number of punctations more or less concen
trically arranged; woo~y axis 9 to 12 em. thick, of which the paren
chyma occupies somewhat more than half and is very porous except 
where traversed by the medullary rays of firmer consistency; fibrous 
zone divided into an outer soft and an inner harder ring, the inner wall 
of the latter conspicuously marked by the scars of the medullary ray.s; 
medulla in the larger specimens 15 em. in diameter, but usually ellipti
m:tl and about 8 by 11 em., of a uniform porous consistency. 

I name this species for Pr?fessor McBride because· he was the first to 
deal with it, although he confounded it with 0. dacotensis, and parts of 
his description apply to the one and parts to the other species. Still 
his figures are clear and leave no doubt that his fig. 2 belongs here. In 
his descriptio.u of that figure he says that it belongs to "another indi
vidual," which, of course, would have been otllerwise evident, and parts 
of his description show that either this or other material in his hands 
consisted of fragments showing the interior of the trunks, which could 
not have been exposed in the" large, perfect individual." Most of his, 
description of the internal parts must have been based on such frag
ments, and the following words appear to apply entirely to the present 
species: "Leaves not known; their hases as perceived are fusiform or 
lozenge-shape in cross section, one-half iuch !Jy one inch in dimensions, 
and show the remains of numerous equally developed .fi.brovascular 
bundles." · 

His specimens seem to have come from exactly the same locality 
as those purchased from Mr. Cole, which I subsequently visited in com
pany with Professor and Mrs. Jenney, with Messrs. Cole and Payne as 
our guides. There was found the large branching specimen, 0. minne
kahtensis, and there, too, I picked up 12 fragments of different sizes 
aucl shapes. These were numbered in continuation of the Black Hills 
coUection, of which there are 7 nearly perfect trunks, and therefore 
included Nos. 8 to 19. Of these, 6 certainly belong to the present spe
cies, viz, Nos. 8, 9, 10, 13, 14, and 16. Two of these fragments, Nos.IO. 
and 14, are found on comparison to fit together, and'therefore, of course, 
to belong to the same trunk. When placed in their proper position 
they constitute tbe greater part of it, but a large segment is missing 
from one side. Among these specimens, all differently broken, a much 
larger number of characters are exposed than could be seen fn any 
number of perfect trunks. Wherever two or more display the same parts 
they are in substantiai agreement, and it is therefore assumed that 
such f~atures as are only visible in some one specimen would be found 
in the rest if the proper parts could be exposed. The beautiful mark
ings on the inner surface of the liber zone, as above a·escribed, are to 
be seen only in specimen No.16 (see Pl. XCIII}. That all trunks of the 
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species we!'e of the short, co.nical· shape indicated by Nos. 10 and 14 
when placed in their natural position can not, of course, be demon
strated, but the other specimens do not negative this view. 

Professor McBride remarks that "the present species is near Ben
nettites G-ibsonia.nus Carr., from which it may be distinguished by greater 
size and by the fact that in our species the fibro'vascular bundles of the 
leaf stems are of uniform size and distribution, and do not form a horse
shoe shap~~ in cross section, as is said to be the case in the English 
species." In this last one would suppose he was confounding the undi
vided vascular bundle as it appears in the axis, and especially in its 
passage through the cortieal layer (cf. Carruthers's pl.lvii, fig. 3, :ij.1 
Trans. Linn. Soc., Vol. XXVI) before it divides, with the form assumed 
by the numerous strands that enter the p'etiole and appear as small 
dots on a cross section of the latter ( cf. loc. cit., pl. lviii, fig. 2). Neither 
in the American Geologist nor in the Bulletin of the Laboratory of the 
State University of iowa do these strands show clearly in fig. 2, still I 
think I can detect them; but in nearly all our specimens these bundles 
are very clearly shown, and they do agree remarkably well with those 
of Carruthers's figure (loc. cit., pl. lviii, fig. 2). Still I should hesitate 
to refer the American forms to 0. Gibsoni on this character alone, and 
having myself examined the British specimen I do not think it is very 
close in other respects ( cf. Sixteenth Ann. Rept. U. S. Geol. Surv., Pt. 
I, p. 487) ... 

The absence of perfect trunks of this species in the National Museum 
collection is not due to its rarity in the Black Hills, as I was satisfied 
after examining the large number of fragments picked up by myself, 
but to the frailty of the species. There is in fossil cycads certainly a 
close connection between the mineral constitution and the original 
nature of the tissues, and both vary with the species much as different 
kinds of wood differ in their qualities of hardness, durability, tenacity, 
etc., in our living forests. Accordingly the substance of the rock in 
this species is always soft, porous, and light, easily worn by attrition, 
and therefore frail. Moreover, there is a tendency to early decay of the· 
medulla and woody axis, which cavsed many of the trunks to become 

. hollow before they were entombed. This made compression and gen
eral destruction easy and accounts for the difficulty in securing good 
specimens. 

In view of these facts, I was not surprised to find a large number of 
opecimens of this species in the Yale collection. There are no less than 
thirteen which I have so referred, although several of these are very 
abnormal and doubtful. The ones so classed are Nos. 8, 19, 23, 26, 27, 
29, 38, 42, 46, 53, 73, 76, and 110. No one of these is absolutely com
plete, and the greater part of them are mere fragments. In the major
ity of cases the specific determination is clear at a glance, and this is 
true even of "the smaller fragments. No. 19 is a typical and nearly 
complete trunk, weighing 51.46 kilograms, and No. 23 is by far the 
most perfect specimen of the species known to me. It weighs nearly 
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59 kilograms, but there is a vast cavity at the summit. No. 76 is also 
nearly complete and a fine example, weighing 23.59 kilogram.s. There 
are four dwarf specimens, Nos. 26, 29, 42, and 53, which, though nearly 
perfect, must be immature trunks if they belong here. They differ too 
much from each other to constitute a specific group, and I have been 
obliged to treat them as young, dwarf, or aberrant forrns of this species. 
Nos. 26, 29, and 42 have each a good terminal bud, the only such seen 
in the species. No. 53· is very small, only 11 em. high, weighing only 
1.57 kilograms, short·conical, and very symmetrical. It represents the 
species in miniature, and is doubtless undeveloped. 

Only one of the specimens of the Yale collection from the Blackhawk 
region belongs to thiS species, viz, No. 110, which consists of nearly 
half of a large trunk showing the much worn outer surface with deep 

. holes, which are often united a short distance within by the decay of 
the walls so as to produc~ communicating chambers. The opposite side 
exposes a large hollow, or trough, consisting of the inner wall of the 
woody zone. It also shows the attachment of the armor and the under- . 
lying axis in au exceptional manner. 

Pl. XCI shows the broad side of the trunk resulting from joining 
Nos. 10 and 14 of the U. S. National Museum collection, which were 
found to fit together and make considerably more than half of the trunk. 
This also shows the full height, as we have the true base and all that 
was left of the summit after the decay of the terminal bud. The scars 
are clearly shown on the surface, but less so than in fragment No. 9, a 
portion of the surface of which, enlarged, is shown on Pl. XCII. In 
Pl. XCIII we have a clear view of the inner wall of the liber zone or 
true bark, which is marked by scars of a different pattern from any 
elsewhere observed. 

No. 23 of the Yale collection is perhaps the most complete trunk of 
tl1is species known, and has been illustrated from the broad side, the 
hollow summit, and the base on Pls. XCIV -XCVI. The inner wall 

. ot" the armor is exposed in· No. 27. and this is shown on Pl. XCVII. 
Pl. XCVIII, Fig.1,represents the small trunk, No. 29, of the Ya1e col
lection, which may be a dwarf form of this species. It will be noticed 
that dwarf forms are the only specimens known in which the terminal 
bud is preserved. This m.ight happen in immature specimens, when in 
all old trunks this organ would decay too rapidly to become silicified. 
Fig. 2 shows the smallest specimen of the species, and, indeed, there is 
much doub.t as to whether it belongs here, but it bears. too many evi
dences of being a very young trunk to make it safe to call It a new 
species, and the characters, so far as they go, point to 0. jlfcBridei. 

Pis. XCIX and C represent the outer (Fig. 1) and inner (Fig. 2) 
surfaces of the specimen No. 110 from the Blackhawk region, above 
described . 

.All the specimens except the one above mentioned have been found 
in the.Minnekahta region. 

• 
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CYCADEOIDE.A. 1\f.A.RSIII.A.N.A. n. sp. 

Pls. CI-CV. 

Trunks very large, profusely branched, the primary branches often 
bearii1g secondary ones, the whole individual frequently consisting of 
branches, sometimes ~ith a sort of common base, the branches irregular 
in size, form, and direction, making shapeless or grotesque objects; 
summits of the branches rounded, bearing small polygonal scars with 
depressed or cavitous centers separated by deep channels as if from 
the disappearance of the walls, or filled with the bases of the apical 
leaves often set in a circular, smooth, flattened area, and haying a 
small conical protuberance or terminal bud at the center; rock sub
stance hard, heavy, and dark colored; general external appearance 
rough and massive; forms very variable in size and difficult to meas
ure, the largest attaining 91 em. in its greatest dimension, the lateral 
generally greater than the vertical dimensions when standing on the 
.base, the former often 5Q to 60 em., the latter 30 to 40 em.; branches 
15 to 30 em. long, 10 to 40 em. in diameter, and often over a meter in 

r: girth; organs of the armor ascending on all the branches; phyllotaxy 
usually so disturbed as not to be traceable, but consisting of at least 
one series of spiral rows of scars passing from right to left at an angle 
of about"750 with the axis of the branch; leaf scars of medium size or 
small for the size of the trunks, normally subrhombic, but varying 
from triangular, or with a mere groove to represent the upper angle, to 
nearly rhombic, 15 to 30 mm. wide, 7 to 15 mm. high, averaging 12 by 
25 mm. for the body of the trunk and 10 by 18 mm. for the branches, 
usually empty to considerable depth, sometimes filled with the leaf 
bases, which either present a smooth concave surface or a rough pro
jecting surface formed in part by rows of pointed elevations consisting 
of the exposed extremities of the vascular bundles lying on the sides 
of a central conical protuberance the apex of which is formed in part of 
the more interior strands; ramentaceous interstices usually thick, 5 to 
15 mm., hard, roughened, wrinkled, or grooved, often highest next 
so the scars, sometimes thinner with only a median line.; reptoductive 
organs generally abundant on the body of the trunk and larger 
branches, large, 7 ·em. long in a circumferential direction, 5 em. high, 
conspicuous, either projecting or cavitous and crater-shaped froin the 
decay of the essential organs, surrounded by concentric rows of large 
bract scars, sometimes more rare and smaller; armor 4 to 7 em. thick, 
but difficult to observe except on the branches where it has little 
significance; eortical parenchyma 3 to 4 em.; fibrous zone 2 to 4 em. 
with two rings; medulla sometimes seen at the compound base, 12 em. 
in diameter, often decayed so as to leave a large cavity, its surface 
exposed in one specimen showing the scars of the medullary rays in 
the form of elongated ridges increasing in thickness upward and termi
nating in a sharp point. 
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This magnificent species was first clearly made known to me in the 
Yale collection, where it is represented by five, and probably six, speci
mens. These are Nos. 4, 11, 33, 44, 47, and 79. The doubtful ones are 
Nos. 33 and 79. These are single branches of much larger trunks, and 
their characters are somewhat aberrant. Of the other five there is no 
doubt, as they agree in all their characters. No. 11 is taken as the type. 
It is larger than any of ·the rest, and the next largest specimen in the 
Yale co1lection, weighing 221.35 kilograms, and therefore holding the 
third rank in this respect among the cycads of the world. It has 
the form of a huge animal, has five primary branches, and when placed 
in. the position in which it probably grew four of these, with the mass 
to which they are attached, constitute a sort of forepart, with head, 
thorax, and fore limbs, while the other represents the hinder part and 
is aligned in the opposite direction. Between these parts is a constric
tion divi<!l.ing the two systems. It is very complete, so mu~h so that it 
has furnished few of the internal characters. 

Nos. 4 and 47 are also large trunks, weighing, respectively, 52.62 and 
34.93 kilograms, _and the other fragments supplement the more perfect 
specimens so as to make a pretty full description of the species possible. 

I have named the species in honor of Professor Marsh, to whose 
energy and.munificence this great collection is wholly due. 

When engaged in examining and describing these specimens in the 
~ale collection I supposed that none existed in the U. S. National 
Museum, but on revising all my previous descriptions in the light of 
the new material I discovered that I was mistaken, and that speci
men·No. 15 belongs to this ·species. I had referred it with doubt to 
G. colossalis, and underthatheadhadmade thefollowingremark: "The 
only other specimen in the collection of the U .. S. National Museum 
that I can refer to this species is the fragment No. 15, collected by 
myself in 1893 on the same spot where the others were found. This. 
is a very irregular block or segment broken from near the top of a 
great trunk. It is similar in mineral character to No. 6, and the leaf 
scars and other organs agree well with the upper parts of that speci
men. The fractures are downward, but follow the plane of the petioles, 
which are here erect. In No. 15, however, two large and nearly equal 
b.rancbes, whose axes were nearly ·at right angles to each other, are 
represented. Viewed from the broken sides, the two axes are clearly 
seen in contact, having a gnarly appearance, such as is normally pro
duced at the junction or crotch between two branches." 

This branching character, as I was well aware, does not belong to the 
large, perfect specimen, but, having no others, I thought it possible that 
some of the small secondary axes might in other cases become primary 
branches; but after seeing so many other specimens of 0. colossal is all 
_agreeing in this respect, and also a large number of the present species 
also all agreeing and exhibiting no tendency to vary in the direction 
of the other species, it became obvious that the branching forms all 
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belonged to one species and the simple ones to another. The specimen 
No. 15 clearly belongs to the branching species, and now it is easy to 
see other specific differences. 

Pls. CI-CIII furnish a fairly good idea of the great type specimen, 
N o.1L Pl. CIV represents one.of the large limbs torn from a specimen · 
of unknown size, No. 47. Finally, Pl. OV gives us a side view of No. 33, 
the anomalous character of whose scars has been described. Of 
course, the peculiarity in the vascular bundles could not be expected to 
appear in a photograph. 

All the specimens are from the lVIinnekahta region. 

CYCADEOIDEA FURCAT A n. sp. 

Pls. UVI-CIX. 

Trunks largJ, forking above, or sometimes with a third branch, sim
ple below, laterally compressed, eccentric, light colored, soft and of low 
specific gravity, 35 to 45 em. high, 25 to 30 by 35 to 40 em. in diameter, 
90 to 110 em. in girth; organs of the armor mainly horizontal; leaf· 

. scars subrhombic, or somewhat triangular, the vertical angles generally : 
rounded, the lateral acute, variable in size, averaging 15 by 25 mm., those 
on the branches smaller, or sometimes nearly as large, empty.; ramenta
ceous walls variable, usually thin, 1 to 5 mm., much thickf;'.r in the 
angles, :firm in texture, grooved or divided into two or three plates; repro
ductive organs ·few, large, elliptical, 4 to 7 by 7 to 10 em. in diameter, 
either set in depressions or somewhat elevated, surrounded by bract 
scars, either cavitous in the center or solid~ the larger on~s simulating 
small· branches; armor 4 to 7 em. thick; cortical parenchyma 7 em., 
clearly distinguishable from the darker zone of wood 6 em. in thick
ness; medulla elliptical, 9 to 11 em. in diameter. 
· This species is thus far represented by only two specimens, viz, Nos. 
18 and 60, of the Yale colle0tion, the latter of which is in such a com
plete state of preservation that little can be known of its internal 
structure. It is distinguished from all other trunks known to me by a· 
'true dichotomy, consisting of a simple trunk with two nearly equal 
erect branches and a natural junction or crotch at their point of sepa
ration.· The axis is far to one side and the trunk is flattened on that 
side, the entire true base being lateral and the trunk, standing on a false 
base, belonging to the armor, but natural1y flattened in tr~nsverse 
direction. These peculiarities were doubtless the result of the position 
inwhich the trunk originally grew among rocks. Besides this strik
ing characteristic, the light color and soft constitution of the rock, as 
well as the form and arrangement of the scars, ramen tum-walls, repro
ductive organs, etc., distinguished this from aU other cycadean trunks. 
It is a fine specimen, and weighs 49.9 kilograms. 

No. 18 consists of two nearly equal branches and one somewhat 
smaller, arranged in a triangular cluster. Two of them are flat ou one· 
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side from growing against rocks. The trunk proper can scarcely be. 
said to be represented. The two larger branches are each about 30 em. 
in diameter and 23 em. long, with rounded summits forming something 
analogous to terminal buds. Fractures about the lower portion yield 
elements of internal structure, but they relate to the branches only .. 
The external surface is beautifully preserved. This specimen weighs· 
66.~2 kilograms. 

Two views or" specimen No. 60 were taken, one of the r~unded outer 
surface or back, PI. OVI, and the other of the opposite flat side, Pl. CVII, 
within which the true base, set on one side, wholly falls. The indica
tions are that the trunk grew with this side against a vertical rock and 

'was connected witQ. the soil beneath it. . 'J? 
PI. CVIII is a view of the specimen No .. l8, seen from above, and 

Pl. CIX shows it from the base. 
Both specimens are from the Minnekahta r~gion. 

CYC.A.DEOIDE.A. OoL:EI n. sp. 

Pl. CX-CXII. 

Trunks rather large, ellipsoidal, 34 to 48 em. high, elliptical or nearly 
circuhtr in cross section, 3Q to 39 em. in diameter and 90 to 118 em. in 
circumference at the thickest part, simple, the apex studded with small 
polygonal scars~nd presenting a smooth disk with a central elevation; 
rock substance dark brown in color and moderately heavy; organs of. 
the armor except the very lowest manifestly ascending; leaf scars 
arranged in two series of more or less distinct spiral rows, those pass
ing from left to right forming an angle of 75° and those from right to 
left of 45° to the vertical axis; scars subrhombic, varying from almost 
rhombic to nearly triangular with rounded angles, large, averaging 22 
mm. wide and 13 rom. high, but ratio of width to height variable, empty 
to a depth of 2 to 5 em.; ramentaeeous walls. usually thick but very 
variable, doubly grooved or wrinkled, cracked or fissured, often pitted 
by the scars of small bristles or perulre; fruiting axes numerous, small, 
most or sometimes all of their surface occupied by bract scars, central 
portion correspondingly small, generally cavitous from the disappear
ance of the essential organs, which appear to have often been immature 
or abortive; armor about 6 to 7 em. thick; cortical parenchyma 3 em .. 
thick; fibrous zone 2 em., consisting of two rings of wood; medulla 
about 9 em. in diameter. 

This is a very handsome species of which the type specimen was pur
chased of Mr. F. H. Cole, for whom the species is named. That speci
men weighs 63 kilograms. 

The Yale collection contains nine specimens that I was obliged to 
refer to this species. These are Nos 12, 20, 25, 28, 48, 52, 57, 68, and 80. 
Of these Nos. 25 and 80 are small and either dwarfed or immature, and. 
Nos. 28 and 52 are small fr~gments. '.rhe rest are fairly typical and/ 
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furnish good characters. No. 48, though small, weighing only 29.49 
kilograms, is perhaps the most typical. No. 57, though not complete, 
weighs 56.24 kilograms, and was, doubtless originally quite the equal of 
the Nationall\inseum type. No. 12 has an unusual number of fruiting 
axes. 

PJ. OX shows a side view of the type specimen, No. 2 of the U. S. 
National Museu_m, and Pl. CXI that of the very similar trunk, No. 48 of 
the Yale collection. The fragment No. 12 of the Yale collection repre
sented on Pl. CXII is somewhat anomalous if not specifically doubtful, 
but can not be referred to any other known species. 

All the specimens are from the Minnekahta region. 

0YOA.DEOIDEA. P A. YNEI .n. sp. 

Pl. CXIII-CXV. 

Trunks medium. sized, laterally compressed, usually enlarging from 
the base upward to near the summit but sometimes subcylindrical, 30 
to 55 em. high, 65 to 85 em. in average girth, 20 by 25 em. to 25 by 
35 em. in diameter, light or darkish brown in color, not specially firm 
or heavy, bearing few or not any secondary axes; -organs of the armor 
horizontal; phyllotaxy rather obscure, but scars arranged in imperfect 
spiral rows, chiefly subrhombic, but varying to rhombic or triangular, 
much distorted in the specimens in hand, but where clearly shown 10 
to 16 mm. high and 1G to 31 mm. wide, empty to some depth. their 
bottoms filled with the partially decayed remains of the petioles; 
ramentaceous interstices rather thin but variable, usually with a more 
or less distinct commissure; reproductiv~ organs or their remains 
numerous and conspicuous, often projecting considerably beyond the 
general surface in the form. of protuberances or terete spongy cylinders, 
often decayed, leaving large cavities more or less crater-shaped or funnel
shaped, the interior sometim.es definitely grooved or marked, surrounded 
by numerous, sometimes large, triangular involucra! bract scars; armor 
varying in thickness from 2 to 7 em., attached by. an irregular line 
or thiu layer of bark to the cortical parenchyma which is 1 to 2 em. 
thick and incloses a fibrous cone of about the same thickness, which 
is divided into two or three rings; medulla less compressed than the 
outer parts, 6 to 10 em. in diameter. . 

The only specimens that certainly belong to this species are Nos. 4 
aud 5 of the collection pnrcl;lased from Mr.- Cole. The description of 
the internal parts is chiefly based on No. 5, which is the smallest of · 
that collection and has been cut longitudinally t.hrough the axis, one of 
the halves cut transversely 12 c..m. above the base and the surfaces 
polished. These sections furnish clear views of the organs of the armor 
and of the relations of the armor to the underlying parts. The specific 
identity of the two specimens is based on the external characters, 
which substantially agree. No. 4 weighs 33.11 kilograms and No. 5, 
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22.22 kilograms. I name the species for the ranchman, Mr. Payne, who 
originally discovered the cycads of that region and from whom Mr. 
Cole obtained them. He it was, moreover, who finally guided us to 
the locality after Mr. Cole had vainly sought to take us to it the pre
vious day, missing the way notwithstanding that he bad been at 'the 
spot. 

In the Yale collection there are two specimens, Nos. 58 and 69, 
which I have doubtfully referred to this ·species, although some of the 
characters are different from those above described. They are vertically 
instead of laterally compressed. If this is due entirely to pressure of 
the superincumbent mass after entombment, it has· no systematic value 
and depends upon the position occupied by the specimen; but eminent 
authorities have insisted that it is a condition of growth. I am inclined 
to think that this may be true in some cases, but that the former 
explanation is the chief one. · 

The Yale specimens are both smaller than either of the National 
Museum types, No. 69 weighing 20.86 kilograms, and No. 58, which is 
dwarf, abnormal, and perhaps immature, 5.33 kilograms. · 

Pis. CXIII and CXIV give side and base views of. the type specimens 
Nos. 4 and 5 of the U.S. National Museum, and Pl. CXVrepresents the 
polished surface of the interior of No.5, bringing out the relations of 
the various tissues in a very satisfactory manner. 

All the specimens are from the Miunekahta region. 

0YCADEOIDEA WIELAND! n. sp. 

Pl. CXVI. 

1893. Cycadeoidea Paynei ·ward, in part: Proc. U. S. Nat. Mus., Vol XXI, pp. 212-
213 (quoad No. 77 of the Yale collection). 

Trunks medium sized or small, cylindrical-conical, somewhat later
ally compressed, dark colored, moderately hard with medium specific 
gravity, rough or ja.gged on the outer surface, unbranched, about 40 em. 

-high, 21 by 25 em. in diameter at the middle portion, 70 to 80 em. in 
girth; organs of the armor about· horizontal, at least in the middle part; 
phyUotaxy not traceable; leaf_ scars normally subrhombic and· narrow 
but much distorted by the fruits, often triangular, sometimes with the 
upper side downwardly curved, 20 to 25 mm. wide, 12 to 20 mm. high; 
leaf bases present but not reaching the surface, porous or spongy with
out visible bundle scars; ramen tum walls thin, 1 mm. or less, much 
broken down .. in the specimens, with or without an obscure median 
line; reproductive organs abundant over all parts of the trunk, cover
ing half of the surface and distorting all other organs, large and some
what elliptical but sometimes nearly circular, 25 to 35 mm. in diameter, 
often cavitous with a very definite bowl-shaped interior, the bottom 
smooth and usually raised like that of a blown bottle, or with a boss or 
button in the ce.nter, i. e., the receptacle of the spadices rising up with 
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a depression all round it, sometimes resembling a saucer inside the 
larger bowl, the central boss· or button sometimes with a large, deep 
slit ne.prly transverse to the axis of the trunk or in line with the major 
axis of the cross section, this slit occasionally replaced by a sharp 
ridge or by a few pits; fruits often partly or who11y preserved, obovate, 
sometimes rising above the general surface and. convex at the summit, 
either smooth or granular fro~ the exposed extremities of the numer
ous densely matted seeds; spadices surrounded by involucra! bracts, 
consisting of the receptacle above described as a central boss or but
ton from which rise numerous seminal peduncles of varymg lengths, 
the central ones longest and ascending to the summit, the more lateral 
ones proceeding outward and terminating at the periphery in such a 
manner as to form a cylindrical body with a rounded outer extremity, 
each peduncle terminating in a single seed; seeds 1.5 mm. to nearly 2 mm. 
in diameter, oblong in shape, 5 mm. long, surrounded by an opalized 
double seed-coat, their combined mass forming a .somewhat irregular 
layer over the whole upper part of the fruit, extending downward to 
about the middle, each seed containing a number (6 to 12) of relatively 
large spherical bodies, sometimes opalized like the seed-coats, possibly 
representing the archegonia; armor thin, about 4 em. thick; woody 
zone not visibly divided, 4 em: thick; medulla elliptical in cross section, 
4 by 6 em. in diameter. 

At the time I described No. 77 of the Yale collection in June, 1898, 
the specimen was almost wholly covered with an incrustation of lime 
and very little could be learned of its nature. Sufficient, however, was 
visible to indicate that it possessed an especial interest. The peculiar 
granular structure of some of the fruits could be seen, and from · such 
examination as I was able to make I derived the description that I 
gave on page 213 of the Proceedings of the United States National 
Museum, Vol. XXI. I included it provisionally and. doubtfully in 0. 
Paynei, from the general forni and appearance, although there were 
differences even in the external character which were there pointecl 
out, and I was careful not to include the peculiarities observed in the 
reproductive organs in the description of that species, because I antici
pated that these and the other differences . might require it to be 
removed from 0. Paynei when a fuller study of them should be made. 

On my next visit to New Haven in November, 1898, to study a fresh 
invoice of cycads sent by Mr. Wells, I found another specimen, No.131, 
which exhibited most of the external characters of No. 77 and had 
similar fruits, very few of which, bo":ever, contained the whole of the 
spadix. In a number of cases this had fallen out, leaving the bowl
shaped cavity, but with some of the seminal peduncles adhering to its 
sides and terminating in the little elongated sockets in which the seeds 
had lain. This at once revealed to me the true nature of the fruits 
of No. 77, and I thereupon placed that specimen in a vat of acid and 
removeu the coating of lime. The specific identity of the two specimens 
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:was then manifest and it became clear that the small bodies described 
in the latter and erroneously taken for the silicified cores of the seminal 

·peduncles were the seeds themselves. 
I endeavored to impress upon Professor Marsh the great importance 

of tllis discovery and the urgent necessity of having sections made of 
this first ease thus far discovered of seeds preserved in the trunk of an 
American cycad. The extreme rarity of such cases justified this 
ex~eptional interest, and I succeeded in arousing in Professor Marsh a 
part of the interest that I felt in the matter. 

It chanced that Mr. George R. Wieland was at the time working in 
the Peabody 1\'Iuseum. He had himself collected~ a considerable num
ber of cycads, had spent one day with Mr. Wells aud myself in the 
Blackhawk region, and was greatly interested in the general subject. 
He had had considerable training in the technique of section cutting, 
and, with Professor Marsh's approval, he p·roceeded to make some sec
tions of one of the best spadices of No. 77, which was easily det,ached 
from near the fractured margin of the trunk. The longitudinal section 
first made revealed the whole nature of the fruit 'and showed its essen
tial identity with the fruits of G. Gibsoni, that had been the subject of 
such prolonged and exhaustive studies on the part of Carruthers and 
Solms-Laubach, in Europe. lt proved also to be at least generically 
identical .with the celebrated fruit called Bennettites Jlforierei, from the 
Jurassic of Oalvados in France, so beautifully monograpbed by 
Professor Lignier. 

A cross section was also made while.! was at New Haven, and from 
these sections I was able to write the description of the internal 
structure of these fruits as given above. 
. I was convinced that other specimens, both in the Yale collection 
and in that of the United States Nationall\'Iuseum, would show perfect 
fruits if properly treated, and I took that occasion to urge Professor 
Marsh to inaugurate a systematic study o(the Yale collection from 
this point of view, which be did, and Mr. Wieland has continued the 
work so auspiciously begun. It is therefore with great pleasure that 
I· dedicate this species . to him, the first to bring to light the internal 
structure of the reproductive organs of the fossil cycads of America. 

This species is therefore founded on the two type specimens, Nos. 77 
and 131 of the Yale collection. No. 77 is smaller above than below, and 
is naturally oblique at both base and summit, having Jost nothing. It 
is jagged on all sides with its unequal waUs and protruding fruits. It 
is 32 em. •high. Its major diameter varies from 23 to 25 em., and its 
minor from 16 to 21 em. It has a·girth near the base of 74 em. and at 
the summit of 66 em. Its weight is 21.09 kilograms. 

No. 131 is larger than No. 77. It is long-conical, very obliquely trun
cated above so as to want the apex entirely, also irregularly broken 
across below, but the lowest part probably shows the true base, which 
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was little if at all contracted. It is elliptical in cross section, and a 
number of pieces broken out of one side of the base have been saved and 
accompany ·the specimen. Its present height is 40 em., which, owing 
to the obliquity of the fractures, probably represents its full length. ~ 

The longer diameter near the base is 26 em. and the shorter one 21 em. 
The girth at the base is· 70 em., and at a point just below the upper 
fracture 66 em. It weighs 22.22 kilograms. · 

PI. CXVI shows a side view of trunk No. 77. A number of fruits 
are clearly brought out. 

CYCADEOIDEA ASPERA n. sp. 

. Pl. CXVII. 

Trunks small, subconical, simple, very rough on the surface, light 
brown varying to whitish, dark with white streaks within, moderately 
heavy, about 20 em. high, nearly the same in diameter, and 70 em. iri 
circumference; organs of the armor somewhat declined throughout; 
phyllotaxy not traceable; leaf scars anomalous in having the upper 
angle much sharper than the lower, the reverse of the usual case and 
only elsewhere observed in G. insolita, lower angle reduced to a groove, 
a curve, or a straight line, lateral angles always sharp; scars small, 12 
to 25 mm. wide, 10 to 15 mm. high, subrhombic; leaf bases present 
usually projecting 5 to 10 mm. above the walls, presenting a light 
brown, very spongy and porous surface, without evidence that any of 
the pores represent the scars of vascular strands; ramentaceous inter
stices thin, 1 to 5 mm., dark reddish brown, sunk to varying depths 
among the projecting leaf bases and other organs, scaly and laminated 
with crooked and twisted plates; reproductive organs as numerous as 
the leaf scars, projecting much beyond the petioles, sometimes 3 em. 
high, solid or variously broken and jagged, occasionally somewhat cav
itous, scarcely showing any involucra! scales, but in addition to all the· 
other organs described are small angular bracts, mostly broken down, 
presenting sharp edges and projections over the surface, intermediate 
in character between sca~es and leaves, properly to be classed as bris- · 
ties or perulre; all the different projecting organs giving the trunk a 
ragged and bristling appearance; armor, in~luding· projections, 6 em. 
thick, the vas~ular strands traceable far into the woody zone and inp.er 
limit not definite; parenchymatous layer 15 mm. thick, penetrated by 
the whitened leaf bundles; secondary wood 2 em. thick, consisting of 
two nearly equal rings, the outer white, the inner black or dark blue 
in the only specimen known; medulla 6 em. in diameter, dark, fine
grained and homogeneous. 

This species is based on the single specimen, No. 104 of the Yale col
lection, which is somewhat less than half of a trunk that divided along 
a vertical plane from top to bottom almost as smooth and even as if 
sawn through by a gang saw, exposing the interior in an admirable 
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manner. Its only affinities are with 0. Paynei, and the specimen, 
though sp.1aller, has a remarkable r~semblance to No. 5 of the U. S. 
National Museum (cf. PI~. CXIV and CXV), which was cut through 
on the same plane as this specimen. The resemblance is, however, 
more apparent tbati real, and the descending leaves and especially the 
inverted scars clearly exclude it from that species. Add to this that 
.no specimens of C. Paynei have been found elsewhere than in the origi
nal J\1inn~lnthta locality, and the improbability of this belonging to that 
species is very great. It is too perfect a specimen to class as undeter
minable, and there seems no course left than to treat it as constituting 
a new species. 

Fig.1 of Pl. CXVII represents the rough outer surface and Fig. 2 the 
im1er face. 

The specimen is froni the Blackhawk region. 

0YC.A.DEOIDEA. INSOLIT.A. n. Sp. 

Pis. CXVIII, CXIX. 

Trunks medium sized, unbranched, somewhat elliptical in cross sec
tion, subcylindrical or subconical; rock substance light colored, mod
erately h~trd and heavy; height of trunks 30 to 40 em., diameter 30 
to 35 em., girth about 1 meter; organs of the armor nearly horizontal; 
leaf scars irregularly distributed over the surface, very variable. in 
size and shape, rhombic or subrhombic, in the latter case having 
the more acute angle above and the more obtuse one below, i. e., 
the opposite of the normal condition, 15 to 25 mm. wide, 8 to 15 
mm. high, sometimes empty to some depth, but in some such cases 
the summits of the leaf bases showing the vascular bundles in the 
form of little rods or pius projectii1g upward and forming a row all 
round the leaf bases close to the margin with others near the center, 
about 18 to each leaf; leaf bases sometimes projecting in the form of 
small cones, in which cases the bundles can be seen either as black dots 
or as little protuberances around the sides of the cones; ramen tum . 
walls thin but variable, 1 to 4 mm., firm and sharp on the edges of 
the scars, grooved along the middle; reproductive organs abundant, 
disturbing the phyllotaxy, tending to congregate and blend together, 
presenting a rough surface, usually projecting, rather small and with 
few bract scars; armor 4 to 6 em. thick; cortical parenchyma 2 to 3 em.; 
fibrous zone 15 to 30 mm., with two or three rings, the outer either pre
served and showing fine-grained structure or much decayed, in either 
case conspicuously partitioned off by the medullary rays, the others 
also showing woody wedges; medu11a 8 by 12 em. in diameter at the 
base, enlarging upward, hard and homogeneous in structure. 

This species is founded on two specimens in the Yale collection~ 
Nos. 50 and 64, chiefly the latter, No. 50 being only a small fragment. 
The characters can not be forced into any other species, especially the 
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inverted leaf scars and the peculiar habit of the vascular bundles in 
the petioles. In No. 33, which i.s a branch of a trunk of the type of 
No. 11, and has been referred to C. JJ1arshiana, this latter peculiarity is 
nearly repeated, but this happens in no other specimen of that species. 

No. 64 is the lowe.L' part of" a truuk irregularly broken across the top 
and down one side to near the middle. The apex is therefore unknown. 
It is this specimen that has furnished all the external characters, but 
No. uO shows precisely the sa.me characters so far as it goes, and adds 
somewhat to the knowledge of the internal parts. No. 64 weighs 24.95 
kilograms and No. 50, 3.29 kilograms. 

PI. CXVIII and Fig. 1 of Pl. CXIX illustrate the trunk, No. 64, but 
the views can not be said to be very satisfactory. Fig. 2 of .Pl. CXIX 
aftords a much better idea of the leaf scars as they are seen on tlw 
outer surface of the smaller fragment, No. 50. Their inverted form is 
here made clear, though some appear as true rhombs. 

Both specimens are from the M:innekahta region. 

0YCADEOIDEA. OCCIDENTA.LIS n. sp. 

Pl. CXX. 

Trunks medium sized, conical or ellipsoidal, simple or with a few 
sma.Il secondary axes, well silicified, moderately hard and· heavy, red
dish brown without, dark or nearly black within; organs of the armor 
generally ascending; phy llotaxy not traceable in any of the specimens; 
leaf scars subrhombic, variable in size, 16 to 25 mm. long, 10 to 16 mm. 
high, usually fillet I by the leaf bases; bundles not visible; ramenta
ceous interspaces thin, less than 2 mm., roughened without, white within, 
contrasting strongly with the black petiolar substance in longitudinal 
section; reproductive organs rare, slightly protruding, usually havii1g 
remains of the organs pre.served, occasionally decayed so as to leave 
openings, obscure from without, distinct in sections longitudinal to 
them, penetrating to a depth of 6 em.; the substance above the fruit 
light colored; fruit dark, elliptical or ovate, nearly homogeneous and 
~howing no structure,· subtended by strong involucra! bracts and 
crowded by a mat of chaff probably consisting of the summits of the 
interseminal scales; seeds not detectable; armor 5 to 8 em. thick, irregu
larly joined to the woody axis, the outer or parenchymatous portion of 
which, to a thickness of 3 em., is more or less decayed in most of the 
specimens; fibrous zone divided into two rings, each about 15 mm. 
thick, tbe innermost very firm and fine-grainerl, its inner wall (exposed 
in two specimens) regularly lnarked by the scars of the medullary rayR, 
the scars consisting of conspicuous elongated depressions arranged in 
longitudinal rows at equal distances (1 em.) from one a110ther; the 
scars nearly the same distance one above another but alternating so 

. as to form diagonal rows crossing the Yertical ones at an angle of nearly 
450; inner face of the second ring of wood (exposed over a small area 
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in one specimen) nearly smooth but faintly striate in a horizontal 
direction, marked with smaller, m@re distant scars; medulla (repre
sented only in one small disk~shaped specimen from· near the top of a 
trunk, and here thoroughly crystallized) scarcely known. 

I~~ou.r of the fragments picked up .by me belong to this species. They 
are Nos. 11, 1.2, 17, and 18. No. 11 is a large block weighing over 7 
kilograms, showing considerable of the external surface, which is not 
very clear. Portions of it have. been detached and cut in several direc
tions to show the internal structure. Most of such characters above 

I 
given are derived from this source. No. 12 is a very small piece, con-
sisting entirely of the fibro.us zone of wood, of which it snows the inner 
wall with the sears identical in character with those of No. 11, of which 
it is probably only· a detached fragment. No. 17 ·is a crescent-shaped 
fragment from a small trrrnk, and weighs 2.27 kilograms. It appears to 
have come from near the top of the trunk. No. 18 is a thin horizontal 
zone or disk from near the top of a S!llall trunk. The internal portion 
is much crystallized. 

The specimens on which this species are based, though clearly dis
tinct in ·their external characters from any of the rest, are still so frag
mentary and imperfect that in photographing the material they were 
overlooked, and no views were taken of the outer surface. One of 
them, however, No; 11, bas furnished an excellent section through the 
armor and wood, an enlarged view of which is shown on Pl. CXX. 

All tbe specimens are from the 1\finnekahta region. 

0YCADEOIDEA JENNEYANA Ward. 

Pls. CXXI-CXXXII. 

1894. Cycadeoidea Jenneyana ·ward: Proc. Biol. Soc. 'Washington, '\rol. IX, April 9, 
1894, p. 87. 

Trunks large and tall, attaining a height of 130 em., cylindrical, little 
compressed, 30 to 40 em. in diameter, the girth reaching over a meter 
aud .a half, firmly silicified, more or less chalcedonized or opalized 
within, very hard.and heavy, light brown or reddish externally, wl.Jite 

. or reddish, sometimes black within; organs of the armor horizontal ex
cept near the summit; leaf scars arrauged in intersecting spiral r_ows, 
tlwse passing from left to right makiug an angle of about 400 and 
tlwse from right to left of about .50° with the vertical axis; scars 
subrhombic to suutriaugular with mostly rounded angles, sometimes 
kite shaped, large, 20 to 30 mm. wide, 12 to 25 mrn. high, partially or 
wholly filled with the remains of tbe leaf stalks; Yascular bundles in the 
petioles arranged in au imperfect row all around near the margin with 
other straight rows, or somewhat scattered in tbe interior, numerous (40 
were counted in one cross section), circular, elliptical, crescent-shaped 
or kidney-shaped in section; ramentaceous interRpaces very thick but 
somewhat variable (6 to 13 rum.), sometimes roughened or irregularly 
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affected by sma1l pits representing bract scars, a line of whicn may 
run through the center, dividing t.be walls, or by cracks which divide 
them into plates or small partitions; reproductive organs numerous, 
large, and well developed, often protruding, sometimes cavitous, scat
tered over all parts of the surface, axillary to the leaf scars; whose 
shape and order they distort, elliptical in outline, 25 to 40 mm. in a 
horizontal and 18 to 26 mm. in a vertical direction, surrounded by 
concentrically arranged semilunar or somewhat triangular bract scars, 
which are sometimes continued in a horizontal direction, converging and 
blending with the rows dividing the walls, the central portion, when 
exposed at the margin of a fracture, taki~S" the form of au elongated 
cylindrical spadix or fruit, which, seen in cross section, proves to be 
made up of four iarge organs that seem to contain two axes, and 
seen in longitudinal section, to constitute a convex receptacle from which 
arise seminiferous peduncles (or :filaments) and interseminal (or inter
staminate) scales, the seeds (or anthers) having disappeared, leaving a 
region of amorphous decayed tissue occupied by the matted prolonga
tions of the chaff; armor 8 to 9 em. thick; liber zone very indistinct; 
cortical parenchyma 3 to 4 em. thick; fibrovascular zone about 2 em., 
without visible subdivision into rings; medulla slightly elliptical, the 
m~jor diameter 16 to 17 em., the minor 13 to 14 em., black and cherty in 
all the specimens, showi~g no structure, giving off rays which may be 
seen traversing the woody cylinder. 

The above description is based mainly on two large trunks, or parts 
of the same trunk, which, through the intervention of Professor Jenney, 
were generously loaned to the Smithsonian Institut~on by Dr. Y. T. 
M'Gillycuddy, director of the State School of Mines of South Dakota at 
Rapid City, 'Ybere they bad been deposited. There are many reasons 
for believing that these two pieces belong together, and with a small 
missing intermediary piece constitl1ted a tall, cylindrical trunk. One of 
the pieces, about 40 em. long, represents the true base and the other, 58 
cm.long, the true summit.· The former is scarcely worn at all while the 
latter is deeply eroded. all round as the result of having been. long 
exposed to adverse influences, probably by having lain in the bottom 
of a gulch. It is therefore considerably smaller than the normal diminu
tion upward would require. The difference applies, howEwer, wholly to 
the exterior, and the medulla and woody cyliu,der are no sma.Iler than 
would be the case in an entire trunk at different heights. After a care
ful examination I have arrived at the conclusion that if they are parts of 
one trunk it would only indicate the loss of about 30 em., wllich would 
give a total height for the trunk of about 130 em. 

Only two other 'tall, cylindrical species of Oycadeoidea are known to 
me, viz, the G. e:r:celsa, described below, and the G. giga.ntea of Seward 
from the Purbeck beds of Portland.1 Specifically, of course, G. Jen
neyana is very distinct from both of these, but in it.s straight, erect 

1 On Cycadeoidea gigantea, a new C.rcadean stem from the Purbeck bed1> of Portland, l>y A. C. 
Seward: Quart. Jour. Geol. Soc. London, Vol. LIII, February, 189i; pp. 22-39, pls. i-v. 
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habit it somewhat resembles 0. gigantea. It is much less compressed 
laterally, and if my conclusions are correct as to the amount missing 
between the two sections, it was taller by 11 or 12 centimeters. .1\fr .. 
Seward does not state the weigh.t of his specimen, but if the material 
at aU resembles that of all other cycads from those quarries its specific 
gravity is low and the weight wguld be small in relation to the bulk. 
He states the girth of the specimen at 107 em, while that of G. J en
neyana is very nearly 130 em. More exactly, the lower piece. measured 
at the middle is 129.54 em, while the upper piece, both at the lower end 
and at the middle, measures .107 em. The difference, as explained 
above, is chiefly due to erosion of the surface of the latter. The lower 
piece weighs 95.26 kilograms, and the upper 86.18 kilograms, a total 
of 181.44 kilograms. The entire trunk must therefore have weighed 
nearly 250 kilograms, which would give it the third rank, from this 
point of view, among the fossil cycads of the world. 

The question whether there are any other specimens in the U. S. 
National Museum collection that belong to the same species is a more 
difficult one. In 1893, as stated above (p. 562), an expe.dition was made 
to the locality. No other fragments were found by any of onr party, 
although we all searched diligently for several hours and collected a 
large amount of silicified wood. We were told at the ranch that a 
man named McBride (not Professor McBride, of course) had been in 
the region and bad gathered and taken away all the specimens he 
could find. 

Later in the summer, when I was in California, Professor Jenney 
learned the whereabouts of Mr. McBride, who was then in Deadwood,· 
and purcllased two fragments of cycads from him that be said came 
from that locality. He also purchased two other fragments from 
Mr. L. W. Stillwell in Deadwood, which, as he was informed, came from 
the !:lame place. All these he sent to W asbington, and they constitute 
a part of the cycad collection in my hands. 

Upon careful examination of all four of these fragments I conclude 
that there is nothing to negative the supposition that three of them 
belong to the same species as the large trunks, and I have accordingly 
included them under Oycadeoidea Jenneyana.. They were numbered in 
the collection as McBride fragments Nos. 1 and 2 and Stillwell frag
ment No.1. 

These fragments are irregular and not well preserved, but they 
evidently came from large trunks, and all the characters that they 
show agree substantially with those of this species. As they come 
from the same locality and as a portion of the great trunk is missing, 
I have examined them carefully to see whether they might possibly 
belong to that trunk, but I find no evidence of this. These fragments 
weigh, respectively, 12.25, 11.34, and 7.26 kilograms. 

A few days after visiting the locality on Black's ranch I was in Hot 
Springs, antl purchased a number of fragments of cycads from a dealer 
named Homer :Moore. Two of these which fitted together, forming a 
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block weighing a little more than 7 kilograms, evidently belonged to a 
very large trunk, and these show a number of characters which agree 
with" those of 0. Jenneyana. In fact they very closely resemble the 
Stillwell fragment No. 1, so that whatever is done with the one must 
be· done also with the other. l\1r. l\1oore thought that these specimens 
callle from the Minnekahta region, but was uncertain as to their source. 
They certainly differ specifically from any of the material from that 
region and agree substantially with most of that from Black's ranch. 
I shall therefore include them under 0. Jenneyana. 

I bad in band two small slabs belonging to the Woman's College of 
Baltimore, purclJased by Mr. Arthur Bibbins for that college at the 
World's Columbian Exposition in Chicago and sent over along with the 
Bibbins collection from l\1aryland. Mr. Bibbins was informed when he 
purchased these fragments tllat they came from the Blac¥: Hills in 
America and that they were cut and polished in Germany. I can well 
believe this, as, so far as they go, they are substantialJy identical with 
the material from Black's ranch, and I am obliged to refer them to the 
preseut spP.cies. They contain none of the woody cylinder but are con
fined to the armor, of which they show a thickness of 3 to 5 em. The 
exterior is obscure and closely resembles the Stillwell fragment No. 1, 
aud the Homer Moore fragment, but the inner face is eut in a direction 
transverse to the leaf bases, which are beautifully shown, _and also 
in the opposite direction showing the organs in longitudinal section. 
li'ruiting axes are thus exposed, and much of the above description 
relating to the structure of these organs is derived fi·om a study of 
these sections. I have no doubt that the other specimens when simi
larly cut, as they will be eventually, will furnish the same characters. 
In fact, they can now b~ indistinctly seen on a number of fractured 
surfaces. 

These specimens bear the labels of the museum of the Woman's 
College, Nos. 1501 and 2128. The former weighs 532 grams and the 
latter 489 grams. They are exactly alike in all essential respects; and 
may well have belong~d to the same trunk. 

In the Yale collection there are 24: specimens that appear to belong 
to this species. These are Nos. 81, 8~, 88, no, 91, 93, 96, 97, 98, 101, 
102, 108, 109, · 111, 1.12, 113, 114, 115, 116, 120; 121, 124, 125, and 126. 
It will be observed that all but the first two of these came with the 
last two invoices and are from the Blackhawk region, the same trom 
which the original type of tlw State School of Mines was obtained. 
The two reported from the Minnekahta reg·ion, Nos. 81 and 87, also 
belong to this species beyond a doubt. No. 81 consists of eight small 
fragments which all fit together aud form an irregular segment from a 
large trunk similar to those belouging to the State School of Mines of 
South Dakota. Indeed, they might have l>elonged to the supposed 
missing portion of the tall trunk which those two pieces are believed 
to l1ave so nearly constituted (see PI. CXXV). The eight fragments 
together weigh 9.5 kilograms. 
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.No. 87 also consists of a number (five) of small fragments that can 
be built up into a segment of a trunk, and all together weigh 7.6 kilo
gra~s; but these do not so closely resemble the type specimens. Still 
the characters they possess are those of this species. Professor Marsh 
thought that these specimens came from the Blackhawk locality, but 
1\'Ir. Stillwell, from whom they were purchased, states that they were 
obtained 3 miles southwest of l\'Iinnekahta station. This agrees 
closely with the original locality. I am disposed to believe that there 
has been some' mistake, and that these particular specimens are, after 
all, from the Blackhawk region. 

Of the other 22 from the Blackhawk region Nos. 91, 113,120, and 124 
are somewhat doubtful. No. 91 has a large terminal bud 8 em. high, 
elliptical in cross section and 15 by 20 em. in diameter, studded with 
polygonal bract scars 5 to 8 mrn. in diameter, filled with the bases of the 
bracts or small leaves matted together and exposed on the sides of the 
terminal bud, which have suffered from erosion (see Pl. CXXXI). I 
have not included this bud in the description of the species on account 
of doubts as to the true affinities of this specimen, which, if it belongs 
here, is the only one in which the bud is preserved. The surface is so 
badly worn that all the reliable characters are obscured, except that in 
general shape the specimen agrees with others of this species. The 

·sca-rs are large and the walls thick, which further confirm this supposi
tion. No. 113 is also badly worn and metamorphosed, but probably 
belongs to this species. It is a fine trunk, nearly complete, 55 em. 
high, and weighs 91.17 kilograms. No. 120 is an interesting specimen, 
and shows a great number of large fruits, which stand out, having 
resisted the deep erosion of the surface (see Pl. CXXXII). No. 124 is 
a mass of quartz and only a fragment, but in all probability ca'me from 
a trunk of 0. J enneyana. 

The rest of the specimens~ though mostly fragments and segments 
from large trunks, are not doubtful, as they show surface characters in 
all cases which are distinctive. Several, however, are fine trunks. 
No.101, though in three sections perfectly fitting together, is an almost 
complete trunk, laterally compressed, 97 em. high, and weighs 183.71 
kilograms, which is a little more than 1 ki)ogram heavier than both 
pieces of the type specimen from the State School of l\'Iiues of South 
Dakota. Unfortunately the surface is badly worn and the most inJpor
tant characters are obscured. No. 102 is the lower part (36 cro.) of 
the largest trunk of the Rpecies thus far known. It is nearly circular 
in cross section, has a diameter of 4 7 em., and a girth of 156 ern. Its sur
face is also iu a fair state of preservation (see Pis. CXXVII-OXXIX). 
No. 121 is a similar but much smaller basal portion. No. 115 is anoma
lous in many respects and might have been included among the doubtful 
cases. Though in t.wo pieces it is nearly complete and weighs 87.77 
kilograms, having a height of 60 em. and a girth of 106 em. Some 
of the leaf lmses are horizontal, while others are strougly declined. 
The latter are all on oue side below the middle, and iu the case of 
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certain abnormally small but strongly projecting leaf bases there is 
the additional peculiarity that they are converted into impure opal or 
blue quart:t (see Pl. OXXX). No. 116 is also a fine, nearly complete 
trunk 49 em. high, 42 by 36 em. in diameter, 120 em. in girth, and weighs 
85.73 kilograms. 

Pis. CXXI-CXXV illustrate-the great trunks from the State School of 
Mines of South Dakota. Pis. OXXI and CXXII show the external sur
face of both trunks on the two opposite sides. Pl. CXXIII shows the 
true base and true summit, the latter somewhat decayed, forming a 
depression or ''crow's nest." Pl. OXXIV gives a view of the two ends 
that would have matclled each other had nothing been lost. In Pl. 
CXXV tile two segments are placed as nearly as possible in the posi
tion in which they stood when living, with an estimated interval between 
them for tlle portions lost. 

Pl. CXXVI represents the polished surface of No, 1501 of the Museum 
of the Woman's College of Baltimore and shows the characters above 
described for that specimen. 

Pis. CXXVII-CXXXII represent the specimens of the Yale collec
tion, Nos. 91, 102, 115, and 120, as mentioned above and as fully 
explained in the descriptions of the plates. 

It will be seen from the above that 32 specimens have been referred 
to this species. Of these, 27, including all the larger trunks, were found 
with certainty in the Blackhawk region. Two were reported from the 
Minnekahta region and probably came from there. The source of the 
other three is uncertain. 

CYC.ADEOIDEA INGENS n. sp. 

Pls. CXXXIII-CXLIII. 

Trunks large or colossal, ellipsoidal in form, thickest at the middle 
part, dim.inishing and more or less rounded off at boUt base and sum
mit, slightly elliptical or nearly circular in cross section, unbranched 
or with a few small secondary axes in the form of protuberances, usu
ally of a dark color, hard consistency, and high specific gravity, attain
ing a maximum height of 85 em., girth of 170 em., and weight of over · 
300 kilograms; organs of the armor s1ightly declined near the base, 
horizontal in the middle portion, ascending above, and erect at the 
apex, producing a large terminal bud consisting of the bases of some~ 
what flattened leaf-like bracts or scales; leaf scars arranged in two 
sets of rows passing spirally round the trunk, intersecting each other, 
and forming each a different ang'le with the axis, those passing from 
left to right forming an angle of about 35° to 45°, while those passing 
from right to left form an angle of 50° to 60°; scars large, 35 to 50 mm. 
wide, 20 to 35 mm. high, peculiar in shape, the lateral angles drawn out 
into sharp points by the incurving of the sides, the vertical consisting 
of mere curves, varying f:rom this to simple gibbosity; leaf bases always 
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present, filling the scars and often projecting, presenting either plane 
or ~lightly c~nvex ·surfaces; vascular bundles in one row closely set 
together and very near the margin, and an irregular ring at the center 
inclosing an empty space; ramentaceous interspaces thin, 3 to 10 mm., 
scaly or laminated, sunk below the leaf bases, forming grooves on the 
surfaces of the trunk, often white in color, contrasting with other parts; 
reproductive organs abundant, especially in the upper part of the 
trunks, very different from the leaf bases, usually large, elliptical, 5 to 
6 em. wide by 3 to 4 em. high, sometimes solid and projecting, but usually 
with an opening at the top or cavitous and crater-like, surrounded by 
numerous bract scars filled with the bases of the bracts, which are usu
ally narrowly triangular or nearly flat; armor 5 to 10 em. thick, more or 
less clearly marked off from the underlying tissues; cortical parenchyma 
3 to 4 em. thick; zone of secondary wood 4 ern.; medulla 10 to 20 em. in 
diameter. 

A perfectly well characterized species differing entirely from any of 
those based on specimens from the Minnekahta region. It is also very 
distinct from G. Jenneyana,, which is the leading form of the Blackhawk 
re.gion. Still, this species is also common there. and is represented in 
the collection by eight specimens, viz, Nos. 92, 94, 99, 100, 103, 117, 
122, and 123. No. 100 is taken as the type and is the next largest 
cycadean trunk known in the world, weighing 303.91 kilograms. It 
slightiy exceeds in height the U. S. National Museum type of G. colos
salis, having a maximum length of 85 em. Its diameters are respec
tively 62 em. and 49 ern.; and it has a girth of 170 em. But, like all 
other specimens of this species, it diminishes in size toward each 
end and is somewhat barrel-sha~ed. Nos. 103 (see Pl. OXXXVI, 
OXXXVII) and 117 (see Pl. OXXXVIII, CXXXIX) represent the 
lower part of two other large trunks, and the summit is represented 
only in No. 100. No. 94 (see Pl. OXL, OXLI) comes next in point of 
interest in affording most of our knowledge of the internal structure of 
the species, including the markings on the medulla. No. 123 (see Pl. 
CXLII, CXLIII: is also instructive from this point of view. The rest 
are 'fragments, but all add to the complete conception of the species. 

The form of the leaf scars is imitated very closely by two other 
speeies, one of which, G. formosa, is represented by only one specimen, 
No. 89. The other is 0. Stillwelli, and this is made very clear by the 
new material added· by the specimens last sent from the Biackhawk 
region by Mr. WeBs, especially No. 10.5. In both these cases, however, 
the scars are much smaller, and this is particularly the case with 0. 
Stillwelli. 

The species is illustrated by Pis. CXXXIII-OXLIII, which have 
been commented upon in the foregoing remarks and are further fully 
explained in the descriptions of the plates. 

All the specimens are from the Blackhawk region. 



634 CRETACEOUS FORMATION OF THE BLACK HILLS. 

0YCADEOIDEA FOR:\'IOSA n. sp. 

Pls. CXLIV -CXL VI. 

Trunks of moderate· size, short-conical, unbranched, dark brown, 
nearly black within, of average specific gravity, about 25 em. l1igh, 
nearly 30 em. in diameter and having a girth of somewhat less tha,n a 
meter; organs of the armor, even the lowest, somewhat ascending with 
a uniform angle; leaf scars arranged in two series of spiral rows, those 
of both series making an angle with the axis of about 500; scars large 
for the size of the trunk, peculiar 'in shape, the lateral angles very 
sharp, the vertical ones very obtuse and rounded, tlle bounding sides 
usually curving downward and upward on the right and left, causing 
the scars to be drawn· out laterally correspondiug to wings of the 
petioles, lower side more pronounced than the upper in such a manner 
that a line joining tl;e lateral angles divides the scar into unequal areas, 
varying to simply gibbous by the absence of the above-described curves; 
distance between lateral angles 25 to 30 rum., that between highest 
and lowest ·points 16 to 20. mm.; leaf bases always present, usually 
projecting somewhat, sometimes nearly 1 em., outlines definite, couform
ing to shape of scars, exposed ends presenting surfaces that are exactly 
square or tangential to the trunk, never convex nor concave, smootll 
but not polished, covered by a ·diaphragm representing a natural plane 
of disarticulation, this layer, however, sometimes removed, in which 
case small projecting points are irregularly scattered over the surface 
of the leaf base; outer row of leaf bundles very close to the margin, 
faintly visible at the ends, more clearly as strioo on the eroded sides 
of prQjecting leaf bases; ramen tum walls thin, 1 to 3 mm., thickening 
at the angles, sunk below the petioles and usually separated from them 
by a crack, dull colored, loose in structure and somewhat pitted, having 
the appearance of cracks filled with mud or extraneous matter; repro
ductive organs numerous alld well marked, occurring at all points, but 
tending to an arrangement in vertical rows, one above another, with a 
trend different from that of either of the rows of leaf scars, projecting 
beyond the leaf bases to which they bear no resemblance, rounded or 
elliptical, 3 to G em. in diameter, nevet cavitous, usually exhibiting 
concentrically arranged scars, the circular central portion inclosed in 
a tul>e surrounded by involucra] bract scars occupied by the bases of 
the bracts which project in miniature imitation of the leaf·bases, the 
central portion sometimes occupied by small cylindrical bodies or rods 
1 mm. in diameter and 1 to 5 mm. long, consisting of neai·ly pure quartz; 
armor 5 em. thick, definitely separated from the axis by a porous liber 
zone of appreciable thickness; cortical parenchyma 15 mm. thick; 
secondary wood 4 em. thick, consisting of two distinct rings of about 
equal thickness separated by a peculiar scalloped line, apparently 
caused by the convex edges of woody wedges, 5 ~m. thick, separated 
by thin medullary rays; medulla 9 em. in diameter, somewhat hetero
geneous or chambered in structure. 
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This species is represented by the single specimen No.8!> of the Yale 
·collection .. It has close affinities on the one band with 0. ingens and 
on the other with 0. Stilltcelli, while all these are related to 0. J1fcBridei, 
but it is impossible to refer it to any of these species. 

Pl. CXLIV shows the side of the trunk with the peculiar shaped 
scars and two of the vertical rows of fruiting organs. Pl. CXLV 
shows. the remarkable smooth base with its coucentric structure. Pl. 
OX LVI is a view of the top where the thickness of the armor and· 
oth<~r feat~res appear to advantage. 
· The specim~n is from the Blackhawk region. 

CYCADEOIDEA S'l'ILL WELL I n. sp. 

Pls. CXLVII-CLII. 

Trunks small, cylindrical, or more or less laterally compressed, 3~ to 
40 em. high, I 5 to 25 em. in diameter,-'40 to 70 em. in girth, reddish or 
light colored externally, cherty, flinty, or more or less agatized within, 
simple, or bearing a few small branches in the form of projections or 
protuberances, short-conical at the summit, with a natural depression 
at the apex studded with small polygonal scars and a gentle swelling 
at the center; organs of the armor nearly horizontal; leaf scars arranged 
in two series of spiral rows, those from left to right making an angle of 
40o to 5oo, those from right to left of 300 to 500 with tile axis of the 
trunk; leaf scars normally almos.t exactly rhombic or diamond-shaped, 
but with a tendency on the one baud to the rounding of the vertical 
angles and on the other to the incurving of the sides so as to exagger
ate the acuteness of the lateral ones, this sometimes very marked; 
scars small, 20 to 25 mm. wide, 15 to 20 mm. high, occasionally almost 
as high as wide, the lateral diagonals ahout horizontal and the vertical· 
ones perpendicular to them or vertical; leaf bases always present, 
filiing the scars, often pr~jecting, sometimes considerably, the petioles 
disarticulating at several different points by means of a diaphragm 
which forms a thin layer over the exposed summits, tlw occasional 
absence of which leaves a rough, spongy or porous structure; vascular 
bundles arranged in two rows, one uear the margin and parallel to 
it, the other forming au elliptical ring at the center 3 by 4 mm. in 
diameter, both rows usually appearing in the form of denticulate ridges; 
ramentaceous walls very thin, 1 to 2 mm., often sharp at the surface, · 
generally sunk below the leaf bases, forming grooves or deep channels 
between them, the surface therefore consisting chie~y of the latter, in 
the more abnormal forms of scar describing a double curvature and 
having somewhat the shape of a '"line of beauty" in penmanship or 
one of the parts of a BuddJl.ist cross or "swastika," sometimes, how
ever, projecting so as to leave a groove around the outer edge of the 
convex summits of the leaf bases; reproductive organs few, more 
numerous on the narrower sides of the trunk, disposed somewhat in 
rows or chains, generally parallel to the axis but sometimes running 
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round the trunk, more or less contiguous, consisting of protuberances, 
some rising above the highest leaf bases, closed, or more commonly 
open at the top, sometimes crater-like but generally truncated, pre
senting an irregular surface with numerous pits or pores at the center 
surrounded by bract scarR which are sometimes empty, but usually 
occupied by the bases of narrowly triangular or flattish bracts project
ing and squarely truncated with thin interspaces in miniature imitation 
of the leaf bases; armor much thicker on the narrower than on the 
broader sides of the trunk, 3 to 6 em. thick in the former and 2 to 3 em. 
in the latter case, clearly and definitely marked off from the woody 
axis by a cambium li11e; cortical parenchyma 15 to 20 mm. thick; sec
ondary wood zone 10 to 20 mm., very fine grained and clearly marked 
oft' from the last; medulla somewhat elliptical, 5 to 8 em. in diameter, 

·marked on its external surface by. rows of small rhombic projections of 
a dark color terminating small.longitudinal ridges representing the 
origin of the medullary rays. 

The small cylindrical· section of a trunk acquired through Professor 
Jenney's intervention from Mr. L. W. Stil1well, of Deadwood, exhibited 
so many good characters, all different from those of any other specimen 
in the U.S. National Museum collection, that before I had seen the Yale 
collection-in fact, long before it was made-I had described it as a new 
species and named it for Mr. Stillw~ll. It was reported to have been 
found in the Blackhawk region, and there is every reason to believe that 
such was the case. 

The Yale collection contains six specimens of this species, each of 
which adds something to our knowledge of it. These are Nos.16, 36, 56, 
105,107, and 119. The first three of these purport to come from the 
Minnekahta region, while the other~ ·£1:re certainly from the Blackhawk 
region. The :first of these is somewhat smaller than the type and has 
near its summit two srriall branches. The leaf scars are normal and 
confirm my suspicion that the peculiar form which they have in the 
original specimen is due to lateral compression. It weighs nearly 5 
kilograms. No. 36 represents the upper part of a trunk of exactly the 
same diameter as the Stillwell specimen, but with the outer parts aJl worn 
away. The summit, however, is perfect. The transverse fracture has 
supplied a. number of otherwise missing or imperfect characters. This 
specimen weighs 8.17 kilograms. No. 56 is larger and entire from base 
to summit, but broken in two ·near the middle. It is very elliptical in 
cross section from lateral compression, badly worn like the others, and 
has a slab scaled off from one side, exposing the outer surface of the 
medulla and corresponding inner wall of the woody zone. This speci
men is 39 em. high, 15 by 20 em. in diameter, and has a girth of 54 em. 
Its ellipticity is, however, exaggerated by. the greater erosion of the 
flat sides. It weighs 12.7 kilograms. 

No. 105 is only a section' \Yeighing 12.8 kilograms, with base and 
summit wanting, also a piece from oue side, part of which was saved, 
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but the part that remains shows the outer surface in the most perfect 
state of preservation, and much of the above description of the phyl
lotaxy, leaf scars, petioles, vascular bundles, ramentum walls, etc., is 
derived from it. No. 107 is also an exceedingly interesting specimen, 
weighing !:>.07 kilograms, and is especially valuable as showing the true 
base. It is obliquely broken through fr9m the top to near the bottom, 
but one side shows the spiral rows of leaf scars. No. 119, although 
larger, weighing 14.29 kilograms, is not as wen preserved, but also 
shows the base, which is slightly concave. -

Upon the whole, this species may be regarded as one of the be~t 
characterized of all that have been based on cycadean trunks alone. 

Pl. CXLVII shows the best side of the original Stillwell type with,its 
peculiar scars. Pl. C XL VIII gives views of No. 36 of the Yale collection 
seen from its best side (Fig. 1) and from the transverse fracture (Fig. 2). · 
In the latter the ring of exogenous tissu~ can be distinctly seen. Pl. 
CXLIX shows trunk No. 56 of the Yale collection to good advantage, 
including the exposed medulla. The small piece on the lower left fits 
into the upper part of the fracture.. It is here turned round so as to 
exhibit the counterpart of the medulla as impressed on the inner wall 
of the woody zone. Pl. CL shows at Fig. 1 the most perfect side 
of No. 105, the regularity of whose scars is scarcely exceeded by any 
known cycadean trunk. Fig. 2 of the same plate shows the side oppo
site, on which the leaf bases project to unequal distances above the 
surface. Pl. CXLI gives two views of No. 107, the peculiar shape of 
which is described above. Fig.1 represents the narrow portion between 
the oblique even base and the plane fractured ~urface parallel with it. 
It is over this area that the arrangement of the scars is inost definite. 
Fig. 2 is a g·ood view of the base, but also takes in the broadest side of 
the inclined trunk above. Pl. CLII shows a side (Fig. 1) and a base 
(Fig. 2) view of No. 119. The latter is perhaps the best exposure of the 
base that we have. 

0YC.A.DE01DE.A. EXCELS.A. n. sp. 

Pls. CLIII-CLV. 

Trunks tall, compressed-cylindrical (only specimen known 91 em. high 
and truncated) with an enlarged base, 112 em. in circumference at. the 
base, 80 to 90 em. at all other points, light ash colored without, whitish 
or bluish within, soft externally, fine-grained inside and moderately 
hard, with the specific gravity rather low, unbranched but more or less 
irregular, crooked, zigzag, and inclined; organs of the armor horizon
tal, or at right angles to the axis; leaf scars disposed in two series of 
spiral intersecting rows, those from left to right making an angle of 
20o, those from right to left of 50° with the axis; scars imperfectly 
rhombic or rectangular, the diagonals 16 to 25 mm., the lateral angles 
nearly alike, the vertical ones usua1ly unlike, the upper consisting of a 
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deep but obtuse sinus, the lower also ~btuse but relatively shallow, 
sometimes reduced to a gentle concave curve formed by the two lower 
sicles; leaf bases generally preserved to within 2 em. of the surface, dis
articulated at a natural joint, their surfaces even and concave but rough
ened and affected by· many small dots of a dark co lot, irregularly 
arranged, perhaps representing gum ducts, and some large pits which 
may have contained leaf bundles; ramentaceo.us walls thin and frail, 1 
to 2 mm., of a light color within, contrasting with the darker leaf bases, 
thickened at the angles and more or less compound, with a few small 
pits represeuting scars of bracts or perul::e; reproductive organs numer
ous, usually solid, harder than the remaining parts, hence often project
ing from the eroded ~mrfaces, of different sizes, the smaller ones proba
bly abortive and occupying angular spaces among the leaves, the walls 
dividing and surrounding them, circular in section, with or without 
bract scars, the larger ones lyin·g in interrupted rows running in the 
same direction ·as those of the scars which they crowd and di~tort, 
elliptical iu section, the longer diameter being along the line of the 
rows, 25 by 38 mm. in diameter, usually solid except their roughenecl 
extremities, sometimes open or crater-like at the summit, a few solid 
and cylindrical (one of which has been detached and will be sliced for 
microscopic sections); armor 4 to 7 em. thick, separated from the axis 
by an even line; parenchymatous zone 2 em. thick; fibrous zone 3 en~., 
divided into three rings, one of which exhibits in places a somewhat 
open ~tructure, crossed- by thin medullary rays and inclosed between 
walls or sheath.;s of harder material; medulla 13 em. in diameter and 
nearly circular, solid, fine-grained, and homogeneous in structure. 

The fine specimen upon which the above description is wholly based 
was purchased by me from Mr. Homer Moore, at Hot Springs, South 
Dakota, on August 22, 1895, together with the two fragments above 
described belonging to G. Jenneyana. It consists of four pieces which 
belong together and form a very remarkable trunk, differing greatly 
from any other from the Black Hills or from auy other section. 

I inquired carefully into the history of these specimens and learned 
that some years before they had l>een found by a railroad emplpyee 
named A. B. Noble, who was no longer in that region, some 2 miles 
below Hot Springs in a canyou or ravine which makes into Fall Hiver 
from the northeast. No further details eould be gathered, but as it is 4 
miles to Evans quarry, where the true Dakota group is exposed, it is 
certmn that the honzon must be in the Lower Oretaceous, and it is 
probably substantially the same as that of all the other trunks. 

The four pieces or sectious which have been numbered from l to 4, 
beginning with the basal one, may be briefly described as follows: 

No. 1, which is con:-:.iderably the lar-gest in all respects, represents the 
true base and swells out below to a diameter of over 40 em. and a girth 
of nearly 112 em. It is slightly' elliptical, the minor axis of a cross 
section being on~y 33 em., but part of this difference is due to the erosion 
of the armor on the broader sides. 
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No.2 is a shorter and smaller piece, but fits perfectly upon the upper 
fracture of No. 1, which is somewhat oblique. On one side a large ellip
tical area has decayed, forming a depression which reaches to th.e bot
tom of the leafstalks. This depregsion is about equally divided between 
Nos. 1 and 2. 
· No.3 is a much shorter piece, the upper fracture of which is very 

oblique, so as to make it almost wedge shaped. The upper surface of · 
No.2 and the lower surface of No.3 do not form a perfect joint. A thin 

I . ' 

slice ·or a number of such pieces have apparently scaled off and are 
wanting.. There is, however, abundant evidence of the general agree
ment of the. two sections, and one decayed area extends across the break 
and reappears on No.3. 

No.4, which is the uppermost section, fits perfectly upon No.3. The 
fracture across the top is oblique in the opposite direction from that of . 
the lower end, thus increasing the cuneiformity of both sections. When 
superposed upon each other these two upper sections form a sort of 
crook or bend in the trunk, so that the center of gravity falls consider
ably on one side and the upper piece falls off .unless supported. 

The trunk has evidently long lain on one side or the other as deter
mined by the above-mentioned crook or bend. and been subject to much 
erosion on the two exposed sides, while the other two sides have corre
spondingly escaped. The result is that the leaf scars are deeply worn 
ov.er much of the surface, while along the protected sides they are pre
served or only irregularly broken down, leaving what look like jagged · 
pr~j ections. 

The weight of the several pieces is as follows: 
Kilograms. 

· No. 1 ............ -........................ - ................................. 50. 80 
No. 2 ......••••• · ..••••..••.........•••.••.•.....••.••..... _ • • • • . . . • • •. • • . . . . 21. 32 

No. 3 ....................... - . . . . . . . . . . . . . . . . . . . .. . . . .. . . . . . . . . . . . . . . . . . . . . . 17. 02 
No. 4 ...................... - - ...... -................... -.............. - . . . . 18. 37 

Total weight ......................................................... 107.51 

Nothing at all approaching this species was found in the Yale 
collection. ' 

This species is illustrated by thi·ee plates. One side of the specimen 
is better preserved than the other, and I have given views of both on 
Pl. CLIII and CLIV, the first of whicll sllows tllC trunk leaning to 
the left and the second to the right. Pl. OL V affords a good view of 
tlle base. 

CYCADEOIDEA NANA n. sp. 

Pis. CL VI, CL VII. 

Trunks very small, symmetrical, short-conical, laterally subcom
. pressed, 12 em. high, 15 by 17 em. in diameter, 49 em. in girth, dark 

colored, well silicified, of medium hardness and specific gravity, 
unbranched, summit not depressed, terminal bud projecting from apex; 
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leaf bases ascending, even the lowest ones~ scars arranged in two series 
of spiral rows, those from left to right making an angle of 80° and 
those fr~?m right to left of 50° with the axis, very small, subrhombic, 
averaging 10 mm. wide by 6 mm. high, smaller near the summit, empty 
to considerable depth; ramentaceous interstices 1 to 3 mm. thick, firm 
in texture, usually consisting of three layers, which may be regarded 
as a lining to each of the adjacent scars, with a thicker membrane 
between; reproductive organs few, poorly defined, slightly projecting, 
with irregular markings on their outer surfaces, probably for the- most 
part immature or abortive; armor 3 to 5 em. thick; axis 8 em. in diam
eter, somewhat clearly marked off from the armor but without clear 
boundaries between the cortical parenchyma and fibrous zone or 
between the latter and the medulla, ~o far as the single known speci
men shows without cutting. 

This species differs from all others in a number of characters besides 
its small size. 

The only specimen is No. 84 of the Yale collection, a small, almost 
perfect trunk, weighing only 2.95 kilograms. At first glance it recalled 
the C. pygnuea of England, from the Lias of Lyme Regis, figured by 
Lindley and Button in the Fossil Flora of Great Britain, Vol. II, 
pl. cxliii, but on confronting the specimen with that figure the differ
ences are obvious. Except. for its small size it might be compared to 
C. 1narylandica, from the iron-ore clays of :Maryland, and of aU ~he 
specimens of that species it most resembles the fragment which Pro
fessor Fontaine designated as No. j,1 and .which I have described as 
Johns Hopkins Cycads, No. 3.2 That specimen, however, has a large 
secondary axis, which, with better material, might take it out of tllat 
species. 

Of all the forms from the Black Hills, it most resembles in the char
acter of the scars, etc., some of the smaller branches of C. jlfarshiana, in 
which these are considerably reduced in size. I have therefore had a 
faint suspicion, which I would not leave the subject without expressing, 
that it might be one of these secondary axes or knots, as it were, 
wrenched from the larger trunk and found in an isolated position. 
With this thought in my mind I have examined a great many such 
cases, but I can find none in which the fracture at the point of separa
tion at all resembled the base of this· specimen, they all showing the 
break to have been due to some extraneous cause, whereas the base of 
this specimen is perfectly natural, not torn nor cracked, and shows tLe 
medulla at the center. Nevertheless, there is something a little anoma
lous in the way the armor surrounds tLe axis. 

The specimen is nearly uniform on all sides, as shown by the two 
figures of Pl. CL VI, which afford side views of two of the sides. 
Pl. CLVII is a view of the base, which shows no depressiot1, but simply .. 

1 Potomac or Yonnger )fesozoic Flora. 1\ionogr. U.S. Geol. Surv., Vol. XV, 1890, p.122. 
2 Proc. Biol. Soc. Washington, Vol. XI, March 13, 1897, p. 1~. 
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a convex surface with the medulla near the center, and elongated leaf 
· scars ascending in all directions from it. 

The above arrangement of the species of Cycadeoidea from the Black 
Hills is not wholly without method. It is true that there is no lineal 
arrangement that can be regarded as satisfactory, and yet there are 
decided affinities among the species. These affinities, however, are 
shown in particular characters, and ~he same species may have some 
characters almost in common with two or more other species that are 
otherwise very different. This is specially the case with branching 
species in which other characters resemble those of unbranched species. 
For example, 0. turrita, except in its branching habit, is closely allied 
to 0. JJfcBridei, which never branches; 0 . .JJfarshiana, but for its branch
ing, would be nearly related to 0. colossalisj and 0. Wellsii may be 
almost regarded as an unbranched form of 0. ?ninnekahtensis. 

In view of these and many other more subtle peculiarities, I have 
sought, since the arrangement must be lineal, to compromise in such a · 
manner as to bring those species most akin as near together as possible, 
but it is clear that any arrangement would widely separate species that 
are similar in one respect or another. 

0. dacotensis and G. colossalis are obviously very closely allied species. 
0. liJTellsii can scarcely be said to form a transition from G. colossalis to 
0. 'fltinnekahtensis, but it resembles the former at least in the one fact of 
being simple. 0. pulcherrima is somewhat close to G. minnelcahtensis. 
0. cicatricula can not be said to form a transition from -G. pulchm'rinza to 
0. turrita, but it has considerable affinity to the former. 0. turrita is 
related to 0. minnekahtensis and G. pulcherrima, and from it to 0. 
McBridei, as already remarked, the distance would be -yery small but 
for the branching habit of the former. 

Between G. llfcB?·idei and 0. Marshiana, however, there is scarcely 
any bond, and it might have been as -well to place the latter immedi
ately after 0. colossalis. We virtually begin a new series here and pass 
naturally through 0. furcata to G. Oolei and 0. Paynei. C. Wielandi 
bas so much affinity to C. Paynei that it was .first placed in that species. 
C. aspe-ra also closely resembles 0. Paynei in external aspect, but the 
two anomalous characters noted clearly distinguish it from all others. 
It fits in here, however, and 0. insolita and G. occidentalis belong to this 
same general group. 

0. Jenneya.na, 0. ingens, 0. joTmosa, G. Stillu,elli, and G. excelsa may 
also be said to form a group. The first and the last two constitute the 
only cylindrical forms kuowu in America.. The shape of the scars' in' 
0. ingens, G . .form.osa, and 0. Stillwelli unite these three from that 
important point of view, while those of 0. Jenneyana and 0. ingens 
tend to approach each other. 0. excelsa has little in common with any. 
other species, and C. na,na almost nothing. These two are therefore 
properly made to close the series. 

19 GEOL~ PT 2--41 
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2. THE FOSSIL FORESTS. 

In the historical introduction to this paper (p. 529), ·and again in 
. the chapter on tlJe Minnekahta region (p. 552), the remarkable fossil 
forests of that section of the Black Hills were unavoidably discussed. 
In the chapter on the Blackhawk region (p. 562) the occurrence of 
silicified ~ood in great abundance was noted. Professor Jenney, in 
his very full treatment of the Hay Creek region, lays proper stress on 
the great quantities of tossil wood at many of the localities and hori
zolls where he worked. It is much to be regretted that this important 
department of the present :5ection on the Flora of the Black Hills could 
not have. received full treatment. This deficiency is· not due to any 
Jack of material for such a treatment, but almost wholly to the special 
difficulties attending the elaboration of this class of material. A good 
collection was made from the original forest, some of the specimens 
being broken from the great fossil log described, others picked up 

. among the branches. A short distance northwest of this spot wood 
was also very abundant, and many specimens were taken. . This wood 
usually has the outward appearance of showing the internal structure 
well, and two of the wost promising specimens were cut and micro
scqpic slides mounted for determination; but when these were examined 
by Dr. F. H. Kn()wlton with the compound microscope they were found 
to be too obscure to show any characters. It is evident that a large 
number of specimens will have to be examined before one is found 
that will yield the desired re~mlts. This there has not been time to do, 
and Dr .. Knowlton has been too much occupied with other pressing 
work to undertake such a systematic study of this matedal as will be 
necessary to test its value. 

A :fine collection of silicified wood was made from the Blackhawk 
region, partly from the particular spot where Mr. Getchell told us the 
cycad trunks lay and partly from the general vicinity, 1}articularly from 
a locality half a mile east of the ranch house. As showing how decep
tive a microscopic examination of such material often is, I may add 
that by far the finest looking specimen fou~d in this region, in which 
the grains of the wood are seen with great distinctness, was cut in all 
neeessary directions and slides were made from it, in full confidence that 
they would clearly indicate the nature of· the timber o( that region in 
Lower Cretaceous time, but to our great disappointment no detailed _. 
structure was revealed. 

Professor Jenney _collected a considerable amount of fossil wood at a 
number of horizons iu the Hay Creek region, but none of it looked 
promising, and after so rnauy failures with much better appearing 
material it was not thought worth while to attempt its study, although 
it is quite possible that some of it may prove much better than it looks. 

While our party were gathering up the fragments of cycads on the 
slope where so many fine trunks were found, a· peculiar block attracted 
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the attention of Mrs . ..Tenney, who brought it -to my notice. I first 
thought it might be the internal portion of a cycadean trunk, but upon 
examination I was convinced that it was a piece of silicified wood. It 
was thrown into the wagon with the rest and shipped to Washington. 
No other fossil wood was seen by me at the cycad locality. Coming as 
it did from the very same spot as the cycads, its importance was greatly 
increased, and at my request Dr. Knowlton took it up, marked it fol.· 
sectioning, and had some slides made. To our great delight it was 
found to be in an admirable state of preservation and perfectly deter
minable. It belongs to the genus ..A.raucarioxylon-i. e., it is the ancient · 
representative of the ..A.raucarian pines of the Southern Hemisphere, 
whic.h have long since disappeared from all our Western forests. 

Dr. Knowlton furnished me a brief report upon this species for my 
early paper, and, although he has now described and .figured it thor
oughly, it will be of interest to reproduce his original and less technical 
account of it as follows: ' 

The structure of this wood is Yery finely preserved, and a glance suffices to &how 
that it possesses the Araucarian type and represents, with littfe question, an unde
scribeu species ofthe genus Araucarioxylon. The wood cells are provided with two. 
rows of alternating hexagonal pores on the radial walls, which nearly or, iu some 
cases, quite cover the walls. The medullary rays are composed of a single layer of 
thin, short, cells, each of which is covered on the radial side with numerous fine 
dots or punctations. The rays ~re from 1 to about 20 cells high, the ayerage number 
being perhaps 8 or 10. A large number are composed of only 1 or· 2 cells. The 
annual rings are rather indistinct, yet can be made out. 

As far as I now know, only two species of Araucarioxylon have been described 
from the United States; .A. arizonicun~ Kn., from the Triassic or Lower Jurassic of 
New Mexico and Arizona, and .A. ·rh·ginianurn Kn., supposed at first to belong to the 
Potomac formation, but now known to be from the Trias of Virginia. 'fhese species 
differ markedly from the one under discussion~ With the A. a1·izonicurn it has almost no 
points in common, while it differs from the .A. vi1·ginianum in important particulars. 

To this I added the following comment: 

The only sections of the fossil wood that haYe yet been made were cut from a speci
men taken from the cycad bed proper, and not from tbe principal fossil forest, but it 
often happens that only one species can be found in such a forest. It is therefore prob
able tha.t the same structure would be shown by the other specimens. I confess to a 
little surprise at finding that this structure represents the Araucarian rather than 
the Sequoian type of conifers, since, in the East at least, these two types character
ize the Trias and Potomac, respectively, no Araucarian specimens having been found 
in the Potomac and no Sequoian specimens in the Trias. And generally the Ai'au
caria.n type is more ancient. This evidence therefore points to a hwer instead of a 
higher horizon. 1 

I Jour. Geol., Vol. II, Xo. 3, .A.pril-May, 1894, pp. 260-261. 
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The following is Dr. Knowlton's revised description of the species: 

SUBKINGDO~I SPER1\1ATOPHYTA (Phaneroga1ns). 

Subdivision GVMNOSPERMAE. 

Class CONIFER.£. 

Family PIN ACE~ (ARA UOi~ .. RIACE..J.E) 
Engler. 

Genus ARAUCARIOXYLON Kraus (1870). 

ARAUCARIOXYLON HOPPER'.rONATI Knowlton n. sp. 

Pls. CLVIII, CLIX. 

1894. Araucarioxylon sp. Kn. in Ward: The Cretaceous rim of the Black Hills; 
Jour. Geol., Vol. II, pp. 260-261. 

Diagnosis.-Annual rings very distinct, or 4 to 8 rows of very thick
walled fall wood; spring wood of large but thick-walled cells; medul
lary rays in a single series of from 3 to 12 or 15 eells; these short, 
covering the width of some 4 to 6 or 8 wood cells, provided with a single 
series of small punctations; wood cells with 1 or 2 rows of hexagonal 
or rarely nearly round punctations. 

Discussion.-Transverse section: This section shows the annual rings 
to have been very plainly mar ked. The spring wood is made up of 
very large although thick-walled cells, which begin very abruptly at the 
fall wood. The cells gradually decrease in size until the last 5 or 8 
rows of cells are very thick. · 

Tangential section: The medullary rays as seen in this section are 
quite numerous, in a ·single series of from 3 to sometimes as many as 15 
superimposed cells. The wood cells as seen in this section do not seem 
to have been provided with punctations or other markings (Pl. CLIX, 
Fig. 3). 

Radial section: As the material bas been very finely preserved, this 
section shows remarkably well. The wide cells of the spring wood are 
provided with usually 2 longitudinal rows of hexagonal pores, which 
quite cover the walls (Pl. CLVIII, Fig. 1). Occasionally in cells of 
unusual width the pores while in 2 series are only slightly compressed 
(PI. CLIX, Fig. 4). UsuaUy when but 1 row is present they are 
hexagonal and occupy the cente! of the cell (Pl. CL VIII, Fig. 2). 

The inner pores in these punct.ations are relatively small and slightly 
elongated in a direction at right angles to the cells. 

The medullary rays as seen in this section (Pl. OL VIII, Fig. 4) are 
short, covering the width usually of 4 or 5 wood cells, although occa
sionally longer and covering as many as 8 cells. They are provided 
with a single row of small bordered pores so a.rranged that one comes 
over each wood cell, or occasionally there may be two over a wood cell 
(Pl. OLIX, Fig. 1). The inner pore is minute.· 

This is the third species of Araucarioxylon thus far described from 
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the United States, and it is quite unlike either of the others. .;rrom 
A. arizonicum Kn.,l a species found in the Triassic or Lower Jurassic, 
it differs in having. a clearly marked annual ring, usually hexagonal 
pores and no markings in the tangential walls of the wood cells. From 
A. virginianum Kn.,2 a species of the Trias of Virginia, it differs in tbe 
annual rings, in the less number of medullary ray cells, and in having· 
the cells of the ray short punctate. 
. At Professor Ward's suggestion I take pleasure in naming this· very 
distinct species in honor of Mrs. Jenney, who discovered this block of 
wood among the fragments of cycadean trunks. 

Locality.-Cycad bed 2 miles southwest of Minnekahta Station, South 
Dakota. Collected by Mrs. MaryHopperton Jenney, 8eptember7, 1892. 

3· LOWER CRETA CEO US FLORA OF THE BLACK HILLS, OTHER 
THAN CYCADEAN TRUNKS AND SILICIFIED WOOD. 

As already shDwn, the principal contribution to the Lower Cretaceous 
flora of the Black Hills was made by Prof. Walter P. Jenney in 1895 
from the Hay Creek coal field of Crook County, Wyoming. The .pres
ent chapter therefore consists chiefly of Professor Fontaine's report 
upon this collection .. The only other forms i,ncluded in it are the few 
that were collected by Professor Jenney and myself on the western 
slope of Red Canyon, about 3 miles southwest of Minnekahta station, 
half a mile southwest of Matties Peak, and immedhttely over the ridge 
to the west of the principal fossil forest. These were also determined 
by Professor Fontaine and reported upon in a letter dated January 10, 
1894, which report was· embodied almost entire in my paper on the Creta
ceous Rim of the Black Hills.3 His remarks on the species will be intro
duced in their systematic place. 

Professor Fontaine's report on the Jenney collection from the Hay 
Creek coal field is as follows: 4 

NOTES ON LOWER CRETACEOUS PLANT~ FROM THE HAY CREEK 
COAL FIELD, CROOK COUNTY, WYOMING. 

By WM. M. FONTAINE. 

In the summer of 1894, Prof. W. P. Jenney collected a considerabl_e 
number of fossil plants in Wyoming, and sent them to Mr. Lester F. 
Ward, who referred them to me for examination. 

I Proc. U.S. Nat. Mus., Vol. XI, p. 4, pl. i. 
2 Bull. U.S. Geol. Surv. No. 56, p. 50, pl. vii, figs. 2-5. 
a .Journal of Geology, Vol. II, No.3, Chicago, .April-May, 1894, pp. 259-260. 
4Theonly modifications that it has been found necessary to make in this report relate to the purely 

systematic part. Mr. Seward in his Wealden Flora has made a careful reYision of the principal 
Wealden genera and has changed many of the names, substituting modern ones for the older Carbon· 
ifP,rous genera to which the species had been improperly referred. In most such cases I have adopted 
his suggestions, but'baYe introducecl full synonymy, so that no possible confusion can arise. 

Professor Fontaine simply described the species and arranged them in a general way under the heads 
Equiseta, Ferns, Cycads, Conifers, etc. I have changed his arrangement Yery little, and only to make 
it conform as nearly as ]Jossible to the system of Engler and Prantl. TlJe higher subdivisions haYe 
been supplied by me. I am also responsible·for all the footnotes.-L. F. w. 
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Protessor Jenney in the same summer wrote a number of letters to 
':Mr. Ward, giving the localities and horizons of the fossils, along with 
other points necessary to throw light on their occurrence. In order to 
give an intelligible accoun·t of these fossils it will be necessary for me 
to quote from these letters. As Professor Jenney states that his sub
divh;ions of the formation containing the fossils are subject to change 
if called for by further field study, this qualification must be borne in 
mind. 

Professor JeJ}ney made his collections of plant fossils in the Hay 
Creek coal field of Crook County, Wyoming, a region located 40 miles 
northwest of Deadwood, South Dakota. A number of his localities are 
found on Pine Creek and Oak Creek. In one of his letters he says regard
ing these creeks: "Pine Creek and Oak Ureek are two small streams 
entering the Belle Fourche, draining the area bet.ween that river and 
Hay Creek, and are part of the Hay Creek coal field of which Barrett 

. post-office is the center." This statement, with the data. given for each 
locality where plants were collected, will fix their position with sufficient 
accuraey. Before the examination made by Profes!Sor Jenney of this 
region, Newton's Dakota group was supposed to extend down to and 
rest upon the Jurassic. Professor Jenney, as the result of his field 
work, and influenced by geological data alone, was led to subdivide the 
Dakota of Newton into several horizons. 'rhese will be given later. 

Mr. Ward, on examining the plants, recognized their striking resem- ·' 
blance to Lower Potomac and Kootanie plants. As I bad studied the 
former, he sent Professor Jenney's plants to me for determination. Pro-

. fessor Jenney, on stratigraphical and lithological grounds, was led to 
make the following provisional subdivisions of the Dakota group of 
Newton, as exhibited in the Hay Creek region of Wyoming. I quote 
from his letter to Mr. Ward: 

THE DAKOTA GROUP OF NEWTON. 

Upper surface probably somewhat eroded, overlain by Fort Benton shales. 
Feet. 

1. The Dakota sandstone, with characteristic plant remains, the base a massive 
sandstone of variable character with respect to hardness, per cent of iron, 
etc .. - - - - - __ - ____ - . - ___ ... - - _ - . - - - - - - - ____ - . ___ . -- ___ .. - ___ . __ ... - - - _ ... _ _ 100 

2. Clay shales, sandstone shales, and soft sandstones, with, locally, beds of car-
. bonaceous shale and plant remains. Plants of modern type. " " " At 
base of this member a massive cross-bedded sandstone 50 feet in thickness. 150 

Contact stratum, a breccia of clay and sandstone,. marking unconformity. 
3. MassiYe sandstone, 40 feet, underlain by drab clay shales and carbonaceous 

shales with plant remains (fernH, etc.) . __ ---. ___ --.-- --· --- --·. ____ .. _____ 100 

4. Soft sandstones, clay shales, and clays, with one workable seam (3 to 5 feet 
thick) and several smaller local seams of coal. Plant remains, peculiar 
forrr.s of cycad life, ete. __________ . ______ -. _____ . ___ . ________ . __ . ___ ... __ . 100 

5. Ash. colored clays with calcareous nodules, no fossils observed; near top, at 
contact with No.4, occur, locally, fossil bones--·-------------·--------·--- 50 

(This member may be Jurassic.) 1 
· 

6. Jurassic clays and shell limestone, with marine fossils, Belemnites, Ostrea, 
Exogyra, etc. 
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Profes~or Jenney, in another letter, states that his later investiga
tions led him to conclude that No. 5 of the preceding section is com
posed of Jurassic shallow-water deposits, and that they are not Lower 
Cretaceous. He says the beds carry often large trunks and li.mbs of 
fossil wood, and, in the layers of impure limestone, a few small 1-mmon
ites, but near the top of No .. 5, just below the contact with the base of 
No.4 Cretaceous, occurs a l>one-bearing bed with large elongated ver
tebr:.:e and fragments of leg and thigh bones, all in a· poor state of 
preservation. 
· He goe::; on to say that there are evidences that the land was·rising 
at the close of the Jurassic, that some of the beds of No. 5 may be of 
brackish- or fresh-water origin, and before the deposition of the lowest 
beds· of the coal series (those of division No. 4) the land was above 
water and had suffered quite an extensive denudation. The evideuce 
also indicates that the workable and lowest beds of coal 'vere deposited 
in basins, channels, or valleys in the t>roded Jurassic. 

Professor Jenney states that he found in the Dakota group of New
. ton·evidence~ of unconformity between No.1 and :No.2, and between 
No. 2 and No. 3, but was unable to find any between No. 3 and No. 4, 
while there is great unconformity between No. 4 and the Jurassic. 

These extracts from Professor Jenney's letters show that, from strati
graphical evidence, the Dakota group of Newton, which has hitherto 
been supposed to contain no strata older than the typical Dakota with 
dicotyledons, and to extend as a unit down to the Jurassic, is really 
divided by two marked unconformities into at least three members. 
The strata of division No. 1 contain the dicotyledons of the typical 
Dakota, while those of No. 2 and the lower divisions do not show 
these, but a quite different flora, whose age will be discussed in this 
papPr. 

If Professor Jenney is right, as he no doubt is, in his conclusion that 
the laud rose after the Jurassic submersion, and then, after an interval, 
vegetation established itself on it finally in amounts sufficient to form 
coal beds, it fo1lows that even the oldest of the plants described in this 
paper are decidedly younger than Jur·assic. Here we have a flora that 
established itself after the retreat of the Jurassic sea. But in the case 
. of plants in the Trinity group of Texas, as Professor Hill shows, we 
have a. different condition of things, for the sea advanced upon the 
land, finding an established flora, whose remains it swept away and 
preserved in the beds then formed. The same is true of the Lower 
Potomac fossil plants of Virginia. In the case of these two groups of 
fossil plants, the geological conditions do not indicate positively that 
they are younger than Jurassic, for we may have the remains of a 
Jurassic flora preserved in the lowest beds of the Lower Cretaceous. 
Professor Jenney's discovery of fossil plants is especially fortunate in 
the fact that, according to the stratigraphy, they are clearly and d~s
tinctly younger than the Jurassic, for they are found in· strata that 
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rest upon Jurassic beds, a~d in addition an erosion interval separates 
the two. When we take into consideration the want of conformity of 

. the Jurassic and these Lower Cretaceous beds, as well as the lapse of 
time required for a flora to establish itself on the land newly emerged 
from the Jurassic sea, it is surprising to find so many ·Jurassic types 
surviving in this lower divisioa of the Lower Cretaceous. . 

As Professor Jenney collected h~s plants from se.veral horizons, and 
at different localities, it will b~ necessary, before passing to the descrip
tion of the species, to give some account of the geological horizon of 
the different localities from which the plants were obtaiued. The fol
lowing statements give the localities from which plant fossils were 
obtained, with their position in the Lower Cretaceous group, as given 
by Professor Jenney on labels accompanying e~ch package of fossils. 
It will be noted that he fixes their geological position by referring the 
horizon in some cases to the Jurassic below, and in others to the typical 
Dakota sandstone· above, with dicotyledons as the predominant plants. 
This latter will be mentioned simply as the Dakota sandstone. 

Professor Jenney determines the following localities as lying 60 feet 
below the base of the Dakota sandstone: 

1. Bed of carbonaceous shales in a cliff in the east bank of Oak 
Creek, 2 miles below Robbin's ranch, Crook County, Wyoming. This 
horizon is in his division No. 2 of Newton's Dakota group, which is the 
uppermost of the divisions made by Professor Jenney of the strata 
und~rlying the typical Dakota. This horizon is the highest in division 
2 which has yielded fossil plants. In the description of the species it 
will be referred to as Cliff in east bank of Oak Creek. 

2. Oliff's along the north side of Red Water Valley, about 4 miles 
south of Larrabee's coal mine. These localities will be designated Cliff 
along the nortl_l side of Red Water Valley. 

3. The next lower horizon at which plant fossils were found is located 
by Professor J euney at 100 feet below the base of the Dakota sand
stone. On this horizon, and still in division No.2, plants were found 
at a clifl:' on north side of Pine Creek, 2 miles above (west of) Mrs. Dor
sett's ranch. This will be referred to as Oliff on north side of Pine 
Creek. 

4. Oliff on the south side of Pine Creek, 2~ miles above (west of) Mrs. 
Dorsett's ra.nch. 'fhis will be referred to as Oliff on the ·South side of 
Pine Creek. 

5. Bed of carbonaceous shales in Rollin's tunnel, 1~ miles southeast 
of H.obbin's ranch, on Oak Creek. This will be referred to as Carbona
ceous shales in Rollin's tunnel. 

6. Oliff on Oak Creek at Robbin's ranch, 6 miles northeast of Barrett, 
Wyommg. This will be designat~d as Cliff on Oak Creek, at Robbin's 
raHch. 

The following localities, lying- iu Professor .Tenney's third division of 
Newton's Dakota, were located by him about 150 feet above the top of 
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the Jurassic, and about 170 feet below the base of the typical Dakota, 
or his division No. 1: 

1. Bed of shales in cliff on the north side of the valley of the South 
Fork of Hay Ureek, 2~ miles west of Barrett post-office, Crook County, 
Wyoming. This locality will be designated as Oliff on the north side 
of the valley of the South Fork of Hay Creek. 

2. Bed of shales under the third sandstone, Barrett, Wyoming. This 
locality was not given so precisely as some of the others, and it will be 
referred to as Shales under the third sandstone, Barrett. 

3. From John Barr's tunnel, 1 mile north of Forks of Hay Creek 
post-office, Crook County, Wyoming. This will be designated as John 
Barr's tunneL 

4. Locality not given. The package of fossils was marked simply as 
coming from the: third division of Newton's Dakota group, 150 feet 
above the top of the Jurassic. The locality is i)robably the same as 
No.2 of this list, and it will be referred to as Locality unknown. Hori
zon 150 feet above the Jurassic. 

The next horizons in descending, at which fossils were found, accord
ing to Professor Jenney, occur in his division No.4, of Newton's Dakota 
group, and they are probably essentially the same, but from the dis
tances given by Professor Jenney for them above the Jurass~c, there is 
some variation in their height above that formation. This variation, 
however, is not greater than might be expected from varying thickness 
in the beds underlying them,. which are superposed immediately on the 
Jurassic. I give the localities and the distances determined by Pro
fessor Jenney at each, from the plant-bearing bed down to the Jurassic: 

1. Shale over the lowest coal bed, Larrabee's shaft, Barrett, Crook 
County, Wyoming. This stands from 50 to 75 feet above the top of the 

• Jurassic, and the locality will be referred to as Shale over the lowest 
coal, Larrabee's sh~ft. 

2. Bed of shales·over coal, T. 54, R. 61, sec. 36, 2 miles southeast of 
Barrett, Crook County, Wyoming, about 30 to 50 feet above the top 
of the Jurassic. This will be referred to as Shales over coal, 2 miles· 
southeast of Barrett. 

3. Bed of highly carbonaceous shale 50 feet above the top of the 
Jurassic, Webster's ranch, 4 miles northeast of Beulah, Crook County, 
Wyoming. This will be referred to as Carbonaceous shale, Webster's 
ranch. 

4. The lowest horizon in No.4 that promised fossil plants is a bed of 
shales at the contact of the Cretaceous with the Jurassic, at Lon Cot
tle's ranch, 1 mile southwest of Barrett, Crook ·County, Wyoming. 
This bed of shales is the lowest bed in division 4. The locality will be 
referred to as Bed of shales, Lon Cottle's ranch. 
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DESCRIPTIONS OF TH.E SPECIES. 

Subkingdom PTERIDOPHYTA (Ferns and fern allies). 

Class EQUISETALES Engler. 

Family.EQUISETAOE~ (Joint rushes). 

Genus EQUISETUM Linn::eus. 

EQUISETUl\'1: vn~GINICUM Fontaine. 

Pl: CLX, Fig. 1. 

1889. Equiseturn 1;irgin·icnrn Pont.: Potomac Flora, Mon. U.S. Geol. Survey, Vol. XV, 
p. 63, pl. i, figs. 1-6, 8; pl. ii, figs. 1-3, 6, 7, 9 . 

.A. single good specimen of a small Equisetum was obtained from the 
horizon 100 feet below the base of the Dakota sandstone, and another 
doubtful one from; the horizon 150 feet above the Jura,ssic. It belongs 
to the small type of Equisetum, with many branches and narrow teeth, 
that is so characteristic of the Lower Cretaceous, and which contains 
the species of E. B1.trchardti from the Wealden of Germany, and E. vir
ginicum from the Lower Potomac (Neocomian) of Virginia. 

The plant is decorticated and does not show plainly the nodes and 
sheaths in any place. What indications may be seen point to the 
possession of narrow acute teeth, like those of E. virginicum. The 
size of the branches, their number, and the general facies of the plant 
are features which strongly indicate that this is a species which can 
not be separated from the Virginia plant. 

The species was evidently a copiously branching one, for the best 
specimen, that from the horizon 100 feet below the Dakota sandstone, 
shows a number of small stems diverging as if from insertion on a 
common stern. The insertion, however, is not visible. 

The plant was found in one good specimen, that figured, in the cliff' 
on the north side of Pine Creek and in a single stem of doubtful char
acter at the horizon 150 feet above the Jurassic, at the cliff' on the 
north side of the Valley of the South l1~ork of Hay Creek. 
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Class FILICALES Engler.1 

FERNS. 

Genus WEICHSELIA Stiehler.2 

WEICHSELI~ RETICULATA (Stokes & Webb) Ward n. comb. 

Pl. CLX, Figs. 2 to 4. 

1824. Pecopteris reticnlata Stokes and Webb: Trans. Geol. Soc. London, 2d ser., Vol. 
I, p. 424, pl. xlvi, tig. 5; pl. xlvii, fig. 3. 

1828. Lonchopteris Mantelli Brongn.: Prodrome, p. 60, 199; Histoire, Vol. I, p. 369, 
pl. cxxxi, figs. 4, 5. 

1836. Polypodites Man.telli (Brongn.) Gopp.: Syst. Fil. Foss., p. 341. 
1838. Lonchopteris Hut toni Presl in Stern berg: Flora der Vorwelt, Vol. II, p. 166. 
1844. Pecopteris sp. Auerbach:· Bull. Soc. Imp. Nat. de Moscou, Vol. XVII, Pt. I, p. 148, 

pl. v, figs. 10, 11. 
1845. Polypodites reticulatus (Stokes and Webb) Ung.: Synops. Pl. Foss., p. 93. 
1845. Pterophyllurn Murchisonianum Goppert in Murchison's Geologie de la Russie, 

Vol. II, Pt. III, Paleontologie, p. 501, pl. G, figs. 5, 6a (non fig. 3) .. 
1845. Pterophyllurn .filininU?n Goppert in Murchison's Geologie de la Russie, Vol. II, 

Pt. III, Paleontologie, p. 501, pl. G, figs. 4a, 4b. 
1846. Pecopteris Mm·chisoniana (Gopp.) Auerbach and "Freers: Bull. Soc. Imp. Nat. de 

Moscou, Vol. XIX, Pt. I, p. 495, pl. ix. 
1846. Pecopteris A.um·bachiana Rouillier: Bull. Soc. Imp. Nat. de Moscou, Vol. XIX, 

Pt. II, p. 412. 
1849. J?ecopteris .Auerbachiana Rouillier: Op. cit., Vol. XXII, p.16, pl. J, fig. 55. 
1852. Alethopteris 1·ecentior Ett.: Abh. d. k. k. geol. Reichsanst., Vol. I, Abth. III, 

No.2, p.16, pl. iii, figs.17, 18. 
1854 . .Anomopteris sp. Stiehler: Zeitschr. d. deutsch. geol. Gesellschaft, Vol. VI, p. 661. 
1855 . .Anomopte1·is Ludowiccc Stiehler: Bericht d. naturwiss. Vereins d. Harzes f. 1853 

and 1854, p. 14. 
1857. Weichselia Lndoricm Stiehler: Zeitschr. d. gesammt. Naturwiss. z. Halle, Vol. 

IX, p. 454. 
1858. Weichselia Ludovicm Stiehler: Palaeontographica, Vol. V, Lieferung 3, p. 73, 

pl. xii, xiii. 
1865. Pter·is1·eticulata (Stokes and Webb) Ett.: Die Farnkr~iuter derJetztwelt, p.l17. 
1869 . .Alethopteris Ettingshausii Schimp.: Traite de Pal. Veg., Vol. I, p. 569. 
1869. Lonchopteris 1·ecentior (Ett.) Schenk: Palaeontographica, Vol. XIX, p. 4, pl. i, 

figs. 2-6, 6a. 
1870. Asplenites klinensis Trautschold, in pt.: Nonv. Mem. Soc. Imp. Nat. de Moscou, 

Vol. XIII, p. 209 (Livraison 3, p~ 21), pl. xx, figs.1, 5-8 (non figs. 2-4). 
1883. Cladophlebis nebbensis Geinitz-Rostock [non (Schouw) Schimp.]: Arch. Ver. 

Freund. Nat. Mecklenb., Jahrg. XXX.VI, p. 50. 
1890. Pecopteris Geyleriana Nathorst (in pt.): Denkschr. Wien. Akad., Vol. LVII, 

p. 48, pl. iv, f. 3. 

I In view of the imperfect state of our knowledge of fossil ferns no attempt will be made in this 
paper to assign the genera to the now recognized families, Os~undacere Hymenophyllacere, 
Scbizreacere, Polypodiacere, etc., especially as Engler au<l Prantl's great work bas not at this wri~ing 
embraced this part of the vegetable kingdom. 

2 The genus Weichselia was founded in 1858 (Palaeontographica, Vol. V, p. 73) by August Wilhelm 
Stiehler for the species W. Ludowicce, which Mr. Seward regards as identical with LonchorJte1·is .llfan
telli Brongn. (Histoire, Vol. I, p. 369, pl. cxxxi, figs 4, 5.) Lonchopteris is a Paleozoic genus and this 
form J~ad to be called by a different name. 
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1891. Weichselia erratica N~thorst: Arch. Ver. Freund. Kat. Meek len h., ·!ahrg. XLIV, 
p. 24. 

1894.. We·ichselia jJfantelli ( Brongn.) Seward: 'Veal den Flora, Pt. I, p. 114, tigs. 12, 13 
on p. 120l pl. x, fig. 3. 

The horizons in division No.2 made by Professor Jenney in Newton's 
Dakota, lying. 60 and 100 feet below the Dakota sandstone, contain in 
abundance a fern that is so close to Schenk's Lonchopteris recentior, 
referred by Seward to T¥ eichselia JJfantelli, that it can not be separated 
from that species. 

Schenk in his work, Die fossilen Pflanzen der Wernsdorfer Schich
ten (Palaeontographica, Vol. XIX), p. 4, pl. i, figs~ 2-6, describes and 
figures fragments of a fern with reticulate nervation that was obtained 
from the Wernsdorf beds of the northern Carpathians, which ar~ of 
Urgonian age. In the size, shape, and mode of insertion of the pin-

. miles, in the character of the nervation, and, indeed, in all important 
points, the agreement between the Wyoming and European plants is 
very close. 

Schenk is no doubt correct in his supposition that this fern is bipin
uate. It is a rather peculiar fact that in all the numerous specimens 
coming from the Hay Creek coal field and examined by me there- are 
none that show the insertion of the ultimate pinnre on a primary one. 
The specimens are all small bits of ultimate pinnre, as were those of 
Schenk, and show only a few pinnules. From the imprints left on the 
stone, and the amount of carbonaceous matter left by the pinnules, we 
niust conclude that they were thick and leathery in nature. Owing to 
this, in most of the specimens it is difficult to see the details of the ner
vation. Some qf the pinnules approach in shape very near to Lonclwp
teris 1lfantelli Brongn.; from the vVealden of England and France, for 
there is some variability in them, although for a fern this is surprisingly 
small. Schenk says of his form that it is with difficulty to be separated 
from the Wealden species, and the Wyoming forms make still more doubt
ful the propriety of m:.tking two species of them. I have in PI. CLX, 
Figs. 2 to 4, endeavored to give average forms. Fig. 2 represents the 
terminal portion of an ultimate pinna with pinnules. of average· size. 
Fig. 3 gives this enlarged three diameters, to show the nervation. Fig. 
4 gives a portion of an ultimate pinna lower down than the portion given 
in Fig. 2 and represents pinnules somewli'at larger than those of Fig. 2, 
being the average of the larger pinmiles possessed by this fern. It 
should be noted that in the Hay Creek pinnules their margins are often 
bent under and the lamina on each side of the midrib is convex in form, 
giving the pinnule something of the aspect of an Alethopteris, a feature 
mentioned by Schenk _as shown in the Wernsdorfplant. 

Weichselia reticulata is one of the most common plants in Jenney's 
second division, and forms nearly all of the material obtained at cer
tain localities. This is the case with the collections made from cliffs 
along the north side of Red Water Va1ley, cliff on the south side of 
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Piue Creek, carbonaceous shales in Rollin's tunnel, and clif:l on Oak 
Creek at Robbin's ranch. Besides these localities, numerous speCI
mens occur at the cliff in east bank of Oak Creek. 

It thm; seems to be abundant on both plant-bearing horizons in 
division No. 2 of Jenney, that 60 feet and that 100 feet below the base 
of the Dakota sandstone, and it is without doubt one of the most 
characteristic plants of this division. No trace of it has so far been 
found in the divisions of the L0wer Cretaceous lying under No.2. Its 
great abundance in division No.2 and its absence in the underlying 
divisions indicate a change in the jlora which is in keeping with the 
differences seen in the other plants of the two portions of the Lower 
Cretaceous. 

Both the specimens figured are from the black carbonaceous shales 
in Rollin's tunnel. 

Genus MATONIDIUM Schenk. 

MATONIDIUM ALTHAUSII (Dunker) Ward n. comb. 

Pl. CLX, Figs. 5-8. 

1844. Cycadites Althausii Dunker: Programm d. hi}heren Gewerbschule in Cassel, 
1843-1844, p. 7. • 

1846. Pecopte1'is Altl!ansii Dunker: Mon. d. N orddeutsch. Vvealderibildung, p. 5, pl. 
ii, fig. 2. 

1846. Pecopteris polydactyla Goppert in Dunker: op. cit., p. 5, pl. vii, fig. 4. 
1846. Pecoptm·is Coriybem·i Dunker: op. cit., p. 7, pl. ix, figs. 8, Sa. 
1846. Alethoptm·is elegans Goppert in Dunker: op. cit., p. 8, pl. vii, figs. 7, 7a. 
1849. Pecopteris elegans (Gopp.) Brongn.: Tableau, p. 107. 
1852. Alethopteris Gmppm·ti Ett.: Abh. d. k. k. geol. Reichsanst. Wien, Vol. I, Abth. 

III, No.2, p. 16, pl. v. 
1869. Laccoptm·is Gmppe1·ti (Ett.) S~himp: Traite de Pal. Veg., Vol. I, p. 582; Atlas, 

pl. xxxi, figs.-5-8. 
1870. Pecopte1'is explanata Trautschold: Nouv. Mem. Soc. Imp. Nat. de Moscou, Vol. 

XIII, p. 220 (Livraison 3, p. 32), pl. xix, fig. 7. . 
1871. }Jfatonidium Gmppevti (Ett.) Schenk: Palaeontographica, Vol. XIX, p. 220, pl. 

xxvii, fig 5; pl. xxviii; pl. xxx, fig. 3. _ 
1888 . .Alethopte1·is polydactyla ( Gopp.) Schenk: Die fossil en Pflanzenreste, p. 39. · 
1891. Laccoptm·is polydactyla (Gopp.) Sap.: Plantesjurassiques, Vol. IV, p. 384. 

This fern, described by Schenk as abundant in the Wealden forma
tion of northern Germany, and found by Heer in the Wealden of Por-

. . 
tugal, is one of the most common plants at the horizon 100 feet below 
the Dakota sandstone, at the cliff on t:4e north side of Pine Creek. It 
occurs also very rarely in the carbonaceous shales in Rollin's tunnel. It 
bas not yet been found at any other localities or on any other horizon . 
. Schenk's specimens as described and figured in Die Foss. Flora der 
N orddeutsch. W ealdenformation, pp. 17, 18, pl. vi, fig. 5; pl. vii, figs. 
1, la-c, 2, 2a (Palaeontographica, Vol. XIX, pp. 220, 221, pl. xxxvii, 
fig. 5; pl. xxxviii, figs. I, la-c), show much more of the plant than can 
be seen in the fossils from the Hay Creek beds~ These are always frag-
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ments of ultimate pinnre. They are pinnre of both the sterile and fruit~ 
ing forms of the fern. ln. their dimensions the pinnules are in most 
cases large/than those figured by Schenk, and smaller than those of 
Heer, given on pl. XV of his Contributions ala Flore Fossi.le du Portu
gal. The agreement in all essential points of the Hay Creek fossils 
with those from both European regions is exa-ct. The fructified pin
nules mostly carry sori from their tips, and they are proportionally very 
large, so as to cover the entire lamina on each side of the midnerve. 
The sori show a proportionally large and distinet depression in their 
center. Fig. 5 gives average sterile pinnules, and Fig. G represents 
these enlarged two diameters, to show the character of the nerves. Fig. 
7 represents the fertile pinnules, and Fig. 8 gives these enlarged two 
diameters, to show the sori. 

Both the specimens figure_d are from the cliff on the nortb side of Pine 
Creek. 

Genus PECOPTERIS Brongniart.1 

PECOPTERIS GEYLERI.A.NA Nathorst. 

Pl. CLX, Figs. !l-13. 

1890. Pecopteris Geyleriana Nath.: Denkschr. d. Wien. Akad. d. Wiss., Vol. LVII, 
p. 48, pl. iv, fig. 1; pl. vi, fig. 1. 

This fern, coming from the Lower Cretaceous of Japan, was first 
described and figured by Nathorst in his Beitr~ige zur Mes. Flora 
Japans (Denkschr. Wien. Akad., Vol. LVII), p. 48, pl. iv, fig. 1; pl. vi, 
fig. 1. It was later found by M. Yokoyama at additional localitif's in 
the same country' and formation, who noticed the plant in the Journal 
of the College of Science, Imperial University of Japan, Vol. VII, Pt. 
III, 1894, pp. 219-220, pl. xxi, fig. 12; pL xxiij, fig. l,)a; pl. xxviii, fig. 
5, giving some excellent figures. The figures of both Nathorst and 
Yokoyama .show that the plant possesses some characteristic features 
that render it rather easy to identify. The Japanese forms are far more 
complete than those of the Hay Creek beds, but fortunately the pecul
iarities are Jounn mostly 'in the pinnules, and these are well shown in 
the American fossil. 

In the Hay Creek strata Pecopteris Geyleria.na is always. found in 
detached fragments of ultimate_ pinnre and mostly associated. with lVeich-

1 There are probabl~'r no true representatives of the genus Pecopteris in the Cretaceous, but in default 
of the fruiting organs a large number of forms of Mesozoic age ha•e from time to time been referred 
to this g-enus on account of the similarity of the fronds and their nervation. In recent times there 
has been a strong movement in the direction of assigning such forms to more mode-rn genera, and in 
due time all will probably be so referred. They are found to fall under.several different genera, but 
the majority of them probably belong to the genus Cladophlebis, established by Brongniart himself 
in 1849 (Tableau, p. 25), for the reception of a number of those that he bad formerly included under 
Pecopteris. Among other Mesozoic genera to which these forms have been referre(l are \Veichselia of 
Stiehler, Matonidium of Schenk, and Scleropteris of ~a. porta. A number haYe also been placed in the 
living genera l't.eris, ThyrRopteris, and Gleichenia. This, howe•er, is probably ~oing almost af\ far 
to the oppos1te extreme .• Until the subject shall have been properly monographed we shall be obliged 
to follow the authorities we ha,·e. 
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selia reticulata. While it is much less abundant than this latter, both 
occur in the same condition of preservation, which shows that the frag
ments had been transported some distance from the place ot their 
growth. The specimens of this Pecopteris are nowhere very abundant 
and the fragments of ultimate pinnre are never very large. Still the 
pinnules show their character very distinctly and the number of different 
parts is great enough to indicate almost all the variations mentioned 
and illustrated by Yokoyama. The pinnulesof all the Hay Creek speci
mens are quite small. 'rhey must have been thick and leathery, as is 
indicated by Yokoyama's figures. They must. have bee11 quite durable, 
for they leave a thick layer of carbonaceous matter that obscures the 
nerves. Yokoyama mentions as a peculiar feature that the lowest pin
nules ou the front of the rachis of the ultimate pinn::e are often falcate 
backward iustead of forward, and he says that they are mostly blunt 
and that the views are in most cases indistinct. All these features are 
seen in the specimens from the Hay Creek beds. The midnerve is gener
al1y persistent to nea.r the tip and it sends off on each side forking lateral 
uerves, which, owing to the thitkness of the carbonaceous film, are not 
often seen. Another peculiarity seen in both the Japanese and Hay 
Creek specimens is the rounding off of the pinnules at their base, so as 
to form ears, aud the posterior ear is usually larger than the anterior 
one. The pinnules are more· or less triangular in shape. 

Pl. CLX, Fig. 11, represents a fragment of an ultimate pinna with 
pinnules of the largest size that· were seen. Fig. 12 gives those of 
intermediate size, while Fig. 9 gives the smallest size. The enlargement 
of Figs. 9 and 12 and in Figs. 10 and 13 are four diameters. 

This plant has been found on the horizon 60 feet below the Dakota 
sandstone, at the cliff' in the east bank of Oak Creek, one specimen; and 
a number of specimens on the horizon 100 feet below the Dakota sand
stone, at the cliff on the north side of Pine Creek; carbonaceot;ts shale~ 
in Bollin's tunnel, and cliff on Oak Creek at Robbin's ranch. 

The specimen represented by Figs. 9. and 10 of Pl. CLX is from 
Rollin's tunnel; that by Fig. 11 is from the cliff on the north side of 
Pine Creek, and that by Figs. 12 and 13 from the east bank of Oak 
Creek, 2 miles below Robbin's ranch. 

PECOP'l'ERIS BOREALIS Brongniart. 

Pl. CLX, Figs. 14, 15. 

1828. Pecopteris b01·ualis Brongn.: Risto ire des V egetaux fossiles, Vol. I, p. 351, pl. 
cxix, figs. 1, 2. 

A single specimen of a plant so much like the Pecopteris boreali8 of 
Brongniart that it may be identified with it was found on the horizon 
60 feet below the Dakota sandstone, at tbe cliff in the east bank of Oak 
Creek. It shows a. considerable portion of an ultimate pinna, with a 

·number of pinuules that are quite well preserved. These are shown in 



656 CRETACEOUS FORMATION OF THE BLACK HILLS. 

Fig. 13. The ultimate pinn::e must have been quite long and have had 
closely set pinnules that were separate near their bases. The lower 
surface of the rachis seems to have had a corded appearance, from the 
existence of the rachis in the midst of a wing on each side, caused by 
the union of the bases of the pinnules. The p'innules have the aspect 
of those of Cladophlebis of the Jurassic type. They are small, broad
est at their bases, inclined forward, more or less ovate and subacute 
toward their tips. The nerves are very distinct, as shown in Fig. 14. 
The general aspect of the pinnules is much like those of the pinnules 
of the specimen figured by Heer in Flor. Foss. Arct., Vol. I, pl. xliv, 
figs. 5a, 5b. The rigid wing on each side of the rachis in the Hay 
Creek plants makes the rachis of the ultimate pinna appear much 
thicker than it really is. Only two specimens were found. 

Genus CLADOPHLEBIS Brongniart. 

CLADOPH~EBIS WYOMINGENSIS n. sp. 

Pl. CLX, Figs. 16, 17. 

A single mu~ilated specimen of a fern was found on the horizon 60 
feet below the Dakota sandstone, at the cliff in the east bank of Oak 
Creek, that is probably a new species. The specimen shows only a 
fragment of au ultimate pinna with pin-nules more or less distorted 
by pressure. Some of them, however, show their original character 
pretty well. The description of the plant is as follows: Frond bipin
nate, pinnules remote, obliquely attached, falcate and. acute, slightly 
decurrent, midnerve slender and continuous to near the tip of the pin
nules, where it splits up into branches. Lateral nerves going off 
obliquely, forking once, the forking taking place near their insertion. 

Although not enough material of this plant was obtained to permit 
the determination of its full character and the establishment conse
quently of a good species, it is·not near enough to any species known 
to me to justify its being identified with any hitherto described. Where 
a plant from some new region possesses only a slight resemblance to 
one previously described from some remote locality it appears to be 
better usage to regard them as different species. Still more is this true 
if the two belong to different geological formations. It is true that this 
involves a multiplication of species, but the making of species, which 
can be easily merged into others if necessary, involves possible errors 
of less importance than the unjustified assumption that the same plant 
existed in widely separated localities and survived through differeut 
geological periods. ' 

The plant now in question is a good deal like Pecopteris virginiensis, 
which I have described in J\1onograph XV of the U. S. Geological Sur
vey, from the Lower Potomac of Virginia; but it lacks the toothing, 
which is a very persistent feature on the pimmles of that plant, being 
shown on them even high up toward the ends of the ultimate piunrn. 
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It is also like the narrower forms of the pinnules of Cladophlebis acuta, 
which is found in the Lower Potomac formation (see Mon. U.S. Geol. 
Survey, Vol. XV, pl. xi, fig. 7), but the pinnules of this form are 
closely placed and united at bases. A larger amount ·of material would 
very probably justify its identification with Cladophlebis acuta. Our 
plant has an obvious resemblance to the fern from the Kootanie·forma
tion of British America which Sir William Dawson considers as iden
tical with Heer's Asplenium distans from the Jurassic of Siberia (see 
Dawson on the Mesozoic :floras of the Rocky Mountain region of Canada: 
Trans. Roy. Soc. Can., Sec. IV, Vol. III, 1885, p. 5, pl. iii, fig. 7). But 
the Kootanie plant is a fern with larger pinnules. Whatever its spe-

. cific order may be, our plant belongs to a type which is quite charac
teristic of the later Jurassic and basal Cretaceous. 

CLADOPHLEBIS P .A.RV .A. Fontaine~ 

Pl.. CLX, Fig. 18. 

1899. Cladophlebis pa1·va Font.: Potomac Flora, Mon. U. S. Geol. Survey, Vol. XV, 
p. 73, pl. iv, figs. 7, 7a; pl. vi, :figs. 1, la, 2, 2a, 3, 3a. 

At the cliff on the north side of the valley of the South Fork of Hay 
. Creek and on the horizon 150 feet above the ·Jurassic a small fragment 
of a fern was found that appears to be identical with Cladophlebis parva 
of the Lower Potomac. For description of this species see Mon. U. S. 
Geol. Survey, Vol. XV, p. 73. The amount of materialis much too small 
to permit its true character· to be made out. However, the pinnules, 
which are well preserved. are exactly like those of Cladophlebis parva. 
These look much like Jurassic forms of Cladophlebis, and are probably 
survivor~ from the Jurassic. Several imperfect specimens, which may 
also be placed doubtfully in this species, were found on the horizon 100 
feet below the Dakota sandstone, at the cliff on Oak Creek, Robbin's 
ranch. 

Genus SPHENOPTERIS Brongniart.1 

SPHENOPTERIS PLURINERVI.A. Heer1 

Pl. CLX, Figs. 19, 20. 

1881. Sphenoptm·is plurinm·via Heer: Contributions ala Flore fossile du Portugal; 
Section des Travanx geologiques du Portugal, 1881, p. 13, pl. xi, figs. 6, 6b; 
pl. xv, :figs. 8, Sb, 8c. 

The specimen identified doubtfully with Heer's species is a portion 
of an ultimate pinna of a small fern. It shows a number of minute 
pinnules that have lost their tips, but were evidently elliptical in form 

I Sphenopteris is another mainly Paleozoic genus of ferns to which Cretaceous forms probably ought 
never to ha\'e been referred. Many of them have gone into Onychiopsis, Cladophlebis, Scleropteris, 
Dichopteris, Cyatbea, Dicksonia, and Tbyrsoptei:-is, bnt a considerable number still remain and it will 
be impossible in this paper to assi~n them to their proper genera. They will therefore be left in 
this genus until a thorough revision can be made of the group. 

19 GEOL, PT 2--42 



658 CRE'l'ACEOUS FORMATION OF THE BLACK HILLS. 

and narrowing to their base in such a manner that they were attached 
to the rachis almost by a petiole. They resemble Sphenopteris pluri
nervia enough to justify a douqtful identification with the species. , 
There is not enough material to permit the determination of a full spe
cific character. · Heer describes his plant in Contr. a la Flor. Foss. du 
Portugal, pp. 13-14, pl. xi, fig. 6; pl. xv, fig. s, as coming from the 
Lower Cretaceous of Portugal. The plant in the Hay Creek series 
occurs on the horizon 150 feet above the top of the Jurassic, at the 
cliff on the north side of the valley of the South Fork of Hay Creek, 
in only two specimens. 

Genus THYRSOPTERIS Kuntze.1 

THYRSOP1'ElUS PINNA.TIFIDA Fontaine~ 

Pl. CLXI, Figs. 1, 2. 

1889. Thy1·sopte1·is pinnatifida Font.: Potomac Flora, Mon. U. ·s. Geol. Survey, Vol. 
XV, p.136, pl.li, fig. 2; pl.liv, fig·s. 4, 5, 7, 7a, 7b; pl.lvii, figs. 7, 7a. 

On the horizon150 feet above the Jurassic and at the cliff on the north 
side of the valley of the South Fork of Hay Creek a small fragment 
of a fern was fqund, having a character unlike the others, and resem
bling Thyrsopteris pinnatifiila of the Lower Potomac of Virginia. As 
there is not enough material to permit its full character to be made out, 
its identification must be doubtful. The fragment shows a piece of au 
ultimate pinna carrying several fragmental pinnules which have all the 
character of those of Thy1•sopteris pinnatifiila. They have the same 
size, shape, and lobing of the pinnules of that plant when they occur 
toward the ends of ultimate pinnoo, being quite small, elliptical in shape, 
and cut obliquely into minut~ lobes and teeth. 

THYRSOPTERIS CRA.SSINERVIS Fontaine. 

Pl. CLXI, Figs. 3, 4. 

1889. Thyrsopteri.s crassinervis Pont.: Potomac Flora, Mon. U. S. Geol. Survey, Vol. 
XV, p. 130, pl. xli, tigs. 1, 1a, 1b, 2, 2a, 2b, 3, 3a, 3b . 

.A.t the same locality and on the same horizon with the doubtful 
specimen of Thyrsopteris pinnatifiila another small specimen of a differ
ent fern was found. This has pretty strongly shown. the features of 
Thyrsopteris crassinervis of the Lower Potomac of Virginia, but in this 
case also the amount of material does not justify a positive identifica
tion with that form. The specimen is very distinct in the features 
shown. ~It is a portion of a penultimate pinna'from toward its tip, that 
contains several short ultimate pinn:;e. These have broadly elliptical 
pinnules that are united at the base. The upper basal pinnules, as is 

I Professor Fontaine has referred a large number of Potomac ferns to this living genus, perhaps 
correctly, but it would probably have been better to place them in Brongniart's extinct genus Coni
opteris. For a brief account of the general subject see the Fifteenth Annual Report of the U.S. 
Geological Survey, p. 383. 
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. the case with Thyrsopteris crassinervis, are a good deal larger than the 
others, but it is not lobed as is the case with the corresponding pinnules 
of the Potomac plant. This is probably owing to the fact that the ulti
mate pinme of the Hay Creek specimen come from a portion of the 
penultimate pinna nearer its end than those of the Potomac form that· 
show lobed basal pinnules. The nerves are strong and distinct: 

THYRSOPTERIS ELLIPTIC.A Fontaine. 

Pl. CLXI, Fig. 5. 

1889. Thyrsopteris elliptica Font.: Potomac Flora, Mon. U. S. Geol. Survey, Vol. XV, 
p. 133, pl. xxiv, :figs. 3, 3a; pl. xlvi, :figs. 1, 1a; pl. l, figs. 6, 6a, 9; pl.li, figs. 
4, 6, 6a, 6b, 7; pl..liv, fig. 6; pl. lv, fig. 4; pl. lvi, :figs. 6, 6a, 7; pl. lvii, 
:figs. 6, 6a; pl. I viii, :figs. 2, 2a. 

This plant, which is abundant in the Lower Potomac strata of Vir
ginia, and has been described in Monograph XV, p. 133, is rather rare 
in the Hay Creek. beds. So far as yet found it occurs on the horizon 
150 feet above the Jurassic at two localities: Cliff on the north side of 
the valley of the South Fork of Hay Creek, and shales under the third 
sandstone, Barrett, with one doubtful siuall fragment at the contact 
of the Jurassic with the Cretaceous, Lon Oottles' ranch. At all the 
localities only ~mall, imperfect fragments were obtained, showing por
tions of ultimate pinnre. At the first-named locality the fragments are 
larger, but the pinnules are not so well preserved. At the second local
ity the small bits of pinnre, with often very distinct pinnules, go to help 
form a mat of vegetation along with small fragments or' Pinus susqua
ensis and Ozekanowskia nervosa, that covers the cleavage surfaces of the 
shale. The plants here seem from some cause to have been torn into 
small bits, which, however, are very distinct in character. 

The shale under the third sandstone at Barrett deserves a careful and 
}Jrolonged search. It would no doubt yield many beautifully preserved 
specimens of those plants already made out and some new species, for 
very suggestive fragmen~s, too small to give any positive character,. 

· may sometimes be seen. The shale is well fitted to preserve plants 
and is full of fragments. It is very fine-grained, gray in color, with a 
tinge of buff. It splits into laminre as thiu as paper, and the surf~.ce 
of these takes a perfect impriut of a plant. Unfortunately, only a very 
small amount of this material was obtained. It is a noteworthy fact 
that this shale is physically strikingly like the carbonaceous shale at 
Webster's ranch, which Professor Jenney places geologically 100 feet 
below it. Ozelcanowskia nervosa and Pinus susquaens·is occur in both. 
The only difference, as shown by the plants, is that the small Zamites, 
Z. bm·ealis, is common on the lower horizon, while it is not found on the 
upper, and Thyrsopteris elliptica occurs on the upper and not on the 
lower horizon. 

' The specimen figured was found at the cliff on the north side of the-
valley of the South Fork of Hay Creek, 2~ miles west of Barrett. 
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THYRSOPTERIS DENTIFOLIA n. sp. 

Pl. CLXI, Figs. 6-9. 

Frond bipinnate; only the terminal portions of some of the ultimate 
pinnre were seen. The ultimate pinnm have their terminal portions 
long and narrow, with an unusually gradual reduction in the size of 
the lobes and teeth which they carry, and which represent the piu
nules of lowet· portions of th~ pinnm and frond. The lowest pinnules 
seen on the ultimate pinnm (Fig. 6) are united at base, very obliquely 
inserted on the rachis, obloug in form, with margins notched as if for 
incipient lobes. Toward the end of the pinnm the pinnules pass very 
gradually, by diminution iu size and increasing union, into lobes and 
then into teeth. The'se lobes and teeth~ are narrowly ovate, acute7 and 
very oblique, diverging from the rachis (Fig. 8). The lobes have each 

'a single nerve, which sends a branch to the upper margin or tooth. In 
the notched lower pinnm a midnerve sends off on each side a branch 
into each incipient lobe. · 

It is obvious that not enough material is possessed to give certainly 
the character of this small fern. The long drawn out tips of the ulti
mate pinnm, with small dentate lobes and acute diverging teeth, appear 
to be a new and constant character. The tips of the pinnm look like 
portions of a twig of some conifer. These terminal portions seem to 
have been rather easily broken off, for they form most of the imprints 
found. One of these bits, 18 mm. long, shows only the tooth-like lobes, 
the width from tip to tip of which is only 2.5 to 3 mm. The plant looks 
much like Sphenopteris JJ1.a_ntelli Brongn. [ Onyohiopsis Jlfantelli (Brongn.) 
Sew.], and would have been so regarded were it not for the passage in 
the lower portions of the pinnm of the lobes into Thyrsopterid pin
nules. A.t any rate it belongs to the kind of fern with narrow, rigid 
pinnules which appears common in the Lower Cretaceous, and of 
which Onyohiopsis Mantelli may be taken as the type. 

This fern occurs sparingly on tlie horizon 50 feet above the Jurassic, 
at the shales over coal 2 miles southeast of Barrett. 

THYRSOPTERIS BREVIFOLIA. Fontaine. 

Pl. CLXI, Figs. 10-15. 

1889. Thyrsopteris brevifolia Font.: Potomac Flora, Mon. U.S. (}eol. Survey, Vol. XV, 
p. 121, ~l. xxiv, figs. 51 5a, 5h, 5c, 5d, 10. 

This pretty little fern is one of the mqst common plants on the hori
zon 50 feet above the Jurassic at the shale over coal 2 miles southeast · 
of Barrett, where its fragments cover thickly some of the cleavage sur
faces of the shale, being mingled with fragments of Thyrsopteris denti-
folil~ and T. pecopteroides. It never shows, in any imprint, more than 

. detached fr::tgments of ultimate r>innm. These, however, are numerous 
enough to give a pretty full representation of various portions of 
these pinnre from different parts of the frond. .At the same time 
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gradations show connecting links between the detached portions. This 
plant was found in the Lower Potomac of Virginia, occurring at the 
Dutch Gap ,Canal, in a ball of red clay 9r shale, which was embedded 

. in the layers of bluish-gray clay and sand that form the banks of the 
canal. It was found nowhere else in that formation, and it is interest
ing to note that it occurs in the Hay Creek region, at only one locality, 
in a shale that resembles that containing it at the Dutch Gap. Its 
description was given in Mon. XV, p. 121, pl. xxiv, figs. 5, 5a-d, and 10. 

The larger number of imprints occurring in the Bay Creek beds 
enable us to see parts not shown in the Potomac fossils. These are 
portions from lower down on the ultimate pinme and parts of ultimate 
pinnrn from higher up toward the summit of the frond. All the parts 
indicate a fern somewhat more robust than the Dutch Gap plant. The 
pinnules from the lowest portion of the pinnrn and frond are still more 
like Sphenopter·is hymenophylloides Brongn. than any of the Potomac 
specimens. The ultimate pinnrn from both regions were evideutly very 

'long and slender, and the Hay Creek specimens show that they ended 
in long drawn out and attenuated terminations. Especially is this true 
of the pinnrn from the upper part of the frond, as shown in Figs. 12 
and 14 of Pl. CLXI. The deeply incised pinnules, Fig. 10, graduate 
into elliptical lobes and teeth toward the ends of the pinnrn. These 
are shown in Figs. 12 and 14, Fig. 12 giving the lobed forms and Fig.14 
those with teeth. All this is clearly shown in the·enlarged Figs.11, 13, 
and 15. 

THYRSOP'l'ERIS PECOP'l'EROIDES Fontaine. 

Pl. CLXI, Figs. 16-19. 

1889. Tltyrsopte1·is pecopteroides Font.: Potomac Flora, Mon. U. S. Geol. Survey, 
Vol..XV, p. 135, pl.li, figs.l, la. 

This sma11, delicately ·incised fern was found by the writer in the 
Lower Potomac of Virginia at Fredericksburg, where it oecurs quite 
rarely. It occurs in tlie Hay Creek beds, on the horizon 50 feet above 
the Jurassic, at the shales over coal 2 miles· southeast of Barrett, along. 
with Thyrsopteris bre·vifolia and T. dentijolia, being almost as common 
as the former. The specimens show only portions of the ultimate pinnrn, 
but some of these appear to come from parts of the frond lower down 
than any seen in the Potomac fossils. Hence some of the pinnules are 
somewhat larger than auy belonging to the Virginia specimens and 
show a greater tendency to lobing. These are given in Figs. 1G and 17. 
At the same time pinnrn from parts of the frond higher up than those 
seen in the Potomac specimens were obtained. These are very minute. 

·They are shown in Figs. 18 .and 19. 
It is a noteworthy fact that the three ferns last described, viz, Thyr

sopteris dentijolia, T. b1·evijolia, and T. pecopteroides, occur together 
in comparative abundance on the horizon given by Professor Jenney at 
;30 to 50 feet above the Jurassic, at shales over the coal 2 m!Ies south-
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east of Barrett, while they are found nowhere else in the Hay Creek 
region. Only one small collection from this locality was placed in my .... 
hands, and it is much to be desired that additional·eollections should 
be made there. The shale preserves the plants well, it cleaves nicely, 
and seems to be rich in fossils. Some bits indicate that other and new 
forms may be found there. It is peculiar that so many parts of detached, 
ultimate pinn::e are found at this locality with their terminal portions 
perfectly preserved, while in no case were the pinn::e seen attached to a 
rachis. The terminal portions of pinn::e of delicate ferns like these are 
usually the parts most poorly preserved. 

THYRSOPTEl~IS BR.EVIPENNIS Fontaine~ 

Pl. CLXII, Fig.1a. 1 

1889. Thy1·soptm·is brevipennis Font.: Potomac Flora, Mon.U. S. Geol. Survey, Vol. XV, 
p. 124, pl. xxxiv, figs. 3, 3a; pl.xxxvi, figs. 2, 2a; pl.xxxvii,figs. 3, 9; pl.xxxviii, 
figs. 1, 1a, 1b; pl. xli, figs. 4, 4a. 

This species was described by the writer from the Lower Potomac in 
Monograph XV of the U.S. Geological Survey, page 1.24. In the Hay 
Creek beds were found several small fragments of ultimate pinn::e, 
carrying a few pinnules, of a fern that is apparently the same species, 
but the amount of material is not sufficient to permit positive identifi
cation. They occur only on the horizon 150feet above the Jurassic, at 
the cliff on the north side of the valley of the South Fork of Hay Creek. 

Genus SOL EROPTERIS Saporta.2 

. SCLEROPTERIS DIST.A.NTIFOLI.A n. sp 

Pl. CLXII, Figs. 2, 3. 

This is apparently a new Scleropteris that occurs at the same 
locality and horizon as Thyrsopteris pinnatijida and T. crassinervis, on 
the-south Fork of Hay Creek, 170 feet below the Dakota sandstone. It 

·occurs in only one specimen, but that is characterized well enough to 
justifY- its being provisionally made a new species. 

The specimen shows a fragment of a long, slender ultimate pinna. 
The lobes, or rather pinnules, are remote from one another and very 
obliquely directed toward the ends of the pinna, so that they diverge 
very slightly from the rachis to which they are attached. ~hey are 
very small, narrowly ellipitical in form and decurrent at base, so as to 

I Where the material was scarce and doubtful, Professor Fontaine did not always select specimens 
for illustration. It seemed to me all the more important that such cases should be illustrated in order 
that the occurrence of the species in the Blac.k Hills might be fully attested. I have therefore had 
figures made, however imperfect, to support his notes. ' 

2 This genus was established by the Marquis Saporta in 1372 (Plantes Jurassiques, Vol. I, p. 364) to 
embrace a number of forms of Mesozoic ferns previously referred to Sphenopteris, Loxopteris, 
Pachypteris, and Dichopteris, but without wholly absorbing.these genera. The Lower Cretaceous of 
.America contains some forms that fall distinctly within the limits of the genus. 
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form a comparatively wide wing. The nervation consists in each 
pinnule of a parent nerve that splits up into several branches which 

' are directed very obliquely upward toward the tip of the pinnule. 
One or more of the branches may be forked. 

The shale which yields these plants at the cliff on the north side of 
the valley of the South Fork, of Hay Creek is a fine-grained :fissile 
material, gray in color, with a slight brownish shade. It preserves the 
plants beautifully, although most of those obtained are in small bits, 
owing to the small fragmentS of the shale obtained. This is no· doubt 
due to the fact that the specimens cotne from weathered shale of sur
faces long exposed. From the character of this material there is little . 
doubt that if specimens be taken from fresher rock, farther in from the 
surface, l~rger and ·more complete imprints of the plants would be 
found. Only a small amount of the rock was obtained, and no doubt 
prolonged and careful search would result in finding other plants. 
Occasionally to be seen on the specimens are small bits !lnd fragments 
that indicate the existence of other plants besides those mentioned in 
this paper. In addition a number of the plants found here are not 
found elsewhere, so that it is very desirable that additional collections· 
should be made at this spot. 

SCLEROP1'ERIS l1.0TUNDIFOLIA n. sp. 

Pl. CLXII, Figs. 4, 5. 

Frond probably tripinnatifid. The ultimate pinn:;e or pinnules are 
very small. Their tips are not preserved, but they were probably not 
more than 5 mm. in length. They are alternate and attached at an 
angle of about 450 with the principal rachis. They carry minute cir
cular lobes or pinnules that are united at base by a proportionally 
broad wing. This latter is thick in texture and rigid, so that when the 
rachis is seen from above the wing seems to be a part of it. Hence the 
rachis appears abnormally strong. When the underside of the rachis 
is presented it is seen to be very slender. The pinnules or lobes become 
more and more united toward the tips of th.e ultimate pinnoo. They 
are not more than three-fourths of a millimeter wide. In each lobe a 
nerve ascends from a very oblique insertion and splits in a flabellate 
manner into two or more branches. 

T_his minute Scleropteris is not near any described plant known to 
me. The best preserved specimens do not show enough· to enable the 
character of the plant to be made out fully, but enough may be seen to 
indicate that it is a pretty well marked new species. Pl. CLXII, Fig. 4, 
gives the m~st complete imprint found. 

It occurs in several specimens on the horizon 150 feet above the 
Jurassic at the cliff on the north side of the valley of the South Fork 
of Hay Creek, and has been found as yet nowhere else. 
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Genus ASPLENIUM Linnreus. 

ASPLENIUM DICKSONIANUM Beer~ 

Pl. CLXII, Figs. 6-8. 

1874. AspleniumDicksonianuntHeer: Die Kreide-Florader arctischen Zone, K. Svensk. 
Vet.-Akad. Handl., Vol. XII, No.6 (Fl. Foss. Arct., Vol. III, Pt. II), p. 31, pl. i, 
figs.l ( excl. b, c), laa, 2, 3, 3b, 4, 5 ( excl. a, b, c). 

The specimens represent the summits of ultimate pinnre of a fern 
which is decidedly like .Asplenium Diclcsonianwn Heer) from the Kome 
beds of Greenland. It bas also something of the character of the 
widely diffused Potomac plant Thyrsopteris rarinervis. but is. I think, 
nearer Beer's plant. 1 

Genus GLEICHENIA Smith. 

GLEICHENIA ZIPPEI (Corda) Beer~ 

Pl. CLXII, Fig. 9. 

1846. Pecopteris Zippei Corda in Reuss: Versteine.rungen d. bohm. Kreideformation, 
Abth. II, p. 95, pl. xlix, figs 2, 3. 

1868. Gleichenia Zippei (Corda) Heer: Fl. Foss. Arct., Vol. I, p. 79, pl. xliii, figs. 
4, 4b. 

Some ends of the ultimate pinnre of a small fern with the f~cies of 
Gleichenia occur in the collection. This is nearest to Heer's G. Zippei 
from the Kome beds, but the pinnules are rather more acute than most 
of those of that plant, and indicate that those on this plant lower 
down are somewhat larger than those of G. Zippe·i. The form is also 
something like .Aspidium heterophyllurn of the Potomac formation, but 
seems to be smaller and more delicate. It may, however, be the same.2 

I The above is all that Professor Fontaine says in his letter of January 10, 1894, about the three 
small fragments figured on PL CLXII, Figs. 6-8, which were collected by Professor Jenney and myself 
on the slope of Red Canyon in the Minnekahta region. After examining the specimens he returned 
them with labels, on all of which he wrote: 11 Probably Asplenium Dicksonianum." It is·a significant 
fact that neither this species nor the Potomac fern Thyr.~opteris rarinervis Font., occurs in the Hay 
Creek collection. A. comparison of these fragments with the fine specimens of Asplenium Dicksoni
anum collected by us near Evans quarry, in the trqe Dakota group (see infra, p. 704, Pl. CLXX, Fig. I), 
will be of interest. · 

2The abo-ve description by Professor J!'onta.ine was based chiefly on the specimen figured on Pl. 
LXXX, Fig. 9, but of which, at the time he examined it, scarcely more than 2 em. were visible of the 
upper part of the pinna. After its return I observed that.the impression passed into the rock below 
the exposed portion, and by a little skillful manipulation I succe~ded in scaling off a piece of rock 
and exposing the remainder that we here see, amounting to considerably more than 5 em. The lower 
lobes are somewhat more toothed than the upper ones, thus differing from Heer's figures. They are 
not pointed like Aspidium heterophyllurn Font., and it seems to me probable that the impression may 
represent a pinnule of Thyrsopteril pecopteroides Font. 
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Subkingdom SPERMATOPHYTA (Phanerogams). 

Subdivision GYMNOSPERMAE. 

Class CYCADALES Engler 1897.1 

Family OYOADAOE.JE. 
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No unequivocal cycadaceous plants occur above the horizon lying 
150 feet above the Jurassic. The only possible exceptions are the one 
or two small fragments of leaves that occur at· higher horizons, and 
that look more like Zamites than any other plant. They show, how
ever, neither basal nor terminal portions, and may be Nageiopsis. 
Cycads of the type of Zamites described by Heer, so characteristic of 
the Kome beds of Greenland, are the only certain ones found in the 
Hay Creek strata. On the horizon150feet above the Jurassic at John 
Barr's tu.nnel they are the most common plants. Elsewhere they are 
rare. It is a noteworthy fact that this type of cycad seems to be the 
most characteristic one in the Kootanie beds, as made known by Sir 
William Dawson, and in the strata of similar age at Great Falls, Mon
tana .. Taking all these occurrences into consideration, it seems that 
this type is highly characteristic of the Lower Cretaceous, at least of 
North America. 

Genus ZAMITES Brongniart. 

ZAMITES BREVIPENNIS Heer. 

Pl. CLXII, Figs. 10-13. 

1874. Zantites b1·evipe"tnis Heer: K. Svensk. V et.-Aka.d. Ha.ndl., Vol. XII, No. 6 (Pl. 
Foss. Arct., Vol. III, Pt. II), p. 67, pl. xv, figs. 8-10. 

1 

Several well-preserved specimens of a small Zamites occur on the 
horizon 150 feet above the Jurassic at John Barr's tunnel, and now here 
else, which are identical with Z. brevipennis obtained by Beer from the 
Kome beds of Greenland and described by him in Vol. III of Fl. Foss. 
Arct., Pt. II, Die Kreide-Flora des Arctischen Zone, p. 67, pl. xv, figs. 
8, 9, 10. They agree so far that even Beer's largest and smallest forms 
of this plant can be duplicated from the Hay Creek beds. Fig. 10 
agrees well with Heer's larger forms, and Fig.12 with his smaller. The 
nerves could not be made out, for it appears that they are not visible 
in this type when the upper surface of the plant is presented uppermost. 

The plants must have had a coriaceous and double-leaf texture, for 
in the shale the leaf substance is to a large extent preserved, and may 
be peeled off so as to remove all trace of the plant. 

1 The class Bennettitales (see supra, p. 598) does not include the foliage, fruits, etc., of cycadean vege
tation found in a fossil state, but only petrified trunks. We are," therefore, compelled to refer the 
former still to the class· Cycadal~s and family Cycadacere. There is e>idently an inconsistency in 
this, as it is altogether probable that the impressions from the same horizon represent the foliage, 
etc., of the forms whose trunks were entombed at other localities under different conditions. 
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The shale at John Barr's tunnel deserves careful examination, and 
additional collections should be made from it. Only one small bundle 
of specimens was placed in my hands as coming from t,his locality, and 
it contained at least one species not found elsewhere, while it gives 
promise of well-preserved specimens from a critical horizon in the Lower 
Cretaceous. Besides it is of a nature to preserve in great perfection 
the plants that it contains. Even in the apparently weathered frag·
inents obtained the points were shown with a distinctness rarely found. 
The shale is very fine-grained and fi.ssile, splitting into thin and smooth 
lamime. 

ZAMITES BOREALIS Heer. 

Pl. CLXII, Fig. 14. 

1874. Za1nites borealis Heer: K. Svensk. Vet.-Akad. Handl., Vol. XII, No.6 (Fl. Foss. 
Arct., Vol. III, Pt. II), p. 66, pl. xiv, :figs. 13, 14; pl. xv, :figs. 1, 2. 

A Zamites, which is identical in all respects with Beer's Z. borealis 
from the Kome beds of Greenland, is one of the most ~ommon fossils at 
some of the localities yielding plants from the lower horizons of the 
Hay Creek beds. It occurs on the horizon 150 feet above the Jurassic, 
at John Barr's tunnel, where it is the most common fossil, and appears 
to be a bun dan t. On the horizon 50 feet above the Jurassic, it occurs also 
in carbonaceous shale; Webster's ranch, where it is rather common, and 
from which the specimen figured on Pl. CLXII, Fig. 14, was obtained; 
also at the shales over lowest coal, Larrabee's shaft, where it is not so 
common. The nerves were not seen, as they are probably immersed in 
the rather thick leaf substance. 

This Zamites seems to me to be identical with that coming from the 
Kootanie beds and rlescribed by Sir William Dawson in his -paper on 
the Mesozoic floras of the Rocky Mountain region of Canada: Trans. 
Roy. Soc. Can., Sec. IV., Vol. III, p. 7, pl. i, fig. 5. This he bas identi
fied with Heer's Z. acutipennis, from the Lower Cretaceous of Green
land. This Zamites is evidently widely diffused in the Lower Cr.eta
ceous of North America, and is highly characteristic of it. On this 
account, the entire absence in the Lower Potomac of the type of 
Zamites to which it belongs is all the more noteworthy. 

ZAMITES~ sp. 

Pl. CLXII, Fig. 15. 

On the horizon 100 feet below the base of the Dakota sandstone, ~t 
the cliff on Oak Creek at Robbin's ranch, a small fragment of a leaf was 
found, which looks like a portion .of a Zamites. It has pretty strong, 
closely placed, and numerous nerves. As it shows neither base nor 
terminatio!l, its character can not be determined. It may be N ageiopsis 
or Podozamites. If it be a Zamites it does not belong to the type of 
Z. borealis Heer, but rather to that of Z. tenuinervis Font., of the 
Lower Potomac. 

The above constitute all the occurrences of. possibly cycadaceous 
foliage in the Hay Creek strata. 
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Genus GLOSSOZAl\1ITES Schimper. 

GLOSSOZ.A.MITES FONTAINEANUS Ward n. sp. 

Pl. CLXII, Figs. 16-18. 

1894. Glossozamitesf sp. Font.: Journal of Geology, Vol. II, p. 260. 1 

The most commort fossils are fragments of detached leaflets and one 
entire leaflet ?f a plant which is strikingly like a Neuropteris of the 
Coal Measures (N. jlexuosa). I am pretty sure, however, that it is a 
Glossozamites, a form of cycad that has leaflets which closely resemble 
Neuropteris in form and nervation. This, if a Glossozamites, has leaf
lets proportionately broader and shorter than any known to me, and it 
is probably new. I wish that you would compare it with the figures of 
Glossozamites in your library.2 • 

Genus CYCADEOSPERMUM Saporta. 

CYCADEOSPERMUM ROTUND.A.TUM Fontaine. 

Pl. CLXII, Fig. 19. 

1889. Cycadeospennum rotundatttrn Font. : Potomac Flora, Mon. U. S. Geol. Survey, 
Vol. XV, p. 271, :pl. cxxxvi, fig. 12. 

A single specimen of a round, nut-like seed was found on the horizon 
100 feet below the Dakota sandstone, at the clifi' on Oak Creek, at 
Robbin's Ranch. This in all respects is exactly like the seed found in 
the Lower Potomac of Virginia, and described under the name Oyca
deospermum rotundatum, in Mon. U.S. Geol. Survey, Vol. XV, p. 271. 
A similar seed was found in the Trinity division of the Comanche series 
of the Lower Cretaceous of Texas. The Hay Creek seed has the shape 
and size of 0. rotundatum, with. also its characteristic epidermis, which 
is smooth, parchment-like, and durable. · 

I As this species is very well characterized antl evidently new, I t.hougbt it deserved a specific 
name, and have therefore ded·icated it to Professor Fontaine, who determined its generic affinities and 
described it. 

2I have complied with the last suggestion in the above, which is contained in his report on the 
small collection made by Professor .Jenney and myself from the slope of Red Canyon, west of the fos· 
ail forest containmg these specimens. I have examined all the figures of Glossozamites and of the 
forms originally referred to other genera (Podozamites, Pterophyllum) that Schimper referred to that 
genus when he established it. The pinnules are generally more elongated and narrow, conforming to 
Schimper's character (Traite de Pal. Veg., Vol. II, p. 128) "folia linealia, obtuse acum.inata, foliolis 
lingulatis." This, however, bas not been c:msistently adhered to. The figure that approacheA ours 
most 11early is that of Kurr in his Beitrage z. foss. Fl. d . .Juraform. Wiirttemburgs, 1845, pl. i, fig. 5, 
called by him Pterophyllum, oblongifolium, and referred to Glossozarnites by Scbimper. 

In their short, rounded form they approach much more closely to some species ofOtozamites ( cf. 0. 
Beanii} (L. & H.) Brongn. inSaporta, Plantes.Jurassiques, Vol. II, pl. xcv, Fig.2), and our Fig.17 even 
shows a~'<lightly auriculate base. That genus passes in some of its species into Spl1enozamit.es, in 
which the pinnules n,re wedge·shaped at the base, and either sessile or raised on a short stalk. Our 
forms may be compared with S. latijolius (Brongn.) Sap. (cf. op. cit., pl. cxiii, figs. 2, 3). 
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Genus WILLIAMSONIA Oarruthers. 

WILLlAMSONI.A. ~ PHCENIOOPSOIDES Ward n. sp.1 

Pl. CLXII, Fig. 20. 

An imperfectly preserved imprint of a portion of a plant was found 
on the horizon 150 feet above the J m;assic, at the cliff on the north side 
of the valley of the South Fork of Hay Creek. This, owing to its 
strong resemblance to Williamsonia, is placed doubtfully in that genus. 

It consists of the sumrr~.it of what seems to have been a thick, fleshy 
stem? from which radiate flabellately the basal portions of what were 
probably thick, fleshy bracts, having the character of those of William
sonia. The nature of these can not be made out, as only their bases 
are preserved, and these seem to be distorted from compression by 
crowding. This gives them less width than is shown in the bracts of 
most Williamsonias. The fossil looks something like a palm leaf, which 
preserves only the portion immediately around the summit of the peti
ole. It resembles, also, some of the torms of Jurassic Phcenicopsis, 
which Heer has described in his Fl. Foss. Arct., Vol. IV, Pt. II 
(Beitrage zur Juraflora, Ostsib. ), p. 112, pis. xxix, xxx, and it is not 
impossible that it may belong to this genus. If it is a Williamsonia, it 
is probably a new species. 

Class CONIFER.£ (Conifers). 2 

Conifers form the most abundant plants in the Hay Creek strata. 
They surpass in species any other great group, and far exceed in the 
number of individuals of some species any other plants. They are, as 
a rule, the best preserved specimells that are found at the several 
localities. While they are the most abundant forms in the higher 
strata, there is a noteworthy scarcity of them in the lower. 

I Whatever may be the objections to giving names to defective objects, it is found in practioe that to 
designate them merely "sp." after assigning them even doubtfully to a genus leads to great confu
sion and involves much more labor on the part of all who may s11bseqnently have anything to do with 
them than to give them specific names. Such a designation is a name. It has to be credited to the 
namer, and the awkward combination thus prodw!ed becomes a permanent part of the synonomy. 
But it involves the possibility that several different objects may have the same combination through
out. Some papers are so burdened with these names, falsely supposed to obviate the objection of 
nomina nuda or of undue definiteness, that it becomes necessary to number them and refer to them 
as Nos. 1, 2, 3, etc., or even to count the lines on the page where the particular one in question is 
mentioned and refer to them in this way. If they are not described they are nomina nuda, and if 
described they are names, and must be identified m some way. Tho evils of this praetice have beco!ne 
so greattbat it might almost be given as a rule that if a form is worth mentioning at all it is worth 
a specific name. 

In view of the above I have given names to most such objects treated in this paper, and the name 
here employed is ju&tified by Professor :Fontaine's comparison of it with Heer's·genus Phrenicopsis. 

2I have not attempted in this paper to classify the Coniferre according to the latest systems, but 
ha\'e left the arrangement substantially as Professor Fontaine drew it up. The forms enumerated, 
however, embrace not only the families Taxa-cere and Pinacere but also the class Gi11kgoales. 
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Genus ARAUCARITES Presl. 

ARAUCARITES WYOMINGENSIS n. sp. 

Pl. CLXIII, Figs. 1-9 . 

.A number of cone scales and seeds were found in the lower strata of 
the Hay Creek Lower Cretaceous series which seem to belong to a new 
species of conifer closely resembling Araucaria. The fossils occur as 
cone scales and seeds on the horizon 150 feet above the Jurassic, at the 
cliff on the north side of the valley of the South Fork of Hay Creek. 
A cone scale (Pl. CLXIII, Fig. 7) was discovered with traces of a seed 
on it at the contact of the Cretaceous with the Jurassic, at the bed 
of shales, Lon Uottles's ranch; also a number of detached seeds (Pl. 
CLXIII, Figs. 1-6, 8, 9). Some seeds attached to scales and some 
scales without seeds were found. These fossils form pretty much all 
that were obtained from this locality. Some of the seeds and scales 
are remarkably wen preserved, and show very well the relation of the 
seeds to the scales, as well as the form of the latter. The scales, like 
those of the true Araucaria, were evidently very deciduous, for no 
indication was found of their attachment to an axis. Both the seeds. 
and the scales vary a little in shape, which is no doubt due to distor
tion from pressure. The seeds are bard and bony or nut-like in struc
ture, and have an ovate·cuneate to. nearly cuneate form. They are 4 to 
5 mm. long, and have a width of 3 to 3.5 mm. in their widest portion. 
The forms of these seeds, differing somewhat in shape, are given on PI. 
CLXIII, Figs. 1-9. Fig. 1 (enlarged 2 diameters in Fig. 2) gives the 
most common and normal form. This seed shows on its margin a rem
nant of the cone ·scale to which it was once attached. Fig. 3 (enlarged 
2 diameters in Fig. 4) shows a seed somewhat larger and narrower than 
that given in Fig.l. Fig.5 (enlarged 2 diameters in Fig. 6) gives a shape 
that is more ovate than the normal, more enlongated, and narrower 
proportionally than common. This shape nears that of Carpolithus 
fmnarius, described below, and suggests the idea that this latter may 
be an abnormal form of the Araucarites now being described. These 
variations are most probably due to distortion from pressure. 

The cone scales are strikingly like those of Araucaria. They are 
broadly cuneate in outline, and leaving out their terminal part, are not· 
unlike the seeds borne on them. In their widest portion they are about 
9 mm. wide. Including their beak-like tips, they have a length of about 
12mm. Their free ends or sumn~its are thickened and carry a beak-like 
pr~jection, as in .Araucaria. They show, as might be expecte~, more 
distortion from pressure than do .the seeds. They were apparently 
leathery, firm in texture, and very durable. Fig. 7 shows a cone scale 
that has indications of the thickening at its summit. Fig. 8 (enlarged 
2 diameters in Fig. 9) gives the most complete and undistorted scale
found. It has a seed partly embedded in its surface, and this embed 
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ding of the seed in the inner surface of the scale appears to have .been 
the normal mode of attachment of the seed to the cone scale. Judging 
from this specimen the seeds were borne singly under each scale, em
bedded in its inner surface. They were flattened, and in shape resem
bled the scale to which they were attached. These features remind one 
strongly of the cones of Araucaria. Ounninghamii Aiton, the Moreton 
Bay pine, which contains similar seeds in the same way in its cone scales. 

ARAUC.A.RITES ~UNEATUS Ward n. sp.1 

Pl. CLXIII, Fig. 10. 

This is a single cone scale found at John Barr's tu:J?.nel, on the hori
zon 150 feet above the top of the Jurassic. It is too poorly preserved 
and there is too little material to enable one to :fix the character. It is, 
however, a cone scale of some Araucarites, and it is clearly a different 
species from Araucarites wyomingensis, for it iR much -longer than any 
of the cone scales of that plant, and it tapers more graduaily. It is 
spatulate-cuneate in form, rounded at the free end, and widest here, 
having the width of 9 mm: in this portion. It is-2 em. long and tapers 
very graduallyto the end by which it was 'attached, where it shows a 
width of 2 mm. It shows no trace of a beak at the free end, and none 
of a seed, as it has evidently suffered from maceration. 

Genus PINUS Linnreus. 

PINUS SUSQU.A.ENSIS Dawson. 

Pl. CLXIII, Figs. lla, 12, 13. 

1883. Pinu.s susquaensis Dn.: Trans. Roy. Soc. Can., Sec. IV, Vol. I, p. 23, pl. Hi, 
fig.36. ' 

Sir William Dawson, in his paper on the Cretaeeous and Tertiary 
Floras of British Columbia and the Northwest Territory (1883) and on 
the Mesozoic Floras of the Hocky Mountain Hegions of Canada (1885), 
p. 9, pl. ii, :figs. 6, 6a, bas described very narrow and long Pinus leaves, 
which he has named P. susquaensis. Fragments of precisely similar 
leaves occur mostly in the lower strata of the Hay Creek Lower Creta
ceous. This gives another connecting link with the Kootanie flora. 
The specimens found in the Hay Creek beds are much more -imperfect· 
than those described by Sir William Dawson. 'rhey are never found 
entire or grouped, but are fragments sufficient to show that they must 
have been quite long. ·l'beir fragmentary and scattered condition indi
cate that they must have drifted some distance. It is not always easy 
to distinguish leaves like these from those of Leptost1·obus longijolius, 
which they much resemble, especially when no nerves are visible. The 
possession of a midnerve, when this is visible, is decisive. Otherwise 
the decidedly greater thicknes~ and rigidity of the Pinus leaves points 

I Professor Fontaine did not give this a specific name, and. I have supplied it on the principle stated 
in the last footnote. It is perhaps better than to-reject it altogether. 
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to their presence. The Hay Creek leaves are one-nerved, about 1 mm. 
wide, quite thick and rigid. They occur on the horizon 100 feet below 
the Dakota sandstone, in small bits, which are rather rare and of 
doubtful character. They may be leaves of Leptostrobus, which by 
wrinkling from pressure, appear to have a midnerve. The locality 
showing these doubtful forms is the cliff on ·the north side of Pine 
Cr<::ek, where a multitude of Leptostrobus leaves occur with them. 

On the horizon 150 feet above the Jurassic, at the shales underthe 
third sandstot{e, Barrett, it is more certainly shown; still, however, in 
rather rare and small fragments. These are thick in texture, one-nerved, 
and rigid. On the horizon 50 teet above the Jurassic, at the carbona
ceous shales, Webster's ranch, it is quite common in pretty large, well · 
characterized fragments. · 

The specimen figured in Pl. CLXIII, Fig. 11a is from the cliff on the 
east bank of Oak Creek; that in Fig. 12 is from the shales under the 
third sandstone above the coal at Barrett, and the large leaves shown 
in- Fig.13 are from the cliff on the east bank of Oak Creek, 2 miles below 
Robbin's ranch. 

Genus ABIETITES Hh;inger. 

ABIE'l'ITES ANGUSTICARPUS Fontaine. 

Pl. CLXIII, Pig. 14. 

1889. Abietites angusticarpus Font.: Potoma~ Plora, Mon. U. S. Geol. Survey, Vol. 
XV, p. 263, pl. cxxxiii; fig. 1. 

A specimen of a narrow cone was found on the horizon 60 feet below 
the Dakota sandstone, at the cliff in the east bank of Oak Creek. 
This is apparently identical in species with the cone of a similar char
acter found in the Lower' Potomac or" Virginia and d~scribed as 
Abietites angusticarpus in Mon. U. S. Geol. Survey, Vol. XV, p. 263, 
pl. cxxxiii, fig. 1. It has the same form with the Potomac plant and 
the same kind of cone scales, which, in their lower portions at least, 
are thin and at the same time are closely imbricated. 

Genus LEPTOSTROBUS lleer. 

LEPTOSTROBUS LONGIFOLIUS Fontaine. 

Pl. CLXIII, fig. 15; Pl. CLXV, Fig. 3. 

1889. Leptostrouus longifolius Font.: Potomac Pl01~a, Mon. U. S. Geol. Survey, Vol. 
XV, p. 228, pl. ci, figs. 2, 3; pl. cif, figs. 1-4; pl. ciii, figs. 6, 6a-e, 7, 7a, 8, 
Sa, 9, 10, lOa, 11, 12; pl. civ, fig. 6. 

This species, described by the writer from the Lower Potomac of 
Virginia in Mon. U. S. Geol. Survey, Vol. XV, pp. 228-230, is one of 
the most common phtnts in Professor Jenney's division,No. 2, of the 
Hay Creek beds. Hardly a specimen at some localities is found with
out imJ?rints of fragments of the leaves, and on some fragments of 
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rocks they are piled upon one another. It is not found at all below the 
horizon 100 feet beneath the Dakota sandstone. "rith only one proba
ble exception the leaves are found unattached to' a stem. They occur 
mostly as scattered fragments and show neither base nor summit. In 
cases where the specimens are very numerous and lie one upon another 
there is no means of determining the original length of the leaves. 
They must, howel'er, have been very long, for some of the fragments 
are 8 em. long. 'The texture was thin, a good deal thinner than that 
of the lea.ves of Pinus. This thinness of texture and the absence of a 
midnerve are the most obvious differences between this plant and Pinus. 

This plant occurs on the horizon 100 feet below the Dakota sandstone 
at the cliff on the north side of Pine Creek, which furnished the 
specimens :figured on Pl. .CLXIII, Fig. 15, and Pl. CLXV, Fig. 3. 
Here it is the most common plant, scattered leaves occuring on nearly 
all the specimens, while on some they are piled up or matted together. 
They occur more rarely on the same horizon, at the cliff on Oak Creek, 
at Robbin's ranch. On the horizon 60 feet below the Dakota, at the 
cliff on the east bank of Oak Creek, they are found also, but not very 
abundantly. The leaves are mostly 1 mm. wide, rarely attaining the 
width of 1.5 mm, Most of the best preserved imprints show, with the 
help of a good lens, a varying number of :fine parallel nerves, looking 
like strh:e, up to the number of 6, which is probably the true ·number. 
Some, however, of the exceptionally well preserved imprints with the 
same help disclose two comparatively strong parallel nerves, one near 
each margin with a fiat space between, in which :fine nerves like tJ:lose 
shown on most of the leaves are visible up to about 4 in number. Heer 
in Fl. Foss. Arct., Vol. VI, Abth. I, Pt. I (Nachtrage zur Juraflora 
Sibiriens) p. 25, has given these last-11amed characters for some of the 
leaves of ~is Leptostrobus rigida. '.rhe character given by Heer was 
not seen in any of the leaves of the Lower Potomac of Virginia, no 
doubt because none of these were as well preserved as are some of 
the Hay Creek specimens. The fact that some only of the Hay Creek 
leaves show the two stronger nerves seems to indicate that these are 
visible as such-that is, as prominent veins-only on the under si<le of 
the leaves, whereas on the upper side, if seen at all, they appear as 
:fine nerves. On some of the best preserved imprints, with the help of 
a lens, these stronger nerves appear to be formed by the close approx-
imation or consolidation of several fine nerves. · 

One of the specimens from the cliff on the north side of Pine Creek 
shows a great number of leaf 'fragments, and among them a number con
verging so as to appear to form or be attached to a short twig. This is a 
feature seen in some of the Lower Potomac specimens. From the great 
number of leaf fragments in some cases, and from the almost total 
absence of attachments of these, they must have been quite deciduous. 
From the additional facts found in the Hay Creek specimens we may 
amend the description of the species given in Mon. U.S. Geol. Survey, 
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Vol. XV, as follows: Leaves thin in texture, showing on the upper sur
face, with the help of a lens, fine parallel nerves np to 6 in number; on 
the under surface 2 stronger parallel veins and between them fine 
nerves up to 4 in number. 

It seems to the writer that some Lower Cretaceous plants described 
under other names should be identifieu with this species. Heer has 
described as .Pinus .Petcrse·ni in Fl. Foss. Arct., Vol. I, Kreideflora, p. 84, 
pl. xliv, fig. 19, a, b, leaves which he gives as being thin in texture, 
about 1 mm. in width, although in fragments showing considerable 
length and having several nerves-in a word; as having most, if not 
all, of the characteristic ·features of Leptostrobus longifoli~ts. This 
plant, coming from .the Kome beds of Greenland, is most probably 
Leptostrobu,s longifolius. Heer gives as Ozelcanowskia dichotoma, also 
from the Kome beds, leaves which he describes in Fl. Foss. Arct., Vol. 
VI, Abth. II, Flora der Komeschichten, p. 14, pl. ii, fig. 12b, pl. iii, fig. 
1, and which h.e identifies with his Sclerophyllina dichot01na. It, how
ever, in its leaves appears a more delicate plant than S. dichotoma, and 
with narrower forms. The leaves do not appear to fork at all, the 
apparent forking, as given by Heer, being due to the fact that the ends 
of some of the apparent branches, really independent leaves, are hid-

. den by the other superposed leaves. The leaves of this specimen are 
exactly like those of Leptostrobus longifolius in their general character 
ancl their arrangement on the stem, as shown in Beer's pl. iii, :fig.1, 
and much like some of the forms of this spec~e~ shown in the Potomac 
specimens, for example, those in pl. cii, figs. 1, 2, or' the Potomac flora. 

LEPTOS1'ROBUS ~ .ALA'l'US Ward n. sp. 1 

Pl. CLXIII, Figs. 16, 17. 

A small winged seed was found on the horizon 100 feet below the 
Dakota sandstone, at "the cliff on the north side of Pine Creek. It 
reminds one of the winged seed obtained from the Brown Jura and 
assigned by Heer to Leptostrobus (see Fl. Foss. Arct., Vol. VI, .A.bth. 
I, Pt. I, N achtrage zur J uraflora Sibiriens, p. 23). The seed now in 
question is about 4 mm. long and less than 2 mm. in width. It is 
elliptical in shape and appears to retain only a portion of the wing, 
showing on the left-hand upper portion a part of it in tb.e form of an 
elliptical projeetionlike a beak. The seed is entire, but the appendage 
is too poorly preseryed to give any reliable indication of its true char
acter. Its true position is quite doubtful, but it may provisionally, and 
for the sake of a name, be placed with Leptostrobus. Leptostrobus 
longifolim,s is the most common fossil at this locality. 

I No specific name was given by Professor E:ontaine to this seed. I have therefore employed the 
leading character in assigning it a name. 

19 GEOL, PT 2--43 
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Genus ATRHOTAXOPSIS Foutaiue. 

ATHRO'l'AXOPSIS TENUICAl~LIS Fontaine. 

Pl. CLXIY. 

1889. Atl11'otaxopsi.s tenu.icaulis Font.: Potomac Flora, Mon. U. S. Geol. Snrvey, Vol. 
XV, p.24l,pl.cxiv,figs.4,4a,5; pl.cxv,figs.4,4a; pl. c:x:vi, fig. 6; pl. cxvii, 
figs. 2, 2a. 

In Professor Jenney's division No.2 of the Hay Creek beds are found 
. some specimens of a codifer th~t agree well w:ith Ath1·otaxopsis tenui
caulis as described by the writer, from the Lower Potomac of Virginia, 
in 1\ion. U. S. Geol. Survey, Vol. XV, p. 241. The fossils are in the form 
of fragments of alternate twigs of varying length, as shown on Pl. 
CLXIV, Figs. 1..:.3. The thickness of these will, on an, average, some
what surpass the average of the Potomac Athrotaxopsis tenuicaulis and 
will lie between it and that of A. grandis. This, however, does not 
seem to indicate a new species, but rather a more vigorous habit of · 
growth for the Hay Creek plants, a feature shown also in the Sequoia 
Reichenbachi, from .these strata. In the Hay Creek beds Athrota.:r:op
sis tenuicaulis occurs on the horizon 100 feet below the Dakota sand
stone rather commonly, but in small fragments at the cliff on the north 
side of Pine Creek. On the horizon 60 feet below the Dakota sand
stone it occurs not very commonly, but in well-preserved large twigs 
at the cliff in the east ban~ of Oak Creek, from which aU the speci
mens here figured were obtained. One of the specimens bears a cone, 
represented' by Fig. 4 of the same plate. 

Genus SEQUOIA Endlicher. 

SEQUOIA REICHENBACH! (Geinitz) Heer. 

Pl. CLXY, Figs. 1, 2; Pl. €LXVI, Fig. 1. 

1842. Aranca1·ites Beichenbachi Gein.: Characteristik d. Schichten u; Petrefacten d. 
sachs.-bohm. Kreidegebirges, Heft III, p. 98, pl. xxhr, fig. 4. 

1849._ Arauca1'ia Reichenbachi (Gein.) Debey: Entwurf. z. einer geogn.-geogenet. Dar
stellnng d. Gegend v. Aachen, pp. 63,· 64 (Nachtrage). 

1868. Sequoia Reicllenbachi ( Gein.) Heer: Fl. Foss. Arct., Vol. I, p. 83, pl. xliii, figs. 
1d, 2b, 5a, 5d, 5dd, 8, 8b. 1 

Fine leafy· branche~ of a Sequoia, having all the characters of S. 
Reichenbachi, occur at the horizon 100 feet below the Dakota sand
stone, at the cliff ~n the north side of Pine Creek, along with the cones 
that probably belong to the same species. 

At the horizon 60 feet below tb'e Dakota sandstone, at the cliff in the 
east bank of Oak Creek, several cones of a similar kind are found. 
These latter are poorly preserved, but they retain character enough to 
justify identifying them with cones of S. Rejchenbachi. 

1 The synonomy here g1ven is only partial, as a complete one would involve the decision of anum
bet· of knotty questions, for whwh this is obdously not the place. The only omission that concerns 
us here is tha~ of Geinitzia cretacea End!., which will be considered a little)ater. 
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The fine, leafy twigs distinguished by Professor Jenney as specimens 
.A. and B are the most complete of the leafy branches. The largest of 
these, specimen A, shows a portion of an ultimate twig that is 15 em. 
long and 3' mm. wide. It has a number of the characteristic curving 
leaves of S. Reichenbachi, which are widest at base and narrow at their 
ends to an acute tip. The longest of these were 16 em. in length. The 
leaves that are retained are attached laterally. The upper face of the 
twigs show occasional elongate elliptical scars left by the bases of the 
leaves that have fallen off. 

The slab marked B by Professor Jenney has been photographed and 
forms Pl. CLXV. Fig. 1, on the l~ft, shows the leafy branch above 
mentioned, while Fig. 2, on the lower right, is the imprint of a small 
cone which may have belonged to the same branch or individuaL All 
across the slab lie the long two-nerved.leaves of Leptostrobus long~

folius Font. (Fig. 3). This specimen is from the clifl' on the north side of 
Pine Creek, 100 feet belo~ the Dakota sandstone in division No.2 ·of 
Professor J e:r;Iney. 

The fine cone given in PI. CLXVI, Fig. 1, comes from the same 
·horizon and locality. It is almost certainly tlte cone of S. Reichenba,chi, 
for it has attached to it a portion of .the twig on whose summit the 
cone was borne, and this has elliptical scars like those seen on the 
upper surface of leafy branches of S. Reichenbachi. Besides, it agrees 
very well with the cones griven by Heer for this species in Fl. Foss. 
Arct., Vol. III, Pt. II (Die Kreide-Flora des Arctischen Zone) pl. xx, 
figs. 1a, 2, 3. The cone scales are, however, longer than those of Heer, 
probably on account of differences in the mode of preservation. '.rhose 
of H eer seem to be com pressed vertically, w bile in the Hay Creek 
specimens they may be elongated by pressure. 

These cones are comparatively large for those. of a Cretaceous 
Sequoia. With the scales closed, this one was probably broadly ellip
tical in shape, having a length of 30-35 mm. and a maximum thick
ness of 20-25 mm. 

SEQUOIA GRACILIS Heer. 

Pl. CLXVI, Fig. 2. 

1874. Sequoia gmciliB Heer: Die Kreide-Flora des Arctischen Zone, K. Svensk. vet.
Akad., Hand!., Vol. XII, No. 6 (Fl. Foss. Arct., Vol. III, Pt. II), p. 80, pl. 
:s.viii, fig. lc; pl. xxii, figs. la, lb, lc, 2-4, 5a-e, 7, 8, 8b, 9, 10, lOb, lOc. 

Sma.Il, round cones of a Sequoia occur sparingly on the horizon 100 
feet below the Dakota sandstone, at the cliff on the north side of Pine 
Creek and at the cliff on the south side of Pine Creek. The specimens 
here figured were obtained at the latter locality. These cones are 
evidently of a different species from those that occur with them, and 
which I have identified with Sequoia Reichenbachi. They are much 
smaller, and are round in shape. One of them is depicted in Fig. 2, Pl. 
OLXVI. They have not been found attached to any leafy branches, 
hence the character of the leaves with which they belong can not be 
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determined. In size, shape, indeed in all features, they agree well 
with the cones that Beer determines as those of S. gracilis, and which 
he depicts in Fl. Foss . .Arct., Vol. III, Pt. II, pl. xxii, figs. 5a, 5b, 5d. 

Leafy branches of Sequoia gracilis have not been identified by the 
writer from the Hay Creek strata, but the plant identified with Spheno
lepidium parceramosti/Jn is not uncommon in the stra~a containing the 
cones now in question. The leaves and twigs of this are so much like 
those of S. gracilis that I would not hesitate to identify these Hay Creek 
fossils with it were it not that the leaves contain a midrib, whereas 
Beer says those of S. gracilis are without it. 

SEQUOIA sp. Fontaine (immature cone). 

Pl. CLXVI, Figs. 3, 4. 

An immature cone of some Sequoia was obtained on the horizon 150 
feet above the Jurassic, at the cliff on the north side of the valley of 
the South ~,ork of Hay Creek. It is 8 mm. long, 6 mm. wide, and nearly 
globular in form. On its surface it shows, rather vaguely, rhombic 
imprints of the character of those made by the terminations of Sequoia 
cone scales. There is nothing to show with what leafy branches it 
belongs. It is shown natural size on Pl. CLXVI, 11,ig. 3, and enlarged· 
two diameters in Fig. 4. 

Genus GEINITZIA Endlicher.1 

GEINI1'ZIA JENNEYI n. sp. 

Pl. CLXVI~ Figs. 5-11; Pl. CLXVII. 

Certain remarkable imprints of the stems of a conifer, which seems 
to be a uew species of the genus Geinitzia, are· found in Professor 
Jenney's division No. 2 of the Hay Creek beds. They occur in smaller 
specimens on the horizon 100 feet below the Dakota sandstone, at the 
cliff on the north side of Pine Creek (Pl. OLXVI, Figs. 5-11), and 
on the horizon 60 feet below the Dakota, at the cliff in the east bank 
of Oak Creek, in larger ones (Pl. CLXVII). The stems leaving the 
imprints were fragments of much larger parts,· for they are broken at 
both ends_ ~nd show no appreciable change in thickness from one end 
to the other.· In no case was any of the vegetable matter of the stem 
or leaf preserved, but an the fossils are in the form of :flattened molds 
of the stem. The molds on their inner surface bear imprints in the 

1 This genus was founded by Endlicher in his Synopsis Coniferarum. 1847, p. 280, to include certain 
forms referred by Geinitz to Sedites and A.raucarites and by Corda to Cryptomeria. .A.mong the for
mer was the AraucaTites Reichenbachi of Geinitz, which Heer in 1868 identified with the living genus 
Sequoia, of which Endlicher was alao the author. Since the latter date this well-known fossil plant 
has been almost uniformly called Sequoia Reichenbachi, and many place Endlicher's Gcinitzia crctacea 
under it as a synonym. Others retain the older forms under Geinitzia, and this has been done by Pro
fessor Fontaine, while still recognizing Seq1wia Reiuhcnbachi. It will lle alluwed to stand thus, 
although it seems to me that the retention of the genus Geinitzia logically car des the S. Reichcnbachi 
with it into that genus as the type, while, on the other hand, the recognition of S. Reichenbachi logic· 
ally abolishes the genus Geinitzia. 
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inclosing shale, which are the reverse of the markings shown on the 
surface of the stem. The molds are so flattened by pressure that ·they 
are almo~t completely collapsed. In splitting the shale the cleavage 
took place along these collapsed molds, so that the imprint on the 
specimen shows the inner surface of more or less than one-half of the 
mold. In some of the imprints both margins of the half mold are more 
or less preserved, so that the original width may be detected, and in. 
some places a -narrow portion of the other half, next to tlw margin, is 
o\ltained, so that one can get an idea of the thickness of the stem after 
its flattening. When we take into co.nsideration ,the considerable 
thickness of some of the stems, as indicated by the width, the amount 
of compression is surprising. · Molds having a width of 15 mm. show a 
hollow only 2 to 3 mm. thick. This indicates that comparatively old 
branches were still soft and succulent. On one of these flattened molds 
may be seen imprints of short portions of the basal parts of a number 
of leaves. These leaves were a portion of those attached to the stem 
on the parts that, in the crushing, formed the margins of the collapsed 
molds, and hence were in the·Iiwst favorable position to be preserved. 

The stems.-In describing the stems I will give first the character of 
the imprints in the shale, and then from these deduce_the nature of the 
markings on the stem that made them. 

The smallest imprint seen of what seems to be a series of stems of 
the same plant, and the one here named Geinitzia Jenneyi, is that 
depicted in Fig. 5 of Pl. OLXVI enlarged two diameters in Fig. 6. It 
is 35 mm. long and 4 mm. wide, being made by a fragment of what 
was originally a much long·er stem. If it belongs to the same plant 
with that making the impressions to be de:5cribed further on, then 
it is the youngest of the series. The imprints of the leaf scars have 
considerable interspaces, but still are pretty thickly set on the imprint 
of the stem. They are rhombic in tbrm, with the greater dimensions 
in the direction of the axis of the stem. Their lateral angles are 
more or less rounded off. The superior angle is acute and the inferior 
one similar in form, but this latter is generally not defined well 
enough to be seen. Toward the upper part of the imprint there is a 
vague indication, on the best preserved imprints, of a furrow run
ning in the direction of the axis of the stem, with a pit, as if made by 
the entrance of the vascular bundle of the leaf. If these imprints were 
stretched at right angles to the axis of the stem, which would occur in 
the case that they are made by permanent leaf scars on stems that 
increase in thickness, they would graduate in shape into the forms 
represented on Pl. OLXVII, Figs. 1, 2. 

PI. OLXVII, Fig. 1, depicts the largest and most complete imprint 
found. It was evidently made by a stem that was much larger and 
longer than that making the imprint given in Fig. 5 of Pl. ULXVI, 
and. apparently was correspondingly older. That it is ~fragment of a 
much longer stem is shown by the fact that it is broken short off at 
both ends, and, although 16 cm.long, shows, from one end to the other, 
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no apprechihle deviation from a width of 15 mm. This is the imprint 
that shows traces of l~aves along the margins. This imprint is thickly 
set with depressions made by leaf scars. These imprints of leaf scars 
are more closely placed' and much larger and more distinct than those 
of Pl. CLXVI, Fig. 5. With the increased thickness of the stem, the 
leaf scars seem to have had their dimensions at right angles with the 
stem increased more than those in the direction of the axis. 

The imprints of the leaf scars shown on this specimen are deep and 
very distinet. In contour they are approximately rhombic, with the 
transverse dimensions slightly greater than those in the direction of 
the length of the stem. The upper margin, however, is a curve, and 
the lower one shows a more or less obtuse angle. The right and left 
ends, or lateral angles, are acute and more or less. drawn out into points 
that are directed downward, as shown in Fig. 2 of Pl. CLXVII, which 
represents an enlarged and restored imprint. Within the depressed 
area forming the imprint of the leaf scar there is a boss or proturber
ance, more or less elliptical in shapP, with its major axis at right angles 
with the axis of the stem. This boss is often distorted by pressure, and 
varies then somewhat in shape, bei11g sometimes even round. The boss 
is bounded by a depressed line or furrow that is slightly deeper than 
tlu3 ·rest of the imprint. From the right and left ends of the furrow a 
similar furrow, one on each side, in perfectly formed imprints, runs 
toward the la~ral angles of the imprint of the leaf scars. But these 
are rarely seen. The boss is placed, not centrally, but somewhat nearer 
the angle of the lower margin of the imprint of the leaf scar. As indi
cated in the best preserved imprints, the original and normal shape of 
the boss and of the furrow which bounds it and determines its form 
wasapproximatelythat of the entire imprint-that is, rhombic-but with 
the difference that the lower angle, instead of the upper, is rounded 
out more or less into a curve. However, as stated, distortion usually 
destroys this form. There are sometimes indications that the central 
portion of the boss was raised into a sort of mamma or teat. 

The imprint given in Fig. 8 of Pl. CLXVI seems to have been made 
by a stem older and larger than that depicted on Pl. CLXVII. Its 
width is abo.ut 15 mm., but one margin is not preserved, so that the 
imprint does not show the true size of the stem. The imprints of the 
leaf scars here are larger and more crowded than in the form repre
sented on Pl. CLXVII, Fig. 1. Owing to their crowding, their upper 
margin no longer shows the curvature seen in that figure, but tends to 
become angular, giving the contour more truly a rhombic shape~ The 
lateral angles are more rounded off, and the lower angle is prolonged to 
form a kind of tail, as represented in Fig. 9 of Pl. CLXVI. Between 
these imprints of scars there are no interspaces, as were still to be ~een 
on the specimen :figured on Pl. OLXVII, but they crowd o.ne another. 
The stem, whose imprint is depicted in Fig. 8 of Pl. CLXVI, must have 
been larger than that :figured on Pl. CLXVII, for it shows a width of 
15 mm., with only one margin preserved. The amount of woody matter 
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in the stems making the imprints must have been small, for in the speci
mens enough of the mold is shown to indicate that it was flattened to a 
thickness of only 2 or 3 mm. This leads us to infer that these imprints · 
could ~ot have been made by cones, and that if by stems they must 
have remained succulent a long time. 

The imprint depicted in Fig. 10 of PI. CLXVI, if not larger than 
that represented by Fig. s, seems to have been older. As one margin of 
the imprint is not shown, we can not determine the true size of the stem. 
The imprint of the stem in this cas,e is rather more than 15 mm. wide. 
The imprints of the leaf scars are larger, more crowded, and more dis
tinct than those of any of the previously described specimens. In their 
shape they show still further modification. The upper inargin is more 
decidedly angular, the tail from the lower angle is nearly or quite oblit
erated and the imprints are more elongated transversely. The scar 
imprints have here more of' the true rhombic form than any of tliose 
described in the preceding pages. The imprints are deep and very dis
tinct. The central protuberance is more distinct than any of the others, 
and the furrows running from its right and left ends to the lateral angles 
of the imprint of the leaf scar are deeper and more sharply defined than 
in any others. 

The imprints described in the preceding account are seen in the rock 
material that surrounded and entombed the original stems. They are 
markings imprinted on the inner surfaces of the collapsed molds, and 
of course in character they are t~e reverse markings on the stems 
which imprinted them. Convexities on the surfac~e of the stems form 
concavities in the surrounding sediment, and, y-ice versa, concavities 
correspond to convexities. It may be conclutled, th~n, that the stems 
forming these fossils had on their surface prominences or cushions 
approximately of rhombic form, but varying in the manner described 
with the age and thickness of the stem. These had within their mar
gins a rim or ridge, also approximately rhombic in form, and this 
inclosed a depressed, transversely elongated area which contained a 
circular, still deeper depression, which was caused· by the entrance of 
the vascular bundle from the leaf into the stem. From the lateral 
angles of the central ridge inclosing the depression there passed, one 
on each side, a raised line or ridge to the lateral angles of the leaf scar. 
These cushions seem to have been permanent, and they were probably 
left by the disarticulation of the leaf bases from the ~:~terns, like the 
scars of Lepidodendron, which they resemble in form. They seem to 
have grown in size with the increasing thickness of the stem which 
bore them and to have become more crowded and pronounced in char
acter._ A comparison of the imprints depicted in the figures given in. 
the preceding seems to show that they were made by stems belonging 
to the same species, and that the differences in their forms are caused 
by the fact that the scars in enlarging with age increased more in their 
dimensions at right angles to the axis of the stems than in the direc
tion of that axis. .At the same time they became more crowded. 
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· The leaves.-Unfortunateiy, no imprints of entire leaves were seen 
attached to the fossils. On the margins of the imprints given on Pl. 
CLXYII there may be seen imprints of SmftU portions of the lowest 
parts of a number of leaves. These imprints indicate that the ]eaves 
that made them are narrow, curved upward, keeled, pretty thick at . 
their bases, and very rigid. In fact the· imprints are such as would. be 
made by leaves sin1ilar to those which Velenovsky gives as those of 
Geinitzia cretacea., and which he has figured and described in Die Gym
nospermen der bohm. Kreideformation, p. 15, pl. viii, figs. 11, 12; pl. ix, 
figs. 1, 2. The leaves referred to are given in pl. ix, fig. 1. 

At first sight the imprints of the leaf scars look, in their general form, 
like Brachyphyllum, but the leaves of that genus have a boss in ~heir 
center instead of a pit. The other markings also are too regular for 
those of B rachyphyllum, and are not of the same pattern. The imprints 
are strikingly like those made by the terminal surfaces of the cone scales 
of some Pinus, but to make them the scales must have stood at right 
angles with tile axis of the cones. This is true of the cones of Geiuitzia, 
which are also long and cylindrical. But the markings on the terminal 
surfaces of the cone scales of Geinitzia are totally different. Besides 
it would seem impossible to compress any cone into the thinness indi
cated by the molds, especially cones with scales at right angles to the 
axis. The forms represented in Fig. 5 of Pl. CI..;XVI and on Pl. 
ULXVII are obviously impossible for con~s. Those given in Figs .. 8 
and 10 of Pl. CLXVI might more probably pass for imprints of cones, 
but they are clearly made by portions of long cylindrical bodies, too 
long for cones. Then, too, the impressions on these are clearly e~sen
tially the same in character as those on PI. CLXVII. The impressions 
made by the leaf scars in thBse stems are so strikingly like those shown 
on fig. 1, pl. ix, of Veleuovsky ,'referred to above, that we can not resist 
the belief that if not of the same genus they must be closely allied to 
it. The resemblance between Velenovsk}'s fig. 1 and Fig. 1 of PL 
CLXVII is essentially strong, extending not only to the shape of the 
imprints of the leaf scars, but also to the depression within it. The 
·same gradation in shape is also indicated. The younger branches of 
Geinitzia C'retacea, as given in pl. ix, fig. 2, of Velenovsky's work, have 
the rhombic imprints with the greater dimensions in the direction of 
the axis of the stem, as in Fig.' 5 of Pl. CIJXVI. Another fact that 
indicates that our plant is nearly allied to that of Velenovsky is the 
number, persistence, and distinctness of the imprints of the leaf scars. 
I know of no conifer except Geinitzia that shows these features. Heer's 
Geinitzia fornwsa shows crowded, persistent r hom hie leaf scars. 

Lesquereux, in his Tertiary Flora, pl. lxi, figs. 28, 29, represents stems 
with crowded, persistent scars of what he calls Sequoia longifolia. On 
pl. lxii, :figs.15-18, he gives representations of stems with similar scars, 
which he caBs Sequoia biformis. These scars closely resemble those on 
our Pl. CLXVI, Fig. 5. On pl. vii, in tig. 19, he gives a Similarly 
marked stem for Abiet-ites d~tbius. All of these plants Schenk states he 
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. regards as Geinitzia. See Zittel's Handbuch der Palreontologie, Abth. 
II, pp. 299-300. On pl. vii, of the above-cited work of Lesquereux, in 
fig. 31, there is a representation of a stem of what he regards as Pinus 
palceostrobus (Ett.) Heer. The scars on this are strikingly like .those 
on the older stems of the Hay Creek plant. 

The resemblance between the Hay Creek forms and Geinitzia is so 
strong .that we are justified in placing them in that genus, at least pro
visionally. As Geinitzia is hitherto known from no strata o~der than 
the Younger Cretaceous, it may be found that our plant is· an ancestral 
form of the true Geinitzia. In that case it would be fittingly named 
Geinitzites Jenneyi. · 

. Genus SPHENOLEPIDIUM Beer. 

SPHENOLEPIDIUM KURRIANUM (Drinker) Beer. 

Pl. CLXVI, Pigs. 12, 13. 

184G. Tltuites ( Cup1·essites ?).K-u1orianus Dunk. : Monograpbie d. norddentscb. Wealden-
bildung, p. 20, pl. vii, fig. 8. 

1846. Lycopodites ? sp. Dunk.: Op. cit., pp. 20, 85, pl. viii, fig. 8. 
18.17. Widd1·ingt~nites Kn1Tiamts (Dunk.) Endl.: Synopsis Coniferarum, p. 272. 
1849. B1·achyphyll1w~? .Ku1'1·ianum (Dunk.) Brongn.: Tableau, p.107. 
1852. JFidd1·ingtonites Haidingeri Ett.: Beitrag z. Flora d. 'Vealdenperiode, Abb. d. 

k. k. geol. Reichsanst., Vol. I, Abth. 3, No. 2, p. 26, pl. ii, fig. 1. 
1852. Amuca1'ites Dunkeri Ett., in pt.: Op. cit., p. 27, pl. ii, fig. 10 (non figs. 2-9). 
1870. ? Amuca1·ites hamatus Trautsch.: Der Klin'scbe S~ndstein, Nouv. Mem. Soc. 

Imp. de Moscou, Vol. XIII, p. 225 (Livraison 3, p. 37), pl. xxi, figs. 3, 3a, 3b, 3c. 
1871. Sphenolepis Ku1·1'iana (Dunk.) Schenk: Foss. Pl. d. nordwestde~tscb. Wealden

formation, Palaeontographica, Vol. XIX, p. 243, pl. xxxvii, figs. 5-8, 8a; 
pl. xxxviii, fig. 1 (non fig. 2). 

1881. Sphenolepidiutn KUT1'ianunt (Dnnlr.) Heer: Con tr. a la Fl. Foss. du Portugal, 
Section des Tr:waux gcologiques du Portugal, p. 19, pl. xii, fig. 1b; pl. xiii, 
figs. 1 b, 8b; pl. xvi, fig. 5c; pl. xviii, figs. 1-8 ( excl. figs. 5b, 5c). 

1881. ~ Thuites Choffati Heer, in pt.: Op. cit., p. 11, pl. x, figs. 7, 8. 

Specimens were obtained of a conifer that can not be distinguished 
from the widely diffused Lower Cretaceous plant Sphenolepidium Kur
'rianum,. They occur on the horizon 100 feet below the Dakota sand
stone, at the cliff on the north side of Pine Creek, rather commonly, 
and sometimes in well preserved branching specime·ns. On the same 
horizon, at the· cliff on the south side of Pine Creek, and the cliff .of 
Oak Creek, at Robbin's ranch, the fossils are rarer and not so well 
preserved. The· best specimens are found on tbe horizon 60 feet below 
the Dakota, at the cliff in the east bank of Oak Creek. Here som'e 
very fine, freely branching specimens were obtained. The scale-like 
leaves of this plant in the Hay Creek beds are a little broader than 
those found in the Potomac, probably indicating a more luxuriant 
growth, which feature is seen in a number of the other Hay Creek 
plants. . 

The specimen represented by Fig. 12 of Pl. CLXVI is from the cliff 
on the north side of Pine Creek, and that by Fig.13 from the shales on 
the south side of Pine Creek 



682 CRETACEOUS FORMATION OF THE BLACK HILLB. 

SPHENOLEPIDIUl\:1 P .A.RCER.A.l\'IOSUM Fontaine. 

Pl. CLXIII, Fig. llb; Pl. CLXVIII, Figs. 1-3. 

1889. Sphenolepidiurn parcerarnosum Font.: Potomac Flora, Mon. U.S. Geol. Survey, 
'Vol. XV, p. 257, pl. cxxix, figs. 7, 7a, 7b; pl. cxxx, figs. 8, 8a; pl. cxxxi, 
fig. 2. 

This plant, also first found in the Lower Potomac of Virginia, occurs 
in the H~y Creek beds. It is confined, like Sphenolepidium K~trr-ianum, 
to the upper member, Jenney's No.2 of the Hay Creek Lower Creta

. ceous, and occurs mostly with that plant and Sequoia Reichenbachi. 
It is found on the horizon 60 feet belo~ the Dakota sandstone, at the 

cliff in the east bank of Oak Creek (Pl. CLXlii, Fig. llb), rather com
monly, and sometimes in fine specimens. On the horizon 100 feet below 
the Dakota, it is found at two localities: Cliff on the north side of Pine 
Creek, from which were obtained the specimens figured on Pl. CI ... XVIII, 
Figs. 1-3, and cliff on the south side of Pine Creek, being rather com-

, mon at the first-named locality ou Pine Creek. 
This plant was described by the writer in Mon. U. S. Geol. Survey, 

Vol. XV, pp. 257-258. It is well characterized by its long, sparingly 
branched, slender twigs, thickly clothed with leaves, of which the later
ally a~tached ones have an ovate or elongate elliptical shape and rather 
long acute tips. They also have a midnerve. The leaves of this plant 
are in shape much like those that Heer has depicted for Sequoia gracilis, 
but are generally more slender. Were it not for the midnerve I would 
conclude that it is that Sequoia, showing only a varietal difference. 
Beer, however, states that Sequoia gracilis has no midnerve in its leaves. 
I would be all the more inclined to identify it with this Sequoia, because 
small, round Sequoia cones, exactly like those of S. gra,cilis, occur with 
it. This plant is highly characteristic of the upper portion of the Lower 
Potomac strata, such as is fouud near Brooke Station, Virginia, which 
group is called by Mr. \Vard the Aquia Creek series. It forms another 
of the plants that indicate a similar geological age for the.Brooke strata 
and Jenney's division No.:.>. of the Hay Creek beds. 

Genus GLYPTOSTHOBUS Endlicher. 

GL YPTOSTROBUS BROOKENSIS (Fontaine) Ward. 

Pl. CLXV, Fig. 4; .Pl. CLXVIII, Fig, 4. 

1889. Taxodimn ( Glyptostrobns) b1·ookense Font.: Potomac Flora, Mon. U. S. Geol. 
Survey, VoL XV, p. 254, pl. cxxii, figs.1, 1a, lb; pl. c:xxiv, tigs. 3, 3a, 4, 4a, 5, 6, 7, 
7a,, 8, 9; pl. cxxxi, flgs. 5, 5a; pl. clxv, figs. 1-3; pl. clx.vi, figs. 4, 4a, 7; pl. clxvii, 
fig. 3. 

1895. Glyptosb·obus b1·ookensis (Font.) vVard: Fifteenth Annual Report U. S. Geo1. 
Survey,pp.359,377,380. 

Several good specimens of this plant, first described by the writer 
from the Lower Potomac of Virginia in l\Ion. U. S. Geol. Survey, Vol. 
XV, p. 254, occur on the horizon 60 feet below the Dakota sandstone, 
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at the cliff in the east bank of Oak Creek (from which the specimen 
here figured on Pl. CLXVIII, Fig. 4, was obtained), along with Ath
rotaxopsis tenuicaulis and SphenolepidiU?n parceramostlm. It occurs 
also, but rarely, on the horizon 100 feet below the Dakota sandstone, 
at the cliff on the north side of Pine Creek, as seen in faint impres
sions on the large slab, Pl. OLXV, Fig. 4. In the Lower Potomac of 
Virginia thit:; form is highly characteristic of the upper or Brooke 
group. Like many of the Hay Creek fossils, the twigs of this conifer 
are a little stouter than those of the same &pecies found in the Lower 
Potomac. The leaves also diverge ratP,er more from· the stem than do 
most of those from the Potomac. This, however, is probably dti.e to 
differences in the modes of preservation. 

Genus NAGEIOPSIS li'ontaine. 

:NAGEIOPSIS LONGIFOLIA Fontaine~ 

Pl. CLXVIII, Figs. 5, 6. 

1889. Nageiopsis long~folia Font.: Potomac Flora, Mon. U. S. Geol. Survey, Vol. XV, 
p. 195, pl. lxxv, figs. 1, 1a, lb; pl. lxxvi, figs. 2-6; pl. lxxvii, figs. 1, 2; pl. 
lxxviii, figs. 1-5; pl. lxxix, fig. 7; pl.lxxxv, rigs. 1,.2, 8, 9. 

In the Hay Creek ~eries detached frag·ments of leaves occur that 
are so much like lrageiopsis long-ifolia that they may, with little hesita
tion, be identified with that species. N. lo1tgifolia occurs in the Lower 
Potomac of Virginia, in some fine specimens. It was described by the 
writer in Mon. U. S. Geol. Survey, Vol. XV, p. 195. The distinctive 
characters of N ageiopsis as compared with Podozamites are found in 
the basal and terminal portions of their leaves; that is, the characters 
that may be seen in the detached leaf. As the Hay Creek specimens 
nowhere show these portions of the leaves, we can not be·certaiu that 
these fragments are N ageiopsis; but the texture, shape, size, and other 
features of the fragments, as well as the nervation, agree so well with 
N. longifolia th~t tbe identification is justified. 

·Sir William Dawson, in his paper on the" Mesozoic floras of the Rocky 
Mountain region of Canada" (Trans. Roy. Soc. Can., Sec. IV,-Vol. III), p. 
6, pl. i, fig. 3, describes a plant from the Kootanie series of Canada 
which lw identifies with Podoza1nites lanceolat·us. This is in most 
respects much like N ageiopsis longifolia, being the termination of a 
leaf. It is hardly possible that this Podozamites has ranged aU over 
the Nortber1~ Hemisphere in its geographical distribution, and from the 
Triassic into the Lower Cretaceous in its geological age. Schenk's 
Zamites Gopperti, also from the Urgonian of the Wernsdorf beds, seems 
to be Jlageiopsis longifoli(t. The form he gives in Die foss. Pflanzen 
der W ernsdorfer Schichten (Palaeontographica, Vol. XIX), pl. iii, fig. 
6 is just what would be seen in N. longifolia if the lower surface of a 
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large leaf be presented uppermost, so that the stem partially hides the 
insertions of the leaflets. -

N. longijolia occurs, so far as yet seen, only at the horizon 150 feet 
above the Jurassic, at the cliff on the north side of the valley of the 
South Fork of Hay Creek, and also at shales under the third sandstone, 
Barrett. It is quite common at the former locality and rather rare at 
the latter. 

Both the specimens figured are from the bed of shales under the 
third sandstone, 5~ to 100 feet above the coal at. Barrett. 

NAGEIOPSIS ANGUSTIFOLIA Fontaine? 

Pl. CLXVIII, Fig. 7. 

1889. Nageiopsis angnstifolia Font.: Potomac Flora, Mon. U. S. Geol. Survey, Vol. 
XV, p. 202, pl.lxxxvi, figs. 8, 9; pl. lxxxvii, figs. ·2, 2a, 3, 4, 5, 5a, 6, 6a;-pl. 
lxxxviii, figs. 1, 3, 4, 6-8; pl. lxxxix, figs. 2, 2a. 

A single leaflet of a plant that appears to be identical with Nagei
opsis angustijolia occurs on the horizon 150 feet above the Jurassic, at 
the shales under the third sandstone, Barrett. This speci~s was 
described by the writer in Mon. U.S. Geol. Survey, Vol. XV, p. 202. 
It is one of the most widely diffused species of the Virginia Potomac 
formation. Although tile leaflet is well characterized, and can hardly 
-be anything but this N ageiopsis, I do not make the identification po~i
tive, as the amount of material is .so small. 

Genus BAIEROPSIS Fontaine. • 

BAIEROPSIS ADIA.N'l'IFOLIA Fontaine. 

Pl. CLXVIII, Fig. 8. 

1889. Baieropsis adi.antijolia Font. : Potomac Plora, Mon. U. S. Geol. Survey, Vol. 
XV, p. 211, pl. xcii, figs. 8, 8a, 9; pl. xciii, figs. 1, 1a, 2, 3; pl. xciv, figs. 2, 3. 

Fragments of detached leaves of a plant which seems to be identi~al 
with Baieropsis adiantijolia _occur not very abundantly in the Hay 
Creek beds, and only at the horizon 150 feet above the Jurassic. This 
plant was found by the writer in the Low.:er Potomac of Virginia, and 
was described in Mon. U. S. Geol. Survey, Vol. XV, p. 211. The Poto
mac specimens yield some forms that are much more complete than 
any found in the Hay Creek beds. Still, as the leaves are of peculiar 
shape and have a lobing not found in any others, and as these J)Oints 
are clearly indicated in the specimens drawn, there does I~;Ot seem to be 
much room for doubt that the Hay Creek forms are really B. adianti
jolia. Most of the Hay Creek specimens do not show the margins of 
the leaves, or, indeed, their shape. On one of these, however, the char
acteristic nervation of B. adiantijolia was visible. This nervation is 
marked by fine but sharply defined and closely placed nerves that fork 
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so as to spread in a fan-shaped manner. In the specimen figured we 
have a more complete fragment of a leaf. It shows enough to indicate 
that the shape of the leaf was the characteristic one of the species 
now in question, and it has in addition preserved, in the right-hand 
lower corner of the leaf, two of the characteristic lobes and teeth of · 
B. adiantifolia. The teeth ar~ not preserved well enough to show the 
spike-like tips in which they terminate. These, however, are hardly 
ever visible, even in the best preserved.Potomac specimens. 

In the Hay Creek beds this plant occurs in a considerable number of 
fragments, at the cliff\ on the north side of the valley of the South Fork 
of Hay Creek, and in one. specimen (that here figured) at the shales 
under the third sandstone, Barrett. 

B.AIEROPSIS, PLURIPARTI1'.A Fontaine¥ 

Pl.CLXVIII, Figs. 9-12. 

1889. Baieropsis plu.ripm·tita Font.: Potomac Flora, Mon. U. S. Geol. Survey, Vol. 
XV, p. 208, pl.lxxxix, fig. 4; pl. xc, figs. 2, 2a, 3, 4, 4a, 5; pl. xci, figs.!, 3, 3a, 4,7. 

Two specimens of a plant that is much like Baieropsis pluripartita 
were found on the horizon 100 feet below·the Dakota sandstone, at the 
cliff on the north side of Pine Creek. B. pluripartita was found by the 
writer in the Lower Potomac of Virginia in fine specimens, and was 
described in Mon. U: S. Geol. Survey, Vol. XV,}). 208. While the Hay 
Creek specimens are quite fragmentary, they show enough to strongly 
indicate their identity with the Potomac species. We may rely more 
fully on conclusions drawn from a small amount of material in the case 
of such leaves as this than where leaves are concerned that belong to 
a type common to many different plants. Still, as we have ouly two 
imperfect specimens, I make the identification doubtful. 

Genus CZEKANOWSKIA Beer. 

CzEKANOWSKIA NERVOS.A Beer. 

Pl. CLXIX, Figs. 1, 2. 

1881. Czekanowskia nervosa Heer: Contr. ala Fl. Foss. du Portugal, Sect. des Trav. 
Geol. du Portugal, p. 18, pl. xvii, figs. 5, 5b, 6, 7a, 8, 10, lOb, 11, llb. 

A fossil not to be distinguished from Beer's Ozelca,nou'skia nervo8a~ 
first found in the \IVealden of Portugal, occurs in the lower members· 
of the Hay. Oreek series, Lower Cretaceous. It is found not rarely. 
A good many fragments are found on the horizon 150 ·feet above tlie 
J uras,sic, in shales under the third sandstone, Barrett. On the horizon, 
50 feet above the Jurassic, in carbonaceous shales, Webster's Ranch, 
it is common, occurring there in better preserved and more complete 
forms than at the higher horizons. The two specimens figured. were 
found at this locality. The leaf of this plant is of the Baiera type, 



686 CRETACEOUS FORMATION OF THE BLACK HILLS. 

and 1 think it, as well as Heer's plant, is a true Baiera. Heer describes 
his forms in Contr. a. la Flore Foss. du Portugal, p. 18. The descrip
tion that Heer gives applies to' the Hay Creek plant, viz, the leaves are 
divid~d into lacinim in a dichotomous manner. The lacinim are from 
1 to 2 mm. wide and have several nerves. The figures of Heer repre
sent that the leaf had at base a single. narrow lacinia, and this; by 
repeated dichotomous subdivision, gave origin to the leaf. The basal 
lamina, as in the Hay Creek plants, probably passed downward into 
a petiole. Heer's figures represent the lacinim more crowded together 
and looking as if the leal had been stretched by pressure in the direc
tion of its length. In the Hay Creek specimens the pressure seems to 
have operated to spread out the lobes. Heer's fig. 11 of pl. xyii repre
sents the specimen of his plant that is nearest to our forms. He says 
of the nerves of his plant that they are distinct, but in the Hay Creek 
specimens they are seen with difficulty. Probably this distinction is 
caused by differences in the mode of preservation. The ultimate lacinim 
of the Hay Creek plants are only 1 mm. in width, and it is possible that 
the subdivision was carried further than was seen. 

The shale of the two localities furnishing this plant, although given 
by Professor Jenney as separated by 100 feet of strata and as occurring 
at different places, is strikingly alike, being very fine grained and 
fissile, the substance of the plant peeling off from the stone l'ike paper. 
It preserves the plants well, and additional'collections should be made 
from it. 

Genus CEPHALOTAXOPSIS Fontaine. 

CEPH.AL01'AXOPSIS M.AGNIFOLIA Fontaine. 

Pl. CLXIl~ Fig. 1b; Pl. CLXIX, Figs. 3, 4. 

1889. Cephalotaxopsis 1nagnijolia Font.: Potomac Flora, Mon. U. S. Geol. Survey, 
Vol. XV, p. 236, pl. civ, tigs. 4, 5; pl. cv, figs.l, la, lb, 2, 4; pl. cvi, :figs.l, 
la, 3; pl. cvii, :figs. 1, 2, 4, 4a; pl. cviii, :figs. 1, 3, 4. · 
' 

Leaves that are identical with those of Cephalotaxopsis m.agnifolia, as 
described in Mon. U. S. Geo1. Surv., Vol. XV, p. 236, from the Lower 
Potomac of Virginia, are found sparingly on the horizon 150 feet above 
the Jurassic, at the cliff on the north side of the Valley of the South 
Fork of Hay Creek, and in shales under the third sandstone, Barrett. 
They ar~ found also on the horizon 100 feet under the Dakota, at the 
cliff on the north side of Pine Creek. At these localities they are by 
na means common. vVith the larger leaves, corresponding to those of 
C. m.agnifolia, are others that agree better with those of C. ramosa. As, 
however, none of the leaves are attached to st$ls, the data are not suf
ficient to justify their separation into two distinct species. The prob
·abilities, however, are that two species are '1?reseut. The leaves of 
Cephalotaxopsis seem to have been drifted some distance. As the nut
like fruit Ca'I"J)olithus ,montium-nig'roruim occurs at the same locality 
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with these leaves, and as this is much like 0. jasciculatus, which is 
found in the Potomac strata with many fine specimens of Cephalotax
opsis, and as also Cephalotaxus has similar fruit, it is probable that 
this Carpolithus is the fruit of some Uephalotaxopsis. · 

The specimens represented on Pl. CLXII, Fig. lb, and Pl. CLXIX, 
Fig. 4, are from the north side of the valley of the South Fork of Hay 
. Cre'ek, 2~ miles west of Barrett. The other specimen (Pl. CLXIX, 
Fig. 3) is from the shales under the third sandstone above the coal at 
Barrett. 

MALE AMENT OF A CONIFER. 

Pl. CLXIX, Fig. 5. 

A small ament was found on the horizon 150 feet above the Jurassic, 
at the cliff on the north side of the valley of the South Fork of Hay 
Creek, which is probably the male ament of some conifer. It is quite 
well preserved, and shows a length of 1 em., with a width of 4 mm., 
including the deflected bracts. The form is cylindrical, with both ends 
obtuse. The bracts on the· upper face are mostly removed, being taken 
off in the splitting of the shale along the plane of the arnent. Hence 
the axis is exposed for most of its length. It is· comparatively stout. 
The lateral bracts are preserved, and show comparatively long and 
slender tips~ which are strongly deflected. 

Subdivision. ANGIOSPERMAE. 

Class DICOTYLEDON£.£ (Dicotyledons). 

In the Lower Cretaceous series of the Hay Creek region dicotyledons 
occur only in the hfghest portion in Professor Jenney's division No.2. 
In the strict confinement of this type of vegetation to the upper portion, 
the Hay Creek Lower Cretaceous differs from the Lower Potomac, as 
shown in Yirginia. This latter formation shows in its older portion a 
few dicotyledons of peculiar archaic type, unlike anything found in the 
Hay ·creek Lower Cretaceous, or in that of any region. There is, how~ 
ever, a marked resemblance between the Bay Creek dicotyledons and 
those of the upper Brooke beds of the V-irginia Potomac. In both 

· cases the type of dicotyledons is more modern in facies than the 
element found in the older beds of the Lower Potom.ac. At present it 
is impossible to say whether or not there is really a difference in the 
occurrence of dicotyledons in these two widely separated terranes of 
L~wer Cretaceous. The collections made thus far in the Hay Creek 
region are very scanty, and it may be true that more persistent search 

. will disclose dicotyledons of ancient type in the lower Hay Creek beds. 
It is from these beds that the collections are most scanty. Conclusions, 
based on the failure to find. certain forms, are at best uncertain, and 
they are espeeially so when the collections can 'not be taken as fairly 
representing·the flora. 
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In the case of the Hay Creek Lower Cretaceous flora we may fairly 
conclude that dicotyledons were relatively not very abundant on any 
horizon, and, granting that they existed in the time of the deposition 
of the lower beds, they formed proportionally a much smaller element 
of the vegetation than during the era of the formation of t.he upper 
strata. The collections show that even in division No. 2 the ferns and 
conifers far surpassed the dicotyledons. The case is very different 
when we pass above No.2 into the true Dakota formation. Here coni
fers, cycads, and ferns become insignificant in null)bers, and dicotyle
dons attain an overwhelming predominance. The facts that are 
indicated by the Hay Creek dicotyledons, so far as' the evidence now 
attained goes to show, are similar to those made out from the study of 
the Lower Potomac beds. Dicotyledons of modern aspect appear in 
some force in the Ut~per strata of the Hay Creek Lower Cretaceous, but 
they do not form the dominant element in the flora. 

_Fa?UilY FAGAOE.M (Beech and Oak farnily) 

Genus QUEROOPHYLLUlVI PontaJne. 

QUERCOPHYLLU::'II WYOlVUNGENSE n. sp. 

P. CLXIX, Fig. 6. 

A fragment of a small dicotyledonous leaf was found on the horizon 
100 feet below the Dakota sandstone, at the cliff on the north side of 
Pine Creek. The fragment shows intact the left side of the base, a 
lobe, and the sinus between this and the next higher lobe, which is 
only partially preserved. The indications are that this latter is similar 
in character to the Jowest lobe, which is fully preserved. The basal 
portion of the leaf is rounded off and passes into the lowest lobe with 
a considerable convexity in the margin of the leaf. The lobe that is 
preserved is oblong, with an elliptical-shaped tip that is turned slightly 
outward away from the midrib. One of the primary veins of the leaf 
passes into this lobe to its tips. The sinus between this and the next 
lobe forms a narrow, acute, inverted triangle. A similar primary nerve· 
passes into the second partially preserved lobe. The upper portion of 
this latter lobe and of the leaf, as well as nearly all of the right-hand 
half of the leaf, ar~ wanting. Not enough of the leaf is preserved to 
:fix its true position. It may belong to any· one of several genera. · As, 
however, it seems to be nearer some of ~he forms of Quercus than to any 
other genus, I place it provisionally in the allied genus Quercophyllun:i. 
It should be noted that it has the facies of a recent type of leaf. Its 
importance as a fossil lies in the fact that it is distinctly a dycotylerlon 
that is different from the others found in the Hay Creek Lower Creta
ceous, ar~d that the archaic features are not shown in it. 
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Family ULMAOE.AG (Elm family). 

Genus ULMIPHYLLUM Fontaine. 

ULMIPHYLLUM DENSINERVE ll. sp. 

Pl. CLXIX, Fig. 7. 

A fragment of a small leaf quite different from the other Hay Creek 
dicotyledons.was found on the h.orizon 100 feet below the Dakota sand
stone, in the Carbonaceous shales at Rollin's tunnel. It is 2 em. long 
and 11 mm. wide, with but little variation in the width from end to end. 
The entire leaf was probably oblong in shape, or lanceolate. The leaf 
texture seems to have been firm and durable, and the nerves are but 
faintly shown. The midrib is slender. The secondary or lateral veins 
go off from the midrib almost at right angles. They are parallel, placed 

• at equal distances, and slightly .arched in the middle, with their ends 
directed toward the end of the leaf. They are all of equal strength 
and are placed about 1.5 mm. apart. No nervation other than the mid
rib and lateral veins was seen. 

The general aspect of this leaf is much like that of a fern of the 
Angiopteridium type, and it resembles some of the piunules of Angiop
teridium strictiner·ve, as, for example, that given in 1\ion. U. S. Geol. 
Survey, Vol. XV, pl. xxix, fig. 8; but this leaf has a much slepderer 
midrib, and the lateral nerves do not fork. Besides, these nerves have 
the appearance of the nerves of a dicotyledon rather than of a fern. 

Not enough of the plant has been found to determine positively its 
true position. It may belong to anyone of several genera of dicotyledons. 
The nerves are closer thau is usual in dicotyledons of this type. It is 
perhaps nearest to Ulmus, and I place it provisionally in the allied 
genus Ulmiphyllum. 

' 

Family MORAOEJE (Mulberry and Fig family). 

Genus· FICOPHYLL UM Fontaine. 

FICOPHYLLUM SERRATUM Fontaine. 

Pl. CLXIX, Fig. 8. 

1889. Ficophyllurn serratum Font.: Potomac Flora, Mon. U. S. Geol. Survey, Vol. XV, 
p. 294, pl. cxlv, fig. 2; pl. cxlix, tig. 9. 

Ficophyllurn serraturn was found in the Lower Potomac of Virginia 
and described by the writer in Mon. U.S. Geol. Survey, Vol. XV, p. 294, 
pl. cxlv, fig. 2; pl. cxlix, fig. 9. A fragment of a dicotyledonous leaf 
was obtained in division No.2 of the Hay Creek beds that so strongly 
resembles this that it may safely be identified with it. The fossil now 
in question occurs on the horizon 60 feet below the Dakota sandstone, 
at the cliff in the east bank of Oak Creek. Only one specimen was 

10 GEOL, PT 2--44 
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found. It shows a portion of the lower part of the midrib and a large 
part. of the right-hand half of the leaf. The fossil indica~es a leaf of the 
same size and character as that shown on pl. cxlix in fig. lJ of l\1:on. 
U. S. Geol. Survey, Vol. XY. The tendency to form double teeth 
seen in the leaf depicted in fig. 9 does not appear here. That, how-
ever, is not a persistent feature in the Potomac plant. · 

Fan:1.ily SAPINDAOE~ (Soapberry family). 

Genus SAPINDOPSIS Fontaine. 

S.A.PINDOPSIS v .A.RI.A.BILIS Fontaine. 

Pl. CLXIX, Fig. 9. 

1889. Sapindopsis variabiUs Font.: Potomac Flora, Mon. U. S. Geol. Survey, Vol. 
XV, p. 298, pl. eli, figs. 1, 1a; pl. clii, figs. 1, 4, 4a; pl. cliii, fig. 3; pl. cliv, 
figs. 2-4, 4a; pl. cl v, figs. 2-5. 

Sapindopsis variabilis was first found by the writer in numerous well· 
preserved specimens in the upper or Brooke group of beds belonging 
to the Lower Potomac. It is described in Mon. U. S. Geol. Survey, 
Yol. XY, pp. 298-300. It is highly characteristic of the upper portion 
of the Lower Potomac in "Virginia, and great numbers of its fossils are 
found at some localities. It is by far the most common dicotyledon at 
the localities where it occurs. 

Precisely similar leaves occur in division No. 2 of th~ Hay Creek 
beds. They are found on the horizon GO feet below the Dakota sand
stone, at the cliff in the east bank of Oak Creek, where it is the most 
abundant dicotyledon, and is quite common, and where the specimen 
here figured was obtained. Jt,is, in fact, the only abundant dicotyledon 
in the Hay Creek Lower Cretaceous. It occurs also on the horizon 100 
feet below the Dakota sandstone at the cliff on Oak Creek, at H,obbin's 
ranch. Here it is found sparingly, but in well-preserved forms. This 
plant is a valuable one for the determination of the age of the beds in 
which it occurs, for it has a number of features that render it easy to 
identify, and which cause it obviously to differ from others. . The 
leaves have a t.hiek, very durable texture, that causes them to he much 
better preserved than most dicotyledons. The odd-pinnate leaves, 
owing to the persistence of the leaflets at their summits, frequently 
show them attached, and sometimes even the terminal leaflets. The 
nervation is strongly marked and characteristic. Indeed, these leaves 
can hardly be mistaken for others. It is significant to find that this 
plant, which is the most abundant in the Brooke group of the "Virginia 
Lower Potomac, is the most common dicotyledon in the upper member 
of tlie Hay Creek Lower Cretaceous. As indicating similarity of age, 
such a pl.ant is much more important than any single species, which is 
vaguely characteristic and represented by few individuals. This Sapin
dopsis is "at home" and well established in the upper portion of the 
Lower Cretaceous of both the Hay Creek region and of "Virginia. 
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MALE AMENT OF .A. DICO'l'YLEDON ~ 

Pl. CLXIX, Fig. 10. 

A. male ament or catkin of what was probably some dicotyledon was 
obtained on the horizon 150 feet above the J uras::sic, at the cliff on the 
north side of the valley of the South Fork of Hay Creek. This differs 
from the compactly built, chaffy a.ments ascribed to conifers. It has a 
length of about 1 em. and a width of about 3 mm. The axis is slender 
and shows remotely placed bracts scattered along it. The bracts are 
slender and have long slender tips. For the greater portion of their 
length they are coiled up like a watch spring; Its true place is doubtful. 

These few species are all the possible dicotyledor;ts foun'd thus far in 
the Hay Oreek Lower Cretaceous. 

INCERrr£ SEDIS. 

FRUITs.· 

The following fruits have not been found connected with any foliage 
in a way to indicate where they belong in the various groups established 
from stems and leaves. It is quite possible that some of them should 
be placed in species described in the preceding pages. 

Genus CARPOLITHUS Artis. 

C..A.RPOLITHUS F..A.scrcuL..A.TUS Fontaine. 

Pl. CLXIX, Figs. 11, 12. 

1889. Garpolithusjasciculatus Font.: Potomac Flora, Mon. U.S. Geol. Survey, Vol. XV,_ 
p. 265, pl. cxxxiv, :fig. 1. 

On the horizon 150 feet above the Jurassic, at the cliff on the north 
side of the valley of the South Fork of Hay Creek, a single imprint, 
as from a nut-like fruit, was obtained. This in shape and size is iden
tical with one of the fruits of Carpoli-thus fasciculatus from the Lower 
Potomac of Virginia. This species was described by the writer in Mon. 
U.S. Geol. Survey, Vol. XV, p. 265, pl. cxxxiv, :fig.1. Oarpolithusjasci
culatus, as found in the Potomac of Virginia, shows a group of n~t-like 
fruits borne on a common stem. The fruit now in question agrees well 
with the single nuts of the Virginia plant. As Oephalotaxus has a 
plum-like fruit, two or three in a head, and as Oephalotaxopsis rnagni
folia occurs at this locality, this fruit may belong to the latter. Nagei
opsis longifolia also occurs at this locality, and the fruit now described 
may belong to it. _ 

The genus Nageiopsis,. which is abundant in the Lower Potomac of 
Virginia, and highly characteristic of it, was established by the writer 
for certain leaves and leafy branches that agre~d closely with the 
jiving genus Nageia Gaertner, generally regarded as a subgenus of 
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Podocarpus Endlicher, now surviviug in the East Indies and Japan. 
When the description of the genus was written I had not seen either 
the foliage or fruit of Nageia. Since that time, however, through the 
kindness of a friend in Japan, specimens of both have been obtained. 
My conclusion as to the close resemblance of the foliage of Nageia and 
and N ageiopsis has been strongly confirmed. by an inspection of these. 
The fruits of the living N ageia are so much like some of those of the 
Lower Potomac of Virginia, which I descri.bed as belonging to the 
groups Carpolithus and Cycadeosperruum, especially the latter, that I 
think it quite probable that some of the Carpolithus forms and perhaps 
all of Cycadeospermum are fruits of N ageiopsis. It is true that most 
of the Nageias have single nut-like fruits, but Nageia Blumei Endl. 
(Podocarpus Blumei Endl.) is described as having its fruit, after the fall 
of the floral leaves, grouped in bunches at the ends of the branchlets. 
Hence it may be that even branched nutlets, like those of Carpolithus 
fasciculatus .may belong to ·N ageiopsis. 

Fig. 11 of Pl. CLXIX shows this. nut natural size, and Fig. 12 is 
enlarged 2 diameters. 

CARPOLITHUS MONTIUM-NIGRORUM. Ward n. sp.1 

Pl. CLXIX, Fig. 13. 

A nut-like fruit, which is probably a new species of Carpolithus, was 
obtained on the horizon 150 feet above the Jurassic, at the cliff on the 
north side of the valley of the South Pork of Hay Creek. It is ovate 
in shape, 15 mm .. long) and, including the rind or margin, 10 mm. wide 
at the widest part, which is close to its base. It has a distinct wing
like margin, which is flat, while the body of the seed is strongly con
vex, indicating that the margin was thinner than the seed proper. In 
shape and size it resembles Oycadeospermum spatulatum Font., of th~· 
Lower Potomac of Virginia. This latter was figured in Mon. U.S. Geol. 
Survey, Vol. XV, pl. cxxxv ,-figs. 11, 21. The Potomac fruit, however, has 
no wing, and is a thinner seed with a less firm texture. This seed may 
be the fruit of Cephalotaxopsis magnifolia Font., for this plant occurs at 
this locality, and the fruit of Cephalotaxus is fleshy, with a hard woody 
seed within. 

The figure shows.the specimen natural size. 
'> 

CARPOLITHUS BARRENSIS Ward n. sp.2 

1. CLXIX, Figs. 14, 15. 

The fossil here named Carpolithus barrensis was obtained on the 
horizon 150 feet above the Jurassic, at John Barr's tunnel. It has an 
ovate shape and is 9 mm. long, with a maximum width at its lower 
portion of about 4 mm. As it leaves a pretty deep imprint in _the shale, 

J Professor Fonta\ne in his manuscript designatfls this form by a name that i1ad been twice used 
before and therefore it was necessary to change it. 

2Tbe name that Professor Fontaine gave this form in his manuscript has already been given to 
three different objects by different authors. .A.s it was found at Barr's tunnel it may be called 
0. barrensis. 
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it was probably quite thick and :firm in texture. It is a go~d deal like 
Carpolithus virginiensis Font~, but it is more elliptic in form than that 
and proportionally narrower, and had apparently a less woody texture. 
It may prove identical with the seed of Araucarites wyomingeJisis, but 
the differences seem to justify its doubtful separation as a new snecies. 

Fig. 15 is enlarged 2 diameters. 

CARPOLITHUS VIRGINIENSIS Fontaine. 

Pl. CLXIX, Fig. 16. 

1889. Oa1]JOlithus .vi1·giniensis :E'ont.: Potomac Flora, Mon. U. S. Geol. Survey, Vol. 
XV, p. 266, pl. cxxxiv, figs. 11, lla, 12, 13, 14, 14a; pl. cxxxv, figs. 1, 5; 
pl. clxviii, figs. 7, 7a. 

Several detached nut-like seeds were found on the horizon 100 feet 
below the Dakota sandstone, at th-e cliff ori. the north side of Pine 
Creek. They are not attached to a stem, as were some of the forms of 
Carpolithus virginiensis, which were found in some ahundance in the 
Lower Potomac of Virginia, and described in Mon. U. S. Geol. Survey, 
Vol. XV, p. 266, but they resemble strikingly the detached seed of this 
plant. The resemblance is strong enough to justify the identification 
of the Hay Creek seed with those of the Potomac.. Like the Potomac 
seeds, those of Hay Creek seem to have had a firm woody texture. 

· One of the seeds has a short pedicel, indicating that it was attached 
to a stem after the manner of the Poto.mac specimens. 

The :figure shows one of these see~s natural size .. 

C.A.RPOLI'l'HUS F<ENARIUS Ward n. sp.1 

Pl. CLXIX, Figs. 17, 18. 

This is a narrowly elliptical or fusiform seed, occurring in the strata 
at the junction of the Jurassic with the Cretaceous at Lon Cottle's 
ranch. It is 5 mm. long, with a maximum width of 1.5 mm. It has 
attached to it what looks like a portion of a wing. Possibly this is an 
abnormal seed of Araucarites wymningensis, but more probably it is 
the seed of a different species of Araucarites, as it is proportionally too 
narrow for A. tvyomingensis. • ' 

Fig. 17 of Pl. CLXIX represents it natural size, and Fig. 18 enlarged 
2 diameters. 

Genus FEISTMANTELIA Ward n. gen. 

FEISTMANTELIA OBLONG A. Ward n. sp. 

Pl. CLXIX, Fig. 19. 

Fusiform or cigar-shaped markings.~Oertain peculiar oblong and 
fusiform markings are found not rarely on the horizon 100 feet below 
the Dakota sandstone, at the cliff on the north side of Pine Creek. 

1 The name given to this form by Professor Fontaine in his manuscript was preoccupied. The one I 
J:.aye chosen is deri \·ed from the Latin word for bay, in Yague allusio~ to the Hay Creek coal fielrl. 
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They appe~r on the surface of the rock as convex forms that are casts 
of concave shapes that existed apparently on woody stems of consider
able size in the cambium layer under the bark. They are not arranged 
in a strictly definite manner or with unvarying pattern. They have 
their longer dimensions in the direction of the length of the stem on 
which they occur, and are arranged mostly in interrupted rows, with 
the individual markings more or Jess en echelon, with their ends some
times overlapping. Sometimes they are close together and touch for 
most of their length. Some are curved, but most of them are straight. 
These markings have a sufficiently constant and definite character to 
enable one to recognize them at a glance. They occur only at certain 
horizons. Hence we must infer that they are not the results of mere 
accident.· Another fact that gives them significance is their occurrence 
in the same way and with the same shapes in the Lower Potomac of 
Virginia. In this they are found on the same horizon at Fredericks
burg and at Cockpit Point. I can offer no satisfactory explanation of 
them,_ but they are worthy of description, for they clearly belong to 
the wood of a particular kind of tree occurring only in the Lower 
Cretaceous on a definite horizon. 

NoTE.-The above was Professor Fontaine's description of these objects, and Fig. 
19 of Pl. CLXIX is a ·fairly good illustration of their appearance. I was with 
him when the specimens of this plant referred to by him from Cockpit Point, on the . 
Potomac River, in Virginia, were found on the occa~:~ion of our visit to that locality 
on July 27, 1893, and the specimens we then collected now lie before me, as do also 
those from the Hay Creek coal field. Professor Fontaine states that others were 
obtained from Fredericksburg, but these I have not seen. The Fredericksburg 
horizon is the same as that of Cockpit Point, viz., his Fredericksburg or my Rappa
hannock series of the Potomac formation. 

In addition to these three localities, I last summer found the same plant in the 
Cheyenne sandstone of Kansas. It is quite abundant in what Professor Cragin has 
called the Lamphier shales, and also occurs in the more carbonaceous portions of 
his Stokes sandstone. Referring to my notes, I find first the mention of broad stems 
resembling bamboo and subsequently of these peculiar" cigar-shaped markings iden
tical with those from the Black Hills and Cockpit Point," so associated with the 
broad bamboo-like stems "that it was easy to be sare that they belong to the stems 
and occur in the interior as a part of the internal structure." These specimens are 
now in temporary storage and I can not confront them with the others, but I was 
too familiar with them to have been mistaken, as the Cockpit Point specimens had 
greatly interested me and led me to make a prolonged search for similar objects pre
viously figured by other authors. I will now give' the result of that investigation 
supplemented by some later discoveries. 

Of all the :figures thus far found that which Feistmantel gives in his Flora of Kach 
(Foss. Fl. Gondw. Syst., Vol. II, Pt. I, 1876, pl. x, fig. 2) comes the nearest to the 
American forms. In fact, it is substantially identical and must represent the same 
genus. It is for this reason that I dedicate this new genus to .the late Dr. Ottokar 
Feistmantel, for· whom, notwithstanding his numerous and important contributions 
to paleobotany, no genus of fossil plants has been named, an.d very few species. 

Of this plant Feistmautel, on page 61 of the work quoted, says: 
"Portion of a stem of a coniferous plant.-The specimen which I have figured 

here seems to me to be undoubtedly a fragment of the stem of a coniferous plant. The 
scars, it is true, remind one very much of a lycopodiaceous plant, but no Lycopo-
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diacere have been found anywhere in Mesozoic strata. The scars are spirally dis
posed, oblong, with the broader portion above, where, I believe, leaves were inserted. 
The lower portion is narrower and elongate, but no other structure is to be seen. If 
we compare these specimens, however, with stems of living coniferous plants, we 
shall find that the structure of the young branches is similar. But to describe and 
determine them more exactly is, I believe, not possible, because it is always very 
difficult to recognize a plant only from a fragment of the stem. We can only say 
that the stems belong, perhaps, to one of the coniferous plants found in the same 
locality, and two especially may be suggested, the Pachyphyllum, or the plant to 
which the scales I shall next describe belonged. I believe this stem can not be 
referred to Echinostrobus Schimp., as the leaves are quite different.'' In the 
description of the plate of fig. 2 he simply says: u Stem of a coniferous plant, with 
leaf scars.-From Kukurbit." 

Next to this in point of similarity to our forms I place three figures of Stokes aurl 
Webb in their report on Mantell's collection from the Tilgate Forest in Sussex 
(Wealden), contributed to the Geological Society of London and published in its 
Transactions in 1824 (Trans. Geol. :::loc. London, 2d Ser., Vol. I, pp. 421-424, pl. xlv
xlvii). These are the figs. 8 of pl. xlvi and figs. 4b and 4c of pl. xlvii, all of which 
are regarded as parts of t4eir Clatlwaria anornala, and the first of them is still included 
by Soward (Wealden Flora, Pt. II, p.123) in Bucklandia anomala, which is the modern 
name of that same plant. It is gen~rally admitted that these are the piths of cycad
can trunks, and for this class of objects Saporta proposed the name Cycadeomyelon 
(Plantes Jnrassiques, Vol. II, p. 331). 

Saporta did not, however, deal with the English \Vealden forms, and only included 
under his new genus so much of the plant described by Schimper (Traite de Pal. 
Veg., Vol. II, p. 183) under the designation Clatlwaria liasina as related to certain 
pith casts found at Hettanges near :Metz. Schimper thought that these objects rep
resented the woody cylinder of cycadean trunks (he does not say the medulla), and 
he suggested that they might belong to OtozarnUeB rnajor. He did not figure any of 
the specimens, and the only figure I hn.ve seen of this plant, which Saporta called 
CycadeornyelonhettangenBe, is that of the Plantes Jurassiques, VoL II, Atlas, pl. cxix, 
fig. 5. This also presents a remarkable similarity to the American Lo.wer Cretaceous 
forms under consideration, and I was nt first tempted to refei· these to Cycadeomyelon 
and class them with the Cycadales; bnt certain weighty considerations deter me 
from ·this course. 

The only other figures that I have thought it worth while to compare are those of 
Germar's Ornphalomela Bcabra (Palaeontographica, Vol. I, pl. iii), which are without 
much doubt pith casts of cycads, and were referred by Schimper.to Clathraria and 
called Clathm1·ia? Germa1·i (Traite, Vol. III, p. 554). The markings here are quite 
different from those heretofore considered and approach more closely to those seen 
on the medulla of other cycadean trunks of which we have knowledge, some of which 
are described in this paper ( cf. Cycacleoidea Stillwelli, supra, pp. 636, 637, Pl. CXLIX), 
and others elsewhere (see Proc. Bioi. Soc. 'Vashington, Vol. XI, p. 13). 

The principal objection to· regarding the American forms as distinct from Cyca
deomyelon and for seriously doubting that they rea1ly represent the medulJa of 
cycadean trunks is that the markings appear in all cases to be on the inner wall of 
the hollow cylinder of some vegetable trunk, and not on the outer surface of the 
medullary axis, i. e., in precisely the reverse position from those of Cycadeomyelou. 
In the case of the Indian plant, although Feistmantel supposed that the markings 
were leaf scars on the surface of coniferous stems, there is nothing in his figures to 
negative the idea that they might be internal. He speaks as if he had considerable 
material, and this question could perhaps be settled by an examination of it. In 
many of our specimens it would be difficult to decide whether the scars occupied 
an outer or an inner surface, and Professor Fontaine, in his description given above, 
does not clearly indicate what his view of the matter is by saying that "they appear 
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on the surface of the rock as convex forms that are casts of concave shapes that 
existed apparently on woody stems of considerable size in the caml,ium layer under 
the bark." This, it seems to me, might admit of either interpreta.tion. As I now 
examine the specimen figured by him I think I see evidence that the projections 
were inward, and other material that he did not figure confirms this impression. 
The specimens from Cockpit Point present the same difficulty, but one of these pretty 
clearly indicates that it forms the thin edge of a flattened hollow due to pressure, 
::mel represents itself the investing layer of whatever may have once occupied this 
hollow space. Put with this my observations in Kansas, which left no doubt in my 
mind that the bamboo-like stems on parts of \vhich these markings occur were the 
interior parts of large hollo.w trunks, and the evidence becomes strong that our plant 
is not a Cycadeomyelon or any other'' myelon" or pith, hut part of a hollow mold 
with the elevations directed toward the center of the trunk. 

The species of Feistmantelia will d~pend chiefly on the shape of the elevations. 
Those of Feistmantel's figure are decidedly fusiform, with the upper end of the 
spindle much larger. That form may therefore be calle<l Feistm.antelia .fusiforrnis. 
His statement that they are "spirally dispose<l" is scarcely justified by the figure, 
but here, as in all other cases observetl by me, they are alternately disposed, i.e., 
lying si<le by side, but each one beginning and ending at a different point from its 
neighbor, which is a characteristic feature of' Cycadeomyelon, and strongly suggests 
a connection with the me<lullary rays. The Cockpit Point specimens l1ave some of 
the half-reliefs somewhat fusiform, but often simply oblong, L e., half cylinders 
abruptly rounded at the ends. This latter is almost the only form preserved by the 
Hay Creek specimens, and on this account I have preferred the specific name oblonga. 

This plant affords a good example of the geological value of certain kinds of 
objects which appear to have very little value for biology. Many paleobotanists 
look with contempt upon anything whose systematic position is in doubt and <leclare 
that it does more harm than good to list forms which can n1)t be referred with 
practical certainty to some definite family or genus. They argue, correctly enough, 
that the attempt to draw conclusions from such material as to the history of plants 
is wholly misleading and vitiates all reasoning from fossil plants. They forget, or 
never seem to have thought, that a form may have a geological value quite inde
pendent of all such conclusions. Such reasoning is really biological after all, i. e., 
it is an attempt to work out the genealogy of certain groups of vegetation. The 
forms, such as this one, are worthless for· this purpose and any attempt to employ 
them in this manner can not be too strongly condemned. The value they have is 
what is culled geognostic. If, as in the present case, the objects ar~ clear and definite, 
so as to be readily recognizable whenever found, and especially if, as also in this 
case, they are confined to certain geological horizons, they_ become useful indices 
and characteristic marks of geological formations, and, w1sely employed, become 
valuable ai<ls to geology. If these peculiar markings had only been seen once, they 
might be regarded as mere lusus natn1·m an<l neglected; but when we find -them 
linder practically the same conditions at about the same horizon an<l all exactly 
alike in widely different parts of the country, we begin to see that they represent 
similar beds and add important testimony to the similarity iu age. 

All the American forms have occurred in the Lower Cretaceous, and their range, 
so far as now known, is from near the base of the Cretaceous to near the top of the 
beds that lie below the D:1kota gr~up or Cenomanian of Europe, i. e., from the 
Neocomian to the Ganlt or Albian of Old World nomenclature. If the specimens 
from India are the same as ours, this carries the genus down to tlle Lias, provided 
the beds of Kach have been correctly correlated. When the .Jurassic of America is 
better known we may expect to find representatives of this plant in them, but there 
is reason to believe that the species will eli ffer in the same way that they do in other 
better-understood genera, It will be further observed that this range is about the 
same as that of the fossJC cycads in general, which may or may not be taken as an 
argument for the eycadaceous nature of Feistmantelia.-L. F. W. 
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LOCALITIES AT WHICH COLLECTIOJ)I"S SHOULD BE MADE. 

The preceding descriptions include all the fossil plants obtained thus 
far from t.he Lower Cretaceous strata of the Hay Creek region that are 
sufficiently·well characterized to be worthy of mention .. Incidentally, 
in the descriptions-ofthe plants, attention has been called to some of 
the localities which seem worthy of having additional collections made 
from them. There are so~e other localities equally worthy of further 
attention, which may be noticed here. 

The shale in the clifl' on the north side of the valley of the South 
Fork of Hay Creek, lying 150 feet above the Jurassic, is one that should 
have additional collections made from it. It has yielded a large num
ber of good fossils from a small amount of material, but there are indi
cations that a careful and prolonged exa~ination would discover many 
more, probably new ones. The shale is fine-grained and fissile, having 
a light brown color. It preserves the plants beautifully and they are 
easily worked out of it. ·It has fragments of plants which with the 
material in band are not capable of determination, but which hint at 
the existence of forms different from those described. A number of 
plants found here hav~ not been discovered elsewhere. They occur on 
an important horizon and seem to be very rich in fossils. 

Material occurring at the cliff in the east bank of Oak Creek, 2 miles 
below Hobbin's Ranch, is found in a fine-grained, thinly laminated 
argilla.ceous sandstone that is interstratified wit~ thin layers of a 
very fine-grained' shale~ These shale partings preserve plants finely 
and have yielded some very distinct and large imprints. Only a small 
amount of material has been obtained from this place. It well de
serves further examination. It occurs on a critical horizon and the 
plants found here do not seem to have suffered so much from drifting 
as they have at most of the other localities. 

The bed of shales at the contact of the Jurassic with the Cretaceous, 
at Lon Cottle's Ranch, is another critical horizon, and eminently 
deserves further and careful examination. This shale is light chocolate 
in color, very fine grained and fissile, enabling one to work out the 
plants easily. It preRerves them finely. It is full of fragments of 
plants, and as the amount of material obtained from it is very small; 
there is little doubt that careful search would disclose many new spe
cies. This shale 9ontains among others the seeds and cone scales 
of .Araucarites ~vyorn·ingen~is, and the fossils found hert3 do not occur:_ 
elsewhere. 

THE FOSSILS OF THE DIFFERI~NT HORIZONS. 

Before going into the consideration of ~he age of the :Efay Creek beds 
that 1ie beneath the typical Dakota sandstone it will be useful to pre
sent lists of the plants that occur on the several horizons. I will begin 
with the lowest. 
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Plants occur1·ing at the contact of the Cretaceo11s with the Jumssic, Dit;ision No. 4. 

1. Thyrsopteris elliptica Font.~ 
2. Araucarites wyomingensis n. sp. 

,3. Carpolithus fcenarius \Vard n. sp. 

Plants occm·ring front 50 to 75 feet above the Jn1·assic, Division No.4. 

1. Thyrsopteris dentifolia n. sp. 
2. Thyrsopteris brevifolia Font. 
3. Thyrsopteris pecopteroides Font. 1

4. Zamites borealis Heer. 
5. Pinus susquaensis Dn. 
6. Czekanowskia nervosa Heer. 

Plants occu1Ting on the horizon 150 feet abot:e the Jtwassic, Division No. 3. 

1. Equisetum virginicum Font.~ 14. Araucarites~ cuneatus Ward n. sp. 
2. Cladophlebis parva Font.~ 15. Pinus susquaensis Dn. 
3. Sphenopteris plnrinervia Heed 16. Sequoia sp. Font. Immature cone. 
4. Thyrsopteris pinnatifida Font.~ 17. Nageiopsis longifolia Font. 
5. Thyrsopteris crassinervis Font.~ 18. Nageiopsis angustifolia Font. 
6. Thyrsopteris elliptica Font. 19. Baieropsis adiantifolia Font. 
7. Thyrsopteris brevipennis Font.~ 20. Czekanowskia nervosa Heer. 
8. Scleropteris distantifolia n. sp. 21. Cepha:lotaxopsis magnifolia Font. 
9. Scleropteris rotundifolia. n. sp. 22. Male ament of a conifer. 

10. Zamites brevipennis Heer. 23. Male ament of a dicotyledon f 
11. Zamites bor_ealis Heer. 24. Carpolithus fasciculatus Font. 
12. Williamsonia~ phcenicopsoides ·ward 25. Carpolithus montium-nigrorum Ward 

n. sp. n.sp. 
13. Araucarites wyomingensi-s n. sp 26. Carpolithus barrensis \Vard n. sp. 

Plants occu1Ting on the horizon 100 feet below the Dakota sandstone, Division No. 2. 

1. Equisetum virginicum Font. 
2. Weichselia reticulata (Stokes and 

\Vebb) \Vard. 
3. Matonidium'Althansii (Dunk.) \iVard. 
4. Pecopteris Geyleriana Nath. 
5. Zamites species~ 
6. Cycadeospermnm rotunda tum Font. 
7. Pinus susquaensis Dn. ~ 
8. Leptostrobus longifolius Font. 
9. Leptostrobus t alatus Warcln. sp. 

10. Athrotaxopsis tenuicaulis Font. 
11. Sequoia Re~chenbachi (Gein.) Heer. 
12. Sequoia gracilis Heer. 

13. Geinitzia .Jenneyi n. sp. 
14. Sphenolepidinm Kurrianum (Dunk.) 

Heer. 
15. Sphenolepidium parceramosum Font. 
16. Glyptostro bus brookensis (Font.) 

Ward. 
17. Baieropsis pluripartita Font. f 
18. Cephalotaxopsis magnifolia Font. 
19. Quercophyllum wyomingense n. sp. 
20. Ulmiphyllum densinefve n. sp. 
21. Sapindopsis v~riabilis Font. 
22. Carpolithus virginiensis Font. 
23. Feistmantelia oblonga Ward n. sp. 

Plants occ1wring on the ho1·izon 50 to 60 feet below the Dakota sandstone, Division No.2. 

1. \Veichselia reticnlata (Stokes and 
Webb) Ward. 

2. Pecopteris Goyleriana Nath. 
3. Pecopteris borealis Brongn. 
4. Cladophlebis wyomingensis n sp. 

· 5. Pinus su~quaensis Dn. 
6. Ab1etites angusticarpus Font. 
7. Leptostrobus longifo1ius Pont. 
8 .. Athrotaxopsis tenuicaulis Font. 

9. Sequoia Reichenbachi (Gein.) Heer. 
10. Geinitzia Jenneyi n. sp. 
11. Sphenolepiclium Kurrianum (Dunk.) 

Heer. 
·12. Spbenolepidium parceramosum Font. 
13. Glyptostrobus brookensis (Font.) 

Ward. 
14. Ficophyllum serratum Font. 
15. Sapindopsis variabilis Font. 
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CO~CLUSIO~S AS TO THE DISTRIBUTIO~ OF THE PLANTS., 

From these lists it will be seen tllat the flora of the horizon 100 feet 
below the Dakota sandstone. and that of the horizon 60 feet below it are 
esse~tially the same. The resemblance is not fully disclosed by the 
lists alone. Tl\e same plants that are abundant on the one horizon are 
also abundant on the other, and they show very much the same state 
of preservation. It is noteworthy that on both of these horizons, from 
some caus~,-the plants are more distinctly characterized than they are 
on the lower horizons. They also occur in larger and more complete 
specimens, and the leaves are more often attached to stems. The plants 
indicate that there is no break between the two horizons named, both . 
of which occur in Professor Jenney's division No. 2. The horizon 60 feet 
below the Dakota sandstone is shown by the plants to be somewhat 
higher than that 100 feet below it, in the disappearance of some of the 
survivors from lower horizons, which had struggled on to the latter. 
Thy1·sopteris elliptica Font. comes up into the horizon 100 feet below 
the Dakota sandstone, showing one or two doubtful specimens. It 
does not appear at all on the higher horizon. Oephalotaxopsis magni
folia Font., surviving feebly on the lower horizon in division No. 2, does 
not pass up into the higher. Pinus susquaensis Dn. is the only plant 
belonging to the lower horizons that is found on the highest horizon of 
division No. 2. It should be stated, however, that the specimens sup-· 
posed to be this Pinus, that are found on the two horizons of division 
No. 2, are few and not well characterized, so that the identification of 
them with P. S1lSquaensis is not entirely free from doubt. 

If we compare the list of plants found on the lowest horizon in divi
sion No. 2, or that 100 feet below the Dakota sandstone, with that 
yielded by the horizon 150 feet above the Jurassic and occurring in 
division No. 3, we :find a decided change. No dicotyledons occur below 
division No. 2. The plants that are· most abundant on the lower hori
zon in division No. 2, and most characteristic of it, do not occur at all 
below it. Those that come up to it from lower horizons app~ar as sur
vivors and not as well-established plants. They occur in some cases as 
doubtful forms, and in all cases are rare. Many of the most character
istic plants of the lower horizons, such as Ozekan01.J)skia nervosa Beer, 
Za1nites borealis Beer, Zamites brevipennis Beer, do not pass up into the 
horizon 100 feet below the Dakota sandstone. These and other 
evidences derived from a study of the plants indicate a time-break 
between Jenney's divisions No. 3 and No. 2. On the other hand, no 
change in the flora of the strata from the junction of the Jurassie with 
the Cretaceous up to the base of division No.2 indicates a want of con
formity in them. Divisions No.3 and No.4, so far as the evidence.of 
the plants goes, make one group. It is true that there are changes in 
the species o·ccurring on the lower horizons varying from the contact 
of the Jurassic with' the Cretaceous ·up to and including the horizon 
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150 feet above the Jurassic, but the general character of the flora as a 
whole is the same. It is much_more Jurassic in type than that of the 
beds higher up. Thyrsopteris, Zamites (of the type of Z. borealis Beer), 
conifers with flabellate leaves like Czekano.wskia and Baieropsis, Arau
carites and Scleropterids with small pinnules are· the most character
istic plants. It must not be forgotten, however, that the collections of 
plants from these lower beds, especially those of division No. 4, are 
very scanty, and far inferior in the number of speeimens to those 
obtained from division No. 2. A more thorough search of these strata 
may furnish numerous plants that would materially modify the con
clusions drawn from the material now in hand. 

GEOLOGICAL AGE OF THE HAY CREEK STRATA LYING BETWEEN THE TYPICAL DAKOTA 

SANDSTON!<~ AND THE JURASSIC. 

As stated in the beginning of this paper, the strata yielding the 
plants described in it were assumed by Newton to be of the same age 
as the true Dakota, -a system of beds in which dicotyledons form nearly 
aU the plants, they being of comparatively modern type. The plants 
found even on the highest horizon of division No. 2 differ totally from 
tho_se of the true Dakota beds, and indicate a distinctly older series. 
The plants from the two horizons in division No.2 are essentially the 
same and indicate that there is no unconformity in this division. We 
may leave· out of con~ideration the fusiform markings (Feistma.ntelia 
oblonga Ward n. sp.), the questionable species of Zamites, Baierops·is 
pluripartita Font., and the possible seeds of Leptostrobus, that occur 
on the horizon 100 feet below the Dakota sandstone, for they are too 
poorly characterized to help in determining age. We have then 24 
species from the two horizons of division No.2. Of these, 4 are new, _ 
and for that reason can not be used in fixing the geological age. Of 

, the 20 species remaining no fewer ·than 14 occur in the Lower Potomac 
of Virginia. The dicotyledons found in this division are of a more 
modern type than those which occur in tlte Lower Potomac beneath 
the Brooke or upper portion of that group of beds, and Sapindopsis 
vadabilis Font., the most abundant dicotyledon in the Brooke strata, 
is by far the most abundant one in divh;ion No.2. Besides, such plants 
as Sphenolepidium Kurrianurn (Dunk.) Heer, Sphenolepidium .. parcera
mosum .. Font., Glyptostrobus brookensis (Font.) Ward, and Leptostrobus 
longifoUus Font., that are common on the Brooke horizon, are common 
here also. 

Of the 20 significant species occurring in division No. 2, and not 
found in the Lower Potomac, 6 have been previously described as com
ing from otber formations. Pinus susquaensis Dn., according to Sir 
William Dawson, occurs in the Kootanie formation; Sequoia gracilis 
Heer, according to Heer, is found in the Kome beds of Greenland; 
Matonidium Althausii (Dunk.) Ward, according to Schenk and Heer, 
occurs in the Wealden of Europe; Pecopteris Geyleriana N ath., as stated 
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by J\'L Yokoyama, is found in the~Neocomial'l of Japan; Weichselia 
reticulata (Stokes and Webb) Ward, Schenk gives as occurring in the 
Urgonian Wernsdorf beds of Europe; Heer givQs Pecoptm·-is borealis 
Brongn. as found in the Kome beds of Greenland, which he regards 
as Urgonian in age. The Lower Potomac is, according to t.he plants, 
Neocomian in age. The Wealden being equivalent in age to Lower 
Neocomian, and the Urgonian being a formation of the Upper Neoco
mian, and the Kootanie being also Neocomian in age, it follows that 
all the fossil plants found in division No.2 that are sufficiently well 
characterized to throw light on its age are Neocomian species. Of the 
new species, we may omit Ulrniphyllurn clensinerve and· Quercophyllwn 
toyorningensis as being too undetermined to be significant. The two 
remaining ones, Geinitzia Jenneyi and Ola,clophlebis wyomingensis, are 
closely allied to N eocomian fossils. 

We may then conclude without hesitation that Jenney's division No. 
2 is certainly older than the typical Dakota group with predominant 
dicotyledons, and that its age is .Neocomian. We may also hold that 
of the various more or less local groups of beds of N eocomian age, it is 
nearest to the Lower Potomac, as exposed in Virginia. We may go 
further and determine with great probability that the age of divis~on 
No.2 'corresponds with that of the Brooke group, an upper member of 
the Lower Potomac. 

Coming now to divisions No. 3 and No.4, we will not be able to make 
so satisfactory an analysis, for the fossils are not nearly ·so well pre
served and the specimens are not so large as those of the upper division. ' 
In addition the collections from these members of the Hay Creek 
series are much more scanty, so that conclusions based on the absence 
of types are more risky than they are in division No.2. 

In the two lower divisions 32 different species of plants have been found 
whose characters have been inore or less fully determined. F.aurteen 
of these are new species, 5 have been found from formations other than 
Potomac, who~e age is known, and 13 are Potomac species. 

Most of the new species are so regarded because their character has · 
been very imperfectly determined, and not enough is known of them to 
permit their identification with known species. In a number of cases 
there is nothing shown that would prevent more complete specimens 
from exhibiting features that would identify them with plants pre
viously described. Indeed it is quite probable that such forms as 
Carpolithus fmnar~us Ward, Carpolithus barrensis Ward, Zarnites? spe
cies, lililliarnsonia? phmnicopsoides Ward, the aments supposed to belong 
to some- conifer and some dicotyledons, and the immature cone of 
Sequoia, are not really new species. The apparently large propor
tion of new species has then no significance. The new species that 
have been determined with some definiteness, such as .Araucwritcs 
wymningensis, Scltropteris rotundifolia, and Scleropteris clistantijolia, 
so far as their generic character goes, indicate survivors from the 
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Jura~sic. Thirteen species have been determined, many of them doubt
fully, as identical with Lower Potomac forms. They indicate that the 
beds containing them correspond in age with the lower portion of 
the Lower Potomac. A number of them are Jurassic in type, being 
probably survivors of a flora of that age. The large proportion of 
Potomac species confirms the conclusion deduced from the plantR of 
division No.2, viz, that the flora of the Hay Creek beds is, among the 
local Lower Cretaceous floras, nearest to that of the J...Jower Potomac. 
Five of the 32 species found in the beds now in question have been pre
viously described as coming from Lower Cretaceous groups other than 
Lower Potomac. Zamites borealis Beer, and Zan'ltites brevipennis Heer, 
were described by Heer from the Kome beds of Greenland, and Sphen
opteris pl'urinm·via Beer from the Wealden of Portugal. From the lat
ter formation Beer also describes Ozekanowskia ner.1.wsa Heer. Pinus 
susquaensis Dn., before mentioned, seems more at home in these beds, 
but survives into division No. 2. Eighteen out of the 32 'species are 
then more or less certainly N eocomian ,species, and they include all the 
plants from these lower strata that are identical with forms previously 
described. 

We find from this review of the plants that all the species of the third 
and fourth divisions of the Hay Creek beds that lie under the Dakota 
sandstone which can be identified with previously described plants are 
Neocomian in age, and this is a remarkablycloseagreernentbetween the 
flora of the strata now fn question and that of theN eocomian. The fact· 
that the Hay Creek flora shows a much greater resemblance to that of 
the Lower Potomac than to the Kootanie floras of British America and 
of Great Falls, Montana, which occur much nearer to the Hay Creek 
region than does the Potomac of Virginia, is another surprising feature.1 

4· FLORA OF THE DAKOTA GROUP PROPER. 

It remains only to consider the forms of plant life that have be~n 
·obtained from the highest member of the Dakota group of Newton, 
which, there is no reason to doubt, represents some horizon of the true 
Dakota No. 1 of Meek and Hayden, although, in the imperfect state of 
our knowledge of that formation, it is impossible to fix its position with 
exactness. The rock or matrix in which the plants ~re embedded is 
wholly different from that of the plains of Kansas where the greater 
part of the plants have been ·found. No signs of the dark-brown fer
ruginous sandstones and clay ironstones so characteristic of the latter 
were seen by me, and Professor Jenney describes none in the Hay Creek 
region. But it is known that the Dakota group is not wholly made up 
of these, and quite recently heavy beds of different material have been 
found in southern Kansas underlying the typical plant-bearing Dakota 

lThis and a number of similar questions are discussed by Professor Jenney_iu his notes (see supra, 
pp. 568-593). 
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and overlying equally typical Kiowa shales belonging to the Comanche 
series.1 

Although there is believed to be unconformity between the true 
Dakota sandstone of the Black Hills and the Lower Cretaceous beds 
beneath them; still it is not probable that the time interval was very 
great, aud tp.erefore it is reasonable to suppose that the Dakota sand· 
stones here represented lie near the base of that for.mation and corre
spond rather to some of the " transition beds" of Kansas than to the 
plant-bearing horizons of the plains; and it seems a fair presumption 
that the latter are wanting in this region. We should not, therefore, 
expect that the flora of these beds would be precisely the same as that 
which is now so well known as the flora of the Dakota group-that is, 
we should expect it to contain some of the elements of that flora along 
with some of those of the underlying older floras. This~ in fa·ct, is just 
what the small collection made by .Professor Jenney and myself, in 
the vicinity of Evans quarry in September, 1893, reveals, and this 
constitutes all that we thus far know of the plants of the Dakota group 
in the Black Hills, Professor Jenney not having included any of these 
in his collection from the Hay Creek region for reasons. that he gives. 
We may therefore proceed at once to the examination of these plants. 

The study that was made of this collection after my retur'u, by Dr. 
Knowlton and myself, although characterized: as "careful," 2 was not as 
thorough as it might have been, and I am obliged to admit several mis
takes in the determinations. No figures bad been prepared at that 
time, and it was only in the cases where the nervation was clear that we 
could be certain of its nature. In very obscure and indistinct speci
mens there is always the liability to mistake meaningless markings on 
tho rock for nerves. However it may be with other fossil remains, in 
the case of plants, and especially of dicotyledonous leaves with obscure 
nervation, but upon which almost everything depends, it is wholly 
unsafe to attempt to determine a collection without drawings, or at 
least pencil sketches, made with the aid of special appliances for find
ing the nerves and following them out to the margins of the leaves. 
Such drawings have now been made, and with their aid a reexamina
tion of the specimens has resulted in the following determinations, 
which are probably as correc·t as they can be made from the material 
in hand. 

1 The results of the observations made by me in company with Mr. C. N. Gould were presented in 
brief to the Geological Society of Washington on November 10, 1897, and an abstract prepared by 
myself was published in Science, N. S. Vol. VI, No.l52, for November 26, 1897, pp. 814-815. A more 
extended paper by Mr. Gould, entitled'' On a series of transition beds from the Comanuhe to the Dakota 
Cretaceous in southwest Kansas," by Charles Newton Gould, in the American Journal of Science, 4th 
series, Vol. Y, March, 1898, pp. 169-175, sums up more fully our joint observai;ions. 

2 Jour. Geol., Vol. II, No.3, April-May, 1894, p. 261. 
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DESCRIPTION OF THE SPECIES. 

Subkingdom PTERIDOPHYTA. 

Class FILICALES (Ferns). 

Genus ASPLENIUM Linnreus: 

ASPLENIUM DICKSONI.A.NUM Heer. 

Pl. CLXX, Fig. 1. 

1874 . .Asplenium Dicksonianurn Heer: Die Kreide-Flora, der arctischen Zone, K. 
Svensk. Vet.-Akad. Hand!., Vol. XII, No.6 (Pl. Foss. Arct., Vol. III, Abth. II), 
p. 31, pl. i, figs. 1 ( excl. b. c.;, laa, 2, 3, 3b, 4, ~ ( excl. a, b). 

Several fine specimens of this fern, of which the one figured is a fair 
sample, were obtained from the carbonaceous shales overlying the hard 
sandstone at the falls of the Minnekahta Creek or Fall River on the 
right bank. 

-This plant was first described by Heer from the Kome beds of Green
land (Gault or Urgonian), but it also occurs in the Atane beds, which 
are correlated with the Cenomanian, and have been. supposed to be 
nearly equivalent to the Dakota group. It has been found in the 
Kootanie deposits of British America, in a ~upposed Neocomian deposit 
at Cape Lisburn, Alaska, and in the Amboy Clays at Woodbridge, 
New Jersey. It is also one of the few ferns that have been found in 
the Dakota group, where, however, it is rare. Its evidence, therefore, 
considered by itself, would be to put even this uppermost deposit in 
the Lower Cretaceous, but this is overcome by t.hat of the remaining 
forms. The specimens are the best in the collection, good and charac
teristic, leaving no doubt on the score of identity. They present a 
strong contrast with the few very small and doubtful forms found by 
us on the slope of Red Canon and figured on Pl. CLXII, Figs. 6, 7, 8 
(see supra, p. 664). · 

Subkingdom SPERMATOPHYTA (Phaneroga1ns). 

Subdivision ANGIOSPERMAE. 

Class DICOTYLEDONE..tE. · 

Family FAGACE.lE (Beech and Oak family). 

Genus QUEHUUS Linnreus. 

QuERCUS WARDIANA LesquereuxD? 

Pl. CLXX, Figs. 2, 3. 

1892. Querens Wa1·diana Lx.: Flora of the Dakota Group, Mon. U. S. Geol. Survey, 
Vol. XVII, p. 53, pl. vii, fig. 1. 

These two specimens were collected from the coarse sandstone of bed 
No.7 of my section, on page 258 of the Journal of Geology for April-
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May, 1894, Vol. II, No.3, reproduced in this paper (supra, p. 560). The 
one represe11:ted by Fig. 2 of Pl. CLXX was found in place over Evans 
quarry, and the one by Fig. 3 in the loose material thrown down in 
uncovering the workable stone, but from the character of the rock it 
undoubtedly came from the same stratum. The rock is too coarse to 
show the finer nervation, and neither specime~ shows base, summit, or 
margin. The determination, therefore, as stated on page 262 of that 
memoir, must remain uncertain. Still, the midrib and secondm~y 

nerves are very distinct, and agree well with both description and figure 
as g.iven by Lesquereux, while nothing else can be found into which they 
will fit. The general aspect i~ that of an oak of the type of Q. Prinus L. 

Family LAlJRAOE.JE:: (Laurel and Sassafras 
f1nnily). 

Genus SASSAFRAS Nees and Eberm. 

SASSAFRAS MUDGII Lesquereux. 

Pl. CLXX, Figs. 4. 5; Pl. CLXXI, Fig. 1. 

1868. S'assafms Mudgii Lx.: Am. Jonr. Sci., 2d ser., Vol. XLVI, p. 99. 
1874. Sassafras Mudgei Lx.: Cretaceous Flora, Contr. Foss. Fl. \Vest. Terr. (Hay

den), Vol. VI, p. 78, pl. xiv, figs. 3, 4; pl. xxx, fig. 7. 

The specimens are all without doubt from bed No.7 over the quarry 
sandstone. at Evans quarry, but those represented by Fig. 4 of Pl. 
CLXX and Fig. 1 of Pl. OLXXI were found in the debris thrown 
down in uncovering the quarry~ These are in coarse, thinly laminated 
sandstone shale, while the other specimen, represented by Fig. 5 of 
Pl. CLXX, carne from a clay shale bed in place, whwh is much finer 
and shows the impression very clearly. The agreement with Les
quereux's figures is ve.ry close, and I have compared it with the original 
specimens. Our Fig. 4 of PI. CLXX may be compared with Lesque
reux's fig. 7 of pl. xxx, and our Fig. 5 comes nearest to his fig. 4 of pl. 
xiv. Both of the original specimens unfortunately bear the same Imm
ber (649) of the U. S. National l\fuseum collection, but they also bear 
Professor Lesquereux's original numbers, and the former is his No. 
1349, while the latter is No. 682. They were collected by Mr. Charles 
Steruberg at Salina, Kansas, in typical Dakota sandstone. 

When I studied these specimens for my paper on the Cretaceous- Rim 
of the Black Hills (Jour. Geol., Vol. II, p. 262), I did not make out the 
nervation on the coarse sandstone of the two specimens now shown in 
Fig. 4 of Pl. OLXX and Fig. 1 of Pl. CLXXI, and from the general 
form I identified them with Lindera venusta of Lesquereux. This is 
now seen to have been an error. I- also wrongly supposed that the 
specimen Fig. 5 of Pl. CLXX was the same as the others that I 
bad referred to .Aralia Towneri Lx., and so placed it. On careful com
parison of the figures and specime-ns it is obvious that none of them 
represent that species, and that they differ generically from one another. 

19 GEOL, P'l' 2--45 



706. CRETACEOUS FORMATION OF 'fHE BLACK HILLS. 

,Family PLATAN-:A...OE.lE (Plane-tree family). 

Genus P~ATANUS Linnreus. 

PLA1'.A.NUS OISSOIDES }_;esquereux ~ 

Pl. CLXXI, Fig. 2. 

1892. Platanus cissoides Lx.: Flora of the Da.kota Group, Mon. "G. S. Geol: Survey, 
Vol. XVII, p. 75, pl. lxi, fig. 3. 

This is only a fragment, but so far as it goes it agrees with the speci
men figur-ed by Lesquereux. It h; in a fine-grained clay s-hale, which 
shows the nervation clearly. f referred it doubtfully to this species in 
my early paper, and 1~ow, after ~drawing has been made and the mat
ter has been subjected to a reexamination, I find myself unable to sug
gest another reference. It is a question of letting it stand or r~jecting 
it entirely, and as it is clearly different from anything else obtained, I 
incline to the former course. It was found in place over the quarry 
sandstone at Evans quarry. 

Family OELASTR_I\..OEA:G (Staff-tree family). 

Genus CELASTROPRYLLUM Goppert. 

0ELAS1'ROPHYLLUM PULCHRUM n. Sp. 

Pi. CLXXI, Figs. 3, 4. 

Leaves elliptical in outline, 4 to 6 cm.long, about 3 em. wide, crenate
dentate with rounded teeth to near the base, petioled, oblique at base, 
the lamina extending lower on one side, rounded at the summit; . mid
rib strong, more or less curved; secondary nerves about 6 on a side, 
rather distant, irregularly placed, leaving the midrib at au angle of 
about 45°, curving upward, the lower more than the upper, so as to 
converge in crossing the blade, slightly undulating or irregular in their 
course, giving oft' a few tertiary nerves or nervilles from both sides, 
which sometimes join some distance from the margin and forin an angu
lar arch or loop, from the outer part of which small nerves proceed into 
the teeth, sometimes forking or dividing, the branches entering the 
teeth. 

Fig. 3 of Pl. CLXXI represents a specimen from the clay shales 
above Evans quarry, consisting of the lower part of two leaves lying 
side by side, with petioles complete. Considerably more than half of 
one of them is preserved and one side of the other, showing the nerva
tion clearly. In searching for the equivalent of this form I have been 
unable to find it in the Dakota group, and, indeed, I have thus far 
failed to find anything similar in any published illustrations. That it 
represents a Celastrophyllm;n is clear both from the characteristic nerva
tion and from the general facies, and a large number of species of that 
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genus have been described from different formations ranging f'rom the 
·older Potomac to the Miocene. In ~the Potomac formation, as I have 
previously shown, 1 it constitutes one of the most complete series that 
we have, rising with slight modifications from one horizon to another, 
from the lowest to the highest beds. Many of these forms have been 
described and figured, but others remain unpublished. I have studied 
them all more or less, and I remembered one species in particular 
obtained _by me from the .Aquia Creek series at Fort Foote, l\iaryland, 
in a bluff on the bank of the Potomac, to ·which I had given. special 
attention, and of which pencil sketches had been made to enable me to 
make out the exact nervation. This I knew must be close to the form 
in question, and when I compared it I found them substantially iden
tical. I had gone so far as to name the Potomac form Oelastrophyllum 
pulchrum, on the l;:tbels without having as yet written the description. 
The agreement is so close that there seems no course left but to con
sider the Black H1lls plant as the same as the Maryland one, and I 
here introduce one of the figures already prepared (Fig 4. of Pl. 
CLXXI) for comparison. The difference in the horizon points, along 
with other facts. to a low p·osition in the Dakota series for the beds 
in question. 

Family VITAOE.JE (Vine family). 

Genus CIS~ITES Heer. 

CISSITES SALISBURLEFOLIUS Lesquereux. 

Pl. CLXXI, Fig. 5. 

1868. Populites saJisburimjoUq, Lx.: Am. Jour. Sci., 2d ser., Vol. XLVI, p. 94. 
1872. Sassafras obtusus Lx.: Fifth Ann. Rept. U.S. Geol. Surv. Terr. (Hayden) for 1871, 

p.303. 
1873. Sas8afras obtusus Lx.: Sixth Ann. Rept. U.S. Geol. Surv. Terr. (Hayden) for 1872, 

p.424. 
1874. Sassajms obtuStfTn Lx.: Cretaceous Flora, Contr. Foss. Fl. \Vest. Terr.: Pt. I, 

Rept. U.S. Geol. Surv. Terr. (Hayden), Vol. VI, p. 81, pl. xiii, figs. 2-4. 
1876.' Cissites obtusum Lx.: Eighth Ann. Rept. U. S. Geol. Surv. Terr. (Hayden) for 

1874, p. 354. , 
1883. Oissites salisbnrirefolius Lx. : Cretaceous and Tertiary Flora, Contr. Foss. Fl. 

West. Terr., Pt. III, Rept. U.S. Geol. Surv. Terr. (Hayden), Vol. VIII, p.·66. 

This fine specimen was found at the falls on the right bank of Min
nekahta Creek or Fall River; below Evans quarry, in the shales over
lying the hard sandstone, associated with Asplenium Dlcksonia,nmn 
Beer, already recorded. The shales were so thin that they broke into 
a number of pieces, which were carefully preserved, so that on examin
ing the material it was possible to find an almost complete leaf, and for 
a large part of this both surfaces (counterparts) are present. It proves 

l Fifteenth .A.nn. Rept. U. S. Geol. Survey, p. 367. 
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to be one of tlte most beautiful specimens that have thus far been founrl 
of this svecies. 

In studying tlJe broken pieces before they had been put together and 
acomplete figure made, I was led to compare it with Aralia Towneri 
of Lesquereux, to which it bears some resemblance, but upon a rein
vestigation I am satisfied that it is not that plant, which does not occur 
in the collection. 

Our form has the very rounded lobes of those represented in the 
Cretaceous Flora, pl. xiii, and though considerably larger, most closely 
approaches figs. 2 and 3 of that plate. There is the same tendency of 
one of the lateral primaries to curve outward more than the other that 
is seen in fig. 3, only this is still more U:..arked. 

The general question as to whether plants of this type from the 
American Cretaceous are really the ancestors of the exclusively Amer
ican genus Sassafras, or should be referred to the vine or the plane 
trees, need not be discussed here. It will suffice to refer to two of my 
early papers on the subject published in 1888 and 1890, respectively.1 

CISSITES INGENS Lesq'uereux. 

Pl. GLXXII, Figs. 1, 2. 

1892. Cissites ingenB Lx.: Flora of the Dakota Group, ~1on. U. S. Geol. Survey, Vol. 
XVII, p.159, pl. xix, figs, 2, 2a. 

The specimen represented by Fig. 1 of Pl. CLXXII' was collected at 
the falls on the right bank of l\'linnekahta Creek or Fall River in thin 
shale, which was rather coarse and had very uneven partings, ren
dering the collection of specimens unsatisfactory. The nervation is 
ol.scure. The other specimen~ Fig. 2, is one that was picked up in the 
debris at the foot of the cliff below Evans quarry and must have come 
from bed No. 7. It is somewhat more clear in its nervation, but the 
uprier part of the leaf is wanting and none of the lobes or sinuses 
remain. I had labeled it Aralia Towneri, and it is possible tl1at it may 
represent Sassafras MudgU, but I seem to see a difference in its general 
aspect from the other specimens so referred. Both these specimens, so 
far as they go, agree almost perfectly with Oissites ingens Lx., as shown 
by the perfect specimen figured on pl. xix, fig. 2, of the flora of the 
Dakota group. This conformity extends in both cases so far as to 
include the rather unusual feature seen in the opposite secondary nerves 
of the midrib or middle primary. I think there is good reason to 
believe that both these leaves belong to the same species as those fig
ured by Lesquereux from the Dakota group of Ellsworth County, ;K.an
sas, but whether they are ancestors of the vine or of the plane tree is 
a much mo:re difficult question~ 

JProc. U.S. Nat. Mus., Vol. XI, pp. 39-42, pl. xvii-xxii, 1888; American Naturalist, Vol. XXIV, Sep
tember, 1890, pp. 797-810, pl. xxviii. 
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Family OAPRII:i,OLIAOE.fE (Honeysuckle and 
Arro-w--\vood family). 

Genus VIB URNITES Lesquereux. 

VIBURNITES EVANSA.NUS vVard. 

Pl. CLXXII, Figs. 3, 4-. 

1894. Viburnite.'l Evansan·us ·ward: .Jour. Geol., Vol. II, p. 261,262. 

Leaves coriaceous; oblong, rounded at the .summit, subcordate or 
truncate at the base, entire or siightly denticulate, pinnately nerved; 
midrib strong, straight or slightly curved; secondaries 'thick, rather 
near together, approximately parallel, straight or slightly curving 
upward, somewhat irregular in their course, closer on one side of the 
midrib than on the other and making a different angle with it, this angle 
varying from 30° near the summit, where they curve in toward the 
apex, to 600 near the base, some of them forking and others simple, 
the dichotomy sometimes taking place near the margin and sometimes 
near the middle of the nerve; nervilles distinct and numerous, many of 
them percurrent, but others joining and anastomosing to form triangular 
or rectangular meshes. 

In my early paper I did not give the full character of this species, 
but only pointed out its relation to the only other two species of the 
genus. Professor Lesquereux, as appears from Dr. Knowlton's foo~
note to page 124 of the Flora of the Dakota Group, recognized the 
resemblance of the forms tor which the genus was established to Pro
tophyllum, and had he not made the genus Viburnites I Rhould have 
been obliged to refer these forms to Protophyllum. The difference is 
perhaps not generic, and it is an inter.estiug question whether it points 
to a real relationship between the fossil Viburnums and Protophyllum. 
There is scarcely a doubt as to the correctness of the reference of many 
of our fossil leaves to Viburnum, and I have found seeds of ViQurnum 
associated with such leaves.1 The similar nervation of many species 
of Protophyllum, and especially the strong dichotomy of the secondary 
nerves, has always suggested to me an affinity between these genera. 
As the systematic position of Protophyllum has always been a matter 
of speculation, this possible connecting link in Viburnites has a special 
interest for the botanist. 

Both the specimens were found in place in the shales above Evans 
quarry, bed No. 7 of my section. 

I take pleasure .in repeating the statement formerly made, that the 
specific name chosen for this plant was meant to give some slight 
expression of my appreciation of the favors extended to m~ and my 
party by Mr. Fred. Evans, of Hot Spring~, the leading citizen of tlJe 
town, proprietor of Evans's quarry, and a public spirited and generous 
man. 

I Types of the Laramie Flora, Bull. U.S. Geol Survey, Ko.37, 1887, p. lO!l, pl.li, figs. 4--8. 
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5· DISTRIBUTION OF THE FLORA. 

Under the four preceding heads there have been described 87 distinct 
forms of plant life from the Cretaceous deposits of the Black Hills, viz~ 
22 in the condition of silicified cycadean trunks without foliage, 1 in 

. the condition of silicified wood belonging to the Oonifene, 57 in the 
condition of impressions upon the sandstones and shales of Lower Cre
taceous rocks of stems, leaves, and fruits, ·and 8 in the same condition 
as the last occurring in rocks of the Dakota group proper, or Upper 
Cretaceous. One of these latter, AspleniU1n Dicksoniamtm. Beer, occurs 
in both these beds, which accounts for the otherwise apparent increase 
in the number to 88 instead of 87. 

Professor Fontaine has given, at the close of his t:teatment of the 
Hay Creek flora (supra, pp. 699.:...702), a fairly complete summary of 
the general results of a study of these plants, and as this constitutes the 
great bulk of the entire flora, there is little to add by way of correlation. 

Professor Jenney has also discussed certain questions arising out of 
th~ geological and geographical distribution of the plant remains, hav
ing been furnished with a copy of Professor Fontaine's report iri manu
script. It occurred tome, however, that a table showing the distribution 
of all the plants, not only within the Black Hills, but throughout the 
American beds, and also in other countries wherever species previously 
known have been identified in the Black Hills, would afford any who 
might be disposed to do so an opportunity to make general compari
sons and to better understand the full meaning of the data presented. 

It will be observed that the above table is divided into two principal 
parts, vi~: First, that containing the distribution within the Black 
Hills~ and, secondly, the outside distribution of the species that are not 
new. So far as the Hay Creek ·species are concerned, Professor Fon
taine has sufficiently dwelt upon the remarkable features of the distri
bution, especially the great number ~hat are common to those beds and 
the Potomac formation. He has also discussed the value from a paleon
tological point of view of Professor Jenney's stratigraphical subdivi
sions. I will only say on this last head that after a careful comparison 
of his sections with those that were made by us conjointly in 1893, I 
have decided that the plant bed which we discovered on the eastern 
slope of Red Canyon, a short distance west of the principal fossil forest, 
some 3 miles southwest of Minnekabta station, 50 to 75 feet above the 
Jurassic, and constituting No.9 of our first section (Jour. Geol., Vol. 
II, p. 255), must come within his division No. 4, while the principal 
cycad bed, No. 12 of that section, which lies 175 to 200 feet above the 
Jurassic and about 60 to 100 fe~t below the base of the Dakota sand
stone, which is eroded away in that region, probably comes within his 
division No.2, and is so treated in the table. The position of the cycad 
bed in the Blackhawk region has also been carefully studied~ and is 
found to. occupy the same relation to the underlying and overlying 
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strata as that of Minnekahta. · I have therefore assumed that all the 
cycads come from No. 2, a conclusion which is subject to future 
correction. 

Other forms of cycadaceous vegetation are very scarce, only three 
undoubted species of that type occurring in the collection. Two of 
these, Zarnites brevipennis Beer and Z. borealis Beer, are from the Hay 
Creek region, and, as Professor Jenney in one of his letters remarks, 
these were found in divisions,No. 3 and No.4. The Glossozarnites Fon
taineanus found by us in Red Canyon is also referable to No. 4. If 
these are the leaves of the plants whose trunks occur in such great 
abundance the two ought to be found at about the same horizon. Still, 
so meager is the present known flora that no conclusions drawn from its 
absence in certaiJ?. beds can be consider-ed valid. The further fact, also 
pointed out by Professor Jenney, that the principal cycad bed is nearly 
100 miles south of the Hay Creek region may possess some significance 
for the vertical distribution. · 

A glance at the first part of the table serves chiefly to impress the 
mind with the defectiveness of the record, and the somewhat orderless 
grouping of the marks in certain parts of the pages can scarcely be 
said to furnish a basis for discussing the range of the species. As it 
stands, however, it may be said in general that while most of the ferns 
occur in divisions No. 3 and No. 4, most of the true conifers are found in 
division No. 2, and well up in that. The Taxace::e and Ginkgoales 
occupy a somewhat intermediate position in No.3. 

The number of forms common to the Black Hills Lower Cretaceous 
and. the Potomac formation greatly exceeds those eommou to it and the 
Kootanie; but it must be remembered that the present known P<;>tomac 
flora is many times greater than the Kootanie flora as now known, and 
it is probable that this difference would be equalized were we in pos
session of aU the data for comparison. A few species occur in the 
Amboy Clays, Tuscaloosa formation, and Island series, i. e., in the 
Newer Potomac, but these are not sufficient to warrant us in assuming 
that any of the plant-bearing beds of the Black Bills thus far found are 
the equivalent of these upper beds. On the other hand, as I have 
already pointed out (supra, p. 703), the small flora known·from the Dakota 
sandstone above Evans quarry and at Minnekahta Falls indicates a 
very low place for these beds in the true Dakota group, and would not 
be wholly inconsistent with their reference to the horizon of the Chey
enne sandstone or lower Albirupean. 

The distribution outside of America is principally confined to the 
Lower Cretaceous, especially the Wealden and N eocomian, which are 
probably for the most part parallel series, the name being dependent 
upon the character of the deposits, the Wealden being the estuarine or 
lacustrine eq ui valent of the marine N eocomian of variom; countries. It 
is further significant that· all the species of wide lateral and vertical 
range, Weichselia reticulata, 1lfatonidi1.unAlthausii, Sequoia Reichenbachi, 
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and Spehnolepidiu1n Kurrianum, which make up the bulk of the foreign 
distribution, are primarily Wealden or Neocomian species, and their 
range above an~l below is merely the result of the great abundance, 
exuberance, and persistence of these forms, or in part, perhaps, of 
errors in determination. 

I have frequently alluded to these facts and have given the distribu
tion of the same and other similar forms occurring in the Lower Cre
taceous of America, 1 and my only excuse for repeating them here, in so 
far as they concern this paper, is that I desire to make the evidence as 
complete as possible, and omit nothing that in any important degree 
bears upon the age of the bedR yielding the 'flora here recorded. To any 
one competent to weigh this evidence there should no longer remain 
a doubt on the general subject, and alike the original cl~im that all 
the sandstones of the Cretaceous rim of tlJe Black Hills belong to the 
Dakota group proper, or No.1 of Meek and Hayden, and the recent con
tention that the cycad and other plant-bearing beds form a part of the 
Jurassic may be regarded as definitively overthrown. 

I See Am . .Jour. Sci., 3d series, Vol. XXXVI, August, 1888, p.127; Fifteenth Ann. Rept. U.S. Geol. 
Survey, pp. 388-392; Sixteenth Ann. Rept. U.S. Geol. Survey, Part I, pp. 482-483. 
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FIG. 1. View of the base. 
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No. 82 of the Yale collection. 
Scale, .10 .em. 

772 



U. S. GEOLOGICAL SURVEY NINETEENTH ANNUAL REPORT PART II PL LXXXV 

CENTIMETERS 

CYCADEO I DEA TURRITA. 



PLATE LXXXVI. 

778 



PLATE LXXXVI. 
Page. 

0YCADEOIDEA TURRij_,A n. sp .................... -... . • . . .. . . . . . . . . . . • • . . . . . . 610 
No; 67 of the Yale collection. 
Scale, 10 em . 
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Side view of No. 49 of the Yale collection. 
Scale, 20 em. 
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CYCADEOIDl<~A TURRITA n;'sp ------ ..... -- .. . .. .. . . . . . . . . . . . ... . .. . ... . .. . . . . 610 

View of the base of No. 49 of the Yale collection. 
Scale, 20 em. 
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CYCADE~IDEA TURRITA n. sp ............ -............ ·----~ .... ~----· .... __ __ 610 

No. 74 of the Yale collection. · 
Scale, 10 em. 
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View of the fractured side of fragment No. 15 of the Yale collection, 
showing internal structure. 

Scale, 10 em. 
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CYCADEOIDI<~A 1\fCBRIDEI n. sp .. -- -···-- ------------------------------ ·---·
Bide view of tbe nearly perfect trunk, consisting of fragment~; Nos. 10 

anc:l.14 of the U. S. National Museum collection. 
Scale, ~0 em. 
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. View of part of the surfaco of fragment No. D of the U. S. National 
:Museum coHectiou, to show the leaf scars, enlarged nearly 2 diamefers. 
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View. of the exposed, inner wall of the libro-camhium lay~r of fragment 
No. 16 of the U. S. National Museum collection, showing scars of the 
vascular bundles. 

Natural size. 
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CYCADEOIDEA :\ICBRIDEI n. sp ........................ : ..... · ............... ;. ' 612 
Side view of trunk No. 23 of the Yale collectiou. 
Scale, 20 ern. 
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_View of the deca.yed upper end of trunk No. 23 of the Yale collection. 
Scale, 20 em. 
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CYCADEOJDEA McBRIDE! n. sp .... : . . . . . . .. ___ .. _ .... ___ • ______ . . . 612 
View of the base of trunk No.2:) ofthe Yale eollectiou, 

- Scale, 20 em. 
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CYCADEOIDEA McBRIDE! n. sp ___ : ..... _ . _ .. _______ . . . __ . __ . _ . _ . ____ . _ _ _ _ _ _ 61!2 

View of the inner surface of the armor as exposed in the fragment No. 27 
of the Yale collection. · · 

Scale, 10 em. 
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PLATE XC-VIII. 

CYCADEOIDEA McBRIDEr n. sp ________ ------ -··-· ____ ---··---- .•.. ·--· _______ _ 
' FIG. 1. Trunk No. 29 of the Yale collection, supposed to· represent a 

dwarf form of this species. 
l!'rG. 2. Trunk Xo. 53 of the Yale collection, snpposetl. to represent ·n young 

form of this species. 
Scale, 20 em. 
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View of the external surface of No. lJO of the Yltle collection. 
Scale, 10 em. 
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CYCADEOlDEA McBRIDE! n. sp ....• _ .. ! ... -_ .... _ ..... : .... · _____ .. ___ ~ . ____ _ 
View of the exposed inner wall of the woody zone and sections of the 

a.rmor and axis of No. 110 of the Yale collection. 
Scale, 10 em. 
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Side view of t1:unk No .. liof the Yale collection. ·· · 

. Scale, 20 em~ 
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CYCADEOIDEA M.ARSHIANA n. sp ........ · ... ., ...................... · ......... . 
View of the under surface of Trunk No. 11 of the Yale collection. 
Scale; 20 em. 
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CYC.ADEOIDEA MARSH IAN A ·n. sp .. -..... - ..... -............. . . . • . . . • • . • . . • • • . . 616 
· Front view of trunk No. 11 of the Yale collection. 

Scale, 20 em. 
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CYCADEOIDEA MARSHIANA 11. sp--- .••..•. - ..... • . _. _ .. - .. -.................. 616 
View of the branch No. 47 of the Yale collection. 
Scale, 20 em. 
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CYCADEOIDEA l\1:ARSHIANA n. sp................................... . . . . . . . . . . 616 
Side view of trunk No. 33 of the Yale collection. 
Scale, 20 em. 
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CYCADEOIDEA FURCATA D. sp ..... _.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . • . . . . . . . . 618 
View of the rounded side of trunk No. 60 of the Yale colle9tion. 
Scale, 20 em. 
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CYCADEOIDEA FURCATA n. sp ............................................... · 618 
• View ofthe flat side of trunk No. 60 of the Yale collection. 

Scale, 20 em. 
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CYCADEOIDEA FURCATA n. sp-- .... ---- .. -- _ ... -- .... ---- .... - .. -- -.... --- -- 618 
View of the outer surface of trunk No. 18 of the Yale collectio-q. 
Scale, 20 em. 
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CYCADEOIDEA FURCA TA n. sp ..................... ~ . . . . . . . . . . . . . . . . . . . . . . . . . · 618 
· View of the base· of trunk No. 18 of the Yale collect.ion. · 

Scale, ·20 em. 
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CYCADEOIDEA CO LEI n. sp ... -- ........... - .......... -........ ---. .. .. . .. . .. 619 
Side view of No.2 of the U. S. National Muse.um collection. 
Scale, 20 em. 
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GYCADEOIDEA COLE I n. sp ................. __ ... _ .................. __ .... _.. 619 

Side view of K o. 48 of the Yale collection. 
Sca1e, 20 em. 
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CYCADEOIDEA COLE! n. sp .......................... ~. . . . . . . . . . . . . . . . . . . . . . . 619 
Fragment No. 12 of the Yale collection. 
Scale, 20 em. 
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CYCADEOIDEA PA YNRI n. SD •••••••••.•••••••••••• ·•• . • • • • • • • . . • • . .. • . • • • • • • • 620 
Trunk No.4 of the U. S. National Museum collection. 
FIG. 1. Side view. 
FIG. 2. View of the base. 
Scale, 20 em, 
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CYCADEOIDEA PAYNEI n. sp. -------- ............ ---- ........ ------ ..... ____ 620 
Trunk No. 5 of the U. S. National :Museum collection. · 
FIG. 1. Side yiew, also showing the apex. 
FIG. 2. View of the base. 
Scale) 20 em. 
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CYCADEOIDEA PAYNEI n. sp ~--- ............ -~---- .................... ------ 620 
Trunk No. 5 of the U. S. National Museum collection. View of the inte-

rior from a longitudinal section t~rough t.he center. 
Scale, 20 em. 
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CYCADJWIDEA WIELAND I n. sp ................. __ ...• _ ... _. __ ...... ____ . . . . . 621 
Side view of trunk No. 77 of the Yale collection. 
Scale, 20 em. 
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PLATE CXVII. 

CYCADEOIDEA. ASPERA ll. sp ....... -............ ~ .. . 
No. 104 of the Yale colleetion. 
FIG. 1. External surface. 
FIG. 2. Inner face, showing armor and axis in longituilinal section. 
Scale, 20 em. 
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PLATE OX VIII. 

CYCADEOIDEA INSOLITA n. sp ........... ------ ·----- ------------------------
FIG. 1. Partially lateral ~dew of trunk No. 64 of the Yale collection. 
FIG. 2. View of the base of the same specimen. 
Scale; 20 em. 
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CYCADEOIDEA INSOLITA n. Bp............ • . . . • . • • • • • • • • • • • • • • . • • • • • . • • • • • • . . . 625 
FIG. l. View of tlle interior of trnnk No. 64 of t.he Yale collection. 
l<"'IG. 2. View of the external surface of fragment No. 50 of the Yale collec

tion. 
Scale 20 em. 
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PLATE CXX. 

CYCADEOIDEA OCCIDENTALIS n. sp ---· -------- .... --- .· ---· ---- -··- ---. __ -- -
Enlarged view of a polished section through the armor and woody zone 

of fragment No. 11 of the U. S. National Museum collection, showing 
internal structure, including one of the fruits cut longitudinally. 
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PLATE CXXI. 

CYCADEOIDEA .JENNEYANA Ward ........................................•.. 
Specimens belonging to the State School of Mines of South Dakota. 
FIG. 1. Longest side of specimen No. 1, representing the lower portion. 
FIG. 2. Longest side of specimen No. 2, representing the upper portion. 
Scale, 20 em. 
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PLATE CXXII. 

0YCADEOIDEA JENNEY ANA \Vard ...........................................•. 
Specimens belonging to the State School of Mines of South Dakota. 
FIG. 1. Shortest side of specimen No.1, representing the lower portion. 
FIG. 2. Shortest side of specimen No.2, 1·epresenting the upper portion. 
Scale, 20 em. 
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CYCADEOIDl~A JJ<:NNEYANA Ward ...... ____ .... ---- ____ ------ ..... -----·...... 627 

Specimens belonging to the State School of Mines of South Dakota. 
FIG. 1. View of the base of specimen No. 1, representing the true base 

of the trunk. 
FIG. 2. View of the apex of specimen No.2, showing the "crow's riest." 
Scale, 20 em. 
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CYCADEOIDEA JENNEYANA Ward ..•••• -----· ...... -·-· ..................... . 
Specimens belonging to the State School of Mines of South Dakota. 
FIG. 1. View of the upper end of specimen No.1, representing the lower 

portion. 
:FIG. 2. View of the lower end of specimen No. 2, representing the upper 

portion. 
(Between these a segment of unknown thickness is wanting.) 
Scale, 20 em. 
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PLATE OXXV. 

CYCADEOIDEA JENNEY ANA \Vard.: ............................•............. 
Specimens belonging to the State School of Mines of South Dakota. 
Restoration of the original trunk by superposing No.2 upon No.1 with an 

interval between to supply the lost parts, the dotted lines carried around 
the margin of No.2 to represent the amount of loss by erosion. 

Scale, 20 em. 
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CYCADEOIDEA JENNEY ANA Ward ~ ......... --~ :. •••...• ••• .• • •.. . . • . . . . . • .. . 627 
View of the polished surface of No. 1501 of the Woman's College of Bal

timore, showing leaf bases and fruits in cross section. 
Natural size. 
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C YCADEOIDEA JENNEY ANA Ward -- ..................................... :. . . 627 
Side view of No. 102 of the Yale collection. 
Scale, 10 em. 

856 



U. S. GEOLOGICAL SURVEY NINETEENTH .ANNUAL REPORT PART II PL.. CXXVII 

CYC ADEOIDEA JENNEYANA. 



PLATE OXXVIII. 

857 



PLATE CXXVIII. 

CYCADEOIDEA JENNEYANA Ward ...............••.......................•... 
View of the base of No. 102 of the Yale collection. 
Scale, 10 cm.-
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CYCADEOIDEA JENNEYANA Ward............................................ 627 
Side view of No. 115 of the Yale collection. 
Scale, 10 em. 
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CYCADEOIDEA JENNEY ANA Ward~-.......................................... 627 
View of No. 91 of the Yale collection from the side which best shows the 

terminal bud. 
Scale, 10 em. 
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CYCADEOIDEA JENNEYANA 'Vard --------- .....••••..... --··------ ---- ...... 627 
.View of the outer surface of No. 120 of the Yale collection. 

~Scale, 10 em. 
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CYCADEOIDEA IN GENS n. sp .... : . .............. ": . ~ .......................• _.. · 632 · 
Side view of trunk-No. 10.0 of the Yale collection. 
Scale, 10 em. 
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CYCADEOlDEA INGENS n. sp ............ - ....... --..... . . . . .. . .. . .. . . . . . . .. .. 632 
View of the base of No. 100 of the Yale collection. 
Scale~ 10 em. 

870 



U. S. GEOLOGICAL SURVEY NINETEENTH AtlNUAL REPORT PART lJ PL. CXXXIV 

CYCADEOIDEA INGENS. 



871 



PLATE CXXXV. 
Page. 

CYCAPEOIDEA IN GENS n. sp. ~ ..................................... ~. .. . . . .. . 632 
View of the apex of No. 100 of the Yale collection. 
Scale, 10 em. · 
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CYCADEOIDEA I~WE~S n. sp .................. . 
Side view of No. 103 of the Yale eollection. 
Scale, 10 em. 
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CYCADEOIDEA INGENS n. sp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . . . 632 
View of the trausvei'se fracture at top of specimen No. 103 of the Yale 

collection, showing the axis with hollow center. 
Scale, 10 em. 
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CYCADEOIDEA IXGENS D. sp .......... , ...... :. : ... ; .. -·- ...... - ---- .... -----. 63:2 
Side Yiew of No. 117 of the Yale collection. 
Scale, 10 ern. 
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CYCADEOIDEA INGENS n.sp ................................................ . 
View of the base of No. 117 of the Yale collection. 
Scale, 10 em . 
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PLA'l'E OXL. 

CYCADEOIDEA INGENS n.sp ................................................ . 
View of a portion of the exterior and part of the exposed surface of the 

medulla No. 94 of the Yale collection. 
Scale, 10 em. 
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CYCADEOIDEA I~ GENS n. sp . -- ..... -•••....... - ......••••• ---. -.- ·- ---- .... -- 632 
.View of the transverse fracture of the upper side of No. 94 of the Yale col-
. lec~ion. 

Scale, 10 em. 
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_CYCADEOIDEA ISGENS l~. sp ....................................... ~-·-·····~-- 632 
Siu~ ~ie~ of :No. i23"of -~he Yal~ collection. - - ' . 
. Seal~; 10 em. 
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CYCADEOIDEA IXGEXS 11. sp.-----. --.--- ... --. -- ..... __ .... __ .... ___ .. _" .. __ . 632 
View of the base of No. 123 of the Yale collection. 
Scale, 10 em. 
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CYCADEOIDEA FOR:\IOSA n .. sp .......... ~ ........ 4 •• • • • • • • • • • • • • • • • • • • • • • • • • • • 634 
Siue vie'v of trunk"N o. 89 of. the Yale collection. 
Sca.le, 10 em. 
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CYCADEOIDEA FORMOSA n. sp ------- -------- ------------ -- ..•. - ... -- .. -- •. -. 634 
View of the base of No. 89 of the Yale collection. 
Scale, 10 em. 
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CYCADJ<:OIDEA FORl\lOSA n. sp . ~ ..•........... ~. . . . . . . • . . . . . . . . . • • . . • . . . . . • . . 634 
View of the apex of No. 89 of the Yale collection. 
Scale, 10 em. 
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CYCADEOIDEA STILLWELL! n. sp ...................•........... :. . . . . . . . . . . . . 635 
Si<le view of Still wellf;ragment No.2 of the U. S.•N ational Museum collection. 
Scale, 10 em. 
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.CYCADEOIDEA STILLWELL! n. sp .......... ___ . ____ . ___ .. ____ . _ .. ____ . _______ _ 

Trunk .No. 36 of tlie Yale collection. 
FIG. 1. Si<le view. 
FIG. 2. View of tlie transverse fi·acture a,t lower end of specimen. 
Scale, 20 ern. 
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PLATE CXLIX. 

CYCA"DEOIDEA_ STILLWELL! n.·sp .. _ ......................................... . 
Trunk No. 56 of the Yale collection ... Side view showing the exposed sur-

face of.the medulla and the corresponding inner wall of the woody zone 
in the detached fragment. 

Sc:tle, 10 em. 
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CYCADEOIDEA STILLWELLI n. sp .... ---------- .... -- ...... -- ........ -- .... --. 63i:J 
Two views of opposite sides of trunk No. 105 of the Yale collection. 
Sc::t1e, 20 em. ' 
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CYCADEOIDEA STILLWELI.l 11. sp ......... -.. ____ .................. -- __ ... _ _ __ 635 
No 107 of the Yale collectio11. 
FIG. 1. View of tl;e side on which the scars are most <listinct. 
FIG. 2. View of the ol.Jlique·base a11d broadest side. 
Scale, 20 em. 
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CYCADEOIDEA STILLWELLI n. sp. _____ .. _ .... _ ..... _ .. _ .... _ .... _ ...•...... _ _ 635 
No. 119 of the Yale collection. 
FIG. 1. Side view. 
FIG. 2. View of the base. 
Scale, 20 em. 
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View of the best preserved side of the" Noble Cycad" of the U.S. National 
Museum collection. 

Scale, 20 cin. 
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PLATE CLIV. 
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CYCADEOIDRA EXCELSA n. sp .. _ ....................... __ ............... _ . . . 637 
View of the somewhat decayed side of the "Noble Cycad" of the U. S. 

1\ational Museum collection. 
Scale, 20 em. 
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CYCADEOIDEA EXCELSA n. sp ·----· ------------. -----· .... ---- .... -----· .... 637 
View of the base ~f the "Noble Cycad" of the. U.S. National Museum 

collection. 
Scale, 20 em. 

912 



U. S. GEOLOGICAL SURVEY NINET EENTH ANNUAL REPORT PART II PL. CLV 

15 

CYCADEOIDEA EXCELSA. 



19 GEOL, PT 2-5~ 913 



PLA ~E OL 'll. 
Page. 

CYCADEOIDEA NAN A D. sp- --- _-- ------ . - .• -- --- _ . ----- . -- _- .. - ___ . -... . . . . . . 639 
Two views of different sides of trunk No. 84 of the Yale collection. 
Scale, 20 em. 
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CYCADEOIDEA NANA n.',sp .......... · .......... ~ ......... - ....... :............ 639 
View of t.he base of trunk Ko. 84 of t!Je Yale eollectiou. 
Scale, 10 ern. 
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FIGS. 1-4. ARAUCARIOXYLON HOPPERTONiE Kn. n. sp.. . . . . . . . . . . . . . . . . . . . . . . 644 
FIG. 1. Radial section showing bordered pits covering entire wall. X 320. 
FIG. 2. Radial section showing walls with one row, or changing to two 
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FIG. 3. Tangential section showing wood cells and medullary rays. X 90. 
FIG. 4. Radial section showing wood cells and longitudinal .section of 

medullary rays. X 90. 
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FIGs.l-4. ARAt;CARIOXYLON HoPPRRTON.tE Kn. u. sp ........ ---- --·· -------- 644 
FIG. 1. Radial section showing portion of medullary rays with minnte 

bordered pits. X 320. 
FIG. 2. Tangential section showing ends of medullary rays. X 320. 
FrG. 3. Transverse section showing portions of fall and spring wood. 

X 320. 
FIG. 4. Radial section showing portion of very broad wood cell with two 

rows of nearly circular bordered pits. X 320. 
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