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GEOLOGICAL SURVEY RESEARCH 1966 

POSSIBLE WINDOW IN THE ELK RANGE THRUST SHEET NEAR ASPEN, COLORADO 

By BRUCE BRYANT, Denver, Colo. 

Abstract.-Structurally complex rocks underlie structurally 
simple rocks of Permian and Pennsylvanian age in the Co­
nundrum Creek valley. Both the overthrust sheet and the 
underlying rocks, as well as the boundary between them, have 
been intruded by Tertiary granodiorite and subjected to horn­
blende hornfels facies metamorphism. Seven miles to the south· 
west n section of Maroon Formation 10,000 feet thick has been 
carried over a section of Maroon Formation only 1,000 feet 
thick along the Elk Range fault. The Conundrum Creek area 
may be a window in the Elk Range thrust sheet, which was 
derived by the sliding off the Sawatch Range uplift of a thick 
section of rock from the interior of the central Colorado trough. 

In the Elk Mountains, on Conundrum Creek, 9 miles 
south of Aspen, Colo. (fig. 1), a block of structurally 
complex rocks underlies one of structurally simple 
rocks (fig. 3). The rock types and the structural 
features indicate that the structurally complex rocks 
may be in a window in the Elk Range thrust sheet. 
Both blocks and the boundary between them have ·been 
intruded by Tertiary granodiorite of the White Rock 
pluton and subjected to hornblende hornfels facies 
metamorphism. 

CONUNDRUM CREEK AREA 

In the Conundrum Creek area the structurally com­
plex rocks lie in the lower 1,000 feet of a valley about 
3,000 feet deep and are mostly covered by colluvium, 
moraine, talus, and alluvium so that details of the 
structure and stratigraphy are obscure. The simplest 
interpretation of the rock relations is shown on the 
geologic map (fig. 2). These rock units and those in 
the structurally more simple upper block probably are 
part of the Pennsylvanian and Permian Systems. 

. Stratigraphy 

The Pennsylvanian and Permian rocks in the region 
are a thick sequence of dominantly clastic rocks and 
evaporites, which compose the Belden Shale, Minturn 
Formation, and Maroon Formation (table 1) and were 

deposited in a narrow basin known as the central 
Colorado trough (fig. 1) . The trough had a northwest 
trend in central and northwestern Colorado and a 
north trend in New Mexico. The deposits are well 
Qver 2 miles thick in the deepest parts of the trough, 
and they thin in relatively short distances at the basin 
margins (Brill, 1952; Murray, 1958; Mallory, 1958, 
t960; De Voto, 1965). Thick sequences of clastic rocks 
derived from adjacent highlands are found on either 
side· of the trough north and west of the Sa watch 
Range. These interfinger with evaporites in the center 
of the trough. Lovering and Mallory (1962) report 
4,100 feet of evaporite-bearing beds in a well at Eagle, 
just north of the area of figure 1. Evaporites occupy 
more than one belt in the interior of the basin (Mal­
lory, 1960, fig. 5), but lack of data at present prevents 
delineation of the evaporites in detail. The Aspen area 
lies southwest of the center of the trough. There the. 

TABLE !.-Formations dep_osited in the central Colorado trough in 
late Paleozoic time 

Maroon Formation 
(Permian and 
Pennsylvanian) 

Minturn Formation 
(Pennsylvanian) 

Belden Shale 
(Pennsylvanian) 

Thin- to thick-bedded maroon and brick­
red sandstone, conglomerate, and mud­
stone containing a few beds of gray 
limestone in the lower part. Evaporites 
well developed near the center of the 
basin (Lovering and Mallory, 1962) ; 
at least one bed south of Aspen. 

Thick- to thin-bedded gray sandstone, 
shale, and limestone. Evaporites near 
the center of the basin; local lenses 
south of Aspen. 

Thin-bedded dark-gray shale and lime­
stone containing a few beds of silt­
stone, sandstone, and carbonaceous 
shale. Evaporites generally not rec­
ognized, but 100 feet of gypsum is 
reported in the Hope tunnel 5 miles 
south of Aspen (Knopf, 1926). Evap­
orites in small fragments and bedded 
deposits lacking stratigraphic contin­
uity occur along a fault zone in nearby 
Highland tunnel. 
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FIGURE I.-Geologic map of part of west-central Colorado. 1, Highland Peak quadrangle; 2, Maroon Bells quadrangle; 3, 
Hayden Peak quadrangle; 4, Conundrum Creek area (fig. 2); 5, Marble quadrangle; 6, Crested Butte 15-minute quadrangle; 
7, Highland tunnel; and 8, Hope tunnel. Section A-A', shown on figure 4. Modified from geologic map of Colorado 
(Burbank and others, 1935). 
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rocks are predominantly clastic, and evaporites occur 
only as local lenses. 

The rocks of the lower block along Conundrum 
Creek appear to be correlative with the Belden Shale 
and Minturn Formation. A unit of hornfels and mar­
ble consists of thinly interbedded dark-gray diopside­
scapolite and tremolite marble, pyrite-bearing hornfels, 
and a few beds of carbonaceous shale, and probably 
represents metamorphosed rocks of the Belden Shale. 
Lying either underneath or in the unit of hornfels 
and 'marble is a coarse-grained thick- to thin-bedded 
gray to white marble containing a few beds of horn­
fels and quartzite. Lenticular beds of this marble are 
as much as 30 feet thick. The area underlain by the 
marble is shown as undivided Devonian and Mississip­
pian on the State geologic map (Burbank and others, 
1935), but the marble does not resemble the Chaffee 
Formation of Devonian age, which is composed of 
dolomite, quartzite, and siltstone. The marble lacks 
the characteristic chert and is too thin bedded and 
variable in thickness and lithology to be the Leadville 
Limestone of Mississippian age. Rocks of the horn­
fels-marble unit that apparently underlie the marble 
unit in places do not resemble rocks underlying the 
Leadville Limestone. The number and thickness of 
marble beds, which would correspond to limestone beds 
in the Belden Shale, are not typical of carbonate units 
in the Belden nearby, but similar lithologies are 
reported by Vanderwilt (1937) in equivalent rocks 
mapped as Hermosa ( ? ) Formation cropping out on 
the Treasure Mountain dome southeast of Marble (fig. 
1). West and south of the Conundrum Creek area, 
stratigraphic units in the Minturn Formation (called 
Gothic Formation by Langenheim, 1952) have litholo­
gies similar to those represented in the unit of hornfels 
and marble in the Conundrum Creek area but are asso­
ciated with more numerous and thicker beds of coarse­
grained sandstone (Langenheim, 1952, p. 555, 558, 562). 

In the eastern part of the lower block, scattered out­
crops of white to light-green quartzite, arkose, hornfels, 
and marble in beds .1,4 inch to 10 feet thick may be 
metamorphosed rocks of the Minturn Formation. 
Minor folds are so numerous and irregular in pattern 
and outcrops so discontinuous that stratigraphic rela­
tions between units are uncertain. 

Rocks overlying the thrust fault are gray and green­
ish-gray calc-silicate hornfels typical of the Maroon 
Formation where it is metamorphosed, but they also 
resemble parts of the Minturn Formation where it is 
metamorphosed. Detailed cross sections to points 
where the top or bottom of the Maroon Formation is 
exposed, however, suggest that most of these rocks are 
part of the Maroon Formation. Unmetamorphosed 

Maroon Formation occupies the northern and north­
western parts of the Conundrum Creek area (fig. 2) . 

Structural features 

The structural pattern of the rocks above the fault 
contrasts strongly with that of the rocks below the 
fault (fig. 3). The overlying rocks are less deformed, 
and generally dip gently to moderately northward 
(fig. 3A). The underlying rocks are highly contorted 
(fig. 3B). Subdividing the underlying rocks into 
small areas did not produce diagrams with markedly 
clearer structural patterns. Some of the folds are just 
a foot or two in wave length; others are large enough 
to affect the map pattern. The small-scale folds lack 
a coherent pattern, and the bedding attitudes sum­
marized in figure 3 indicate a lack of pattern in the 
large-scale folds. The structure evidently is more com­
plex than is indicated by the map pattern deduced 
from unevenly distributed exposures (fig. 2), and 
faults as well as folds could be present in the under­
lying rocks. 

Discordance between the overlying rocks and the 
underlying rocks is most obvious on the southwest side 
of the Conundrum Creek area where the marble unit 
is well exposed in two gullies and is truncated at a low 
angle by granodiorite that occupies the position of the 
fault. Just to the north, beds in the overlying rocks 
are cut by the fault occupied by granodiorite (fig. 2). 

The fault between the two blocks and the bedding 
just below in the underlying rocks are concordant over 
a distance of a few hundred feet on the north and 
northeast sides of the area. In places, Tertiary gran­
odiorite has invaded the fault between the blocks and 
the rocks above and below the fault (fig. 2). 

A 
EXPLANATION 

20 percent 10 percent 5 percent 2 percent 1 percent 

FIGURE a.-Orientation of bedding above and below the Elk 
Range fault. Diagrams are equal-area projections on the 
lower hemisphere; north at top. Diagrams contoured in 
percentage of points per 1 percent of the area. A, 51 poles 
of bedding above fault; B, 90 poles of bedding below fault. 
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ELK RANGE FAULT 

Regional considerations 

The Elk Range fault crops out 7 miles southwest of 
the Conundrum Creek area and extends northwest­
southeast for at least 25 miles (fig. 1). This fault was 
discovered in 1873 by the Hayden Survey (Hayden, 
187 4, . p. 65-68) ' and reported on in more detail by 
Holmes (1876, p. 67-71) in the following year. He 
described the feature as "the great ·fault fold of the 
Elk Range," but it has received relatively little atten­
tion in recent years. Vanderwilt (1937) described the 
Elk Range fault and reviewed the literature on it. He 
did not show all of it on his detailed map and sections. 
but did include it on small-scale sketch maps ( 1935) 
1937). Part of it is shown on the State geologic map 
(Burbank and others, 1935). Part of the fault also is 
shown on a sketch map of the Crested Butte 15-minute 
quadrangle by Langenheim (1952), and most of its 
known extent is shown by God win and Gaskill ( 1964) . 

The Elk Range fault has been described as: a fold 
which has broken so that the northeast limb has over­
ridden the southwest limb with a displacement of 1 to 
2 miles (Holmes, 1876) or more than 2 miles (Vander­
wilt, 1937). 

The rocks above the Elk Range fault are generally 
less deformed than the rocks below the fault. The 
overridden rocks are in tight folds overturned to the 
southwest in the area between the fault and the 
Treasure Mountain dome (Vanderwilt, 1937). Folds 
in the overridden rocks extend southeast into the corner 
of the Maroon Bells quadrangle, where they die out or 
are obliterated by the 'White Rock pluton. In the line 
of the cross section in figure 4B the northeast limb of 
the fold in the overridden block at the southwest 
margin of the White .Rock pluton has' been steepened 
by intrusion of the pluton so that the fold is no,,r 
asymmetric; the northeast limb has a steeper dip than 
the southwest one. F~lds in the overridden block die 
out to the northwest in the Marble quadrangle· (Gaskill 
and Godwin, 1966). Detailed information on the folds 
is lacking to . the southeast. 

Gaskill and Godwin (1963; 1966; oral commun., 
1965,) show that apparent movement on the Elk Range 
fault dies out abruptly to the northwest, especially 
between the Snowmass pluton and the Crystal River, 
where it may indeed be considered a faulted fold with 
minor horizontal displacement. Relations to the south­
east are more obscure; the fault may bifureate into two 
thrust faults and be lost where it becomes parallel 
with bedding. Langenheim (1952) shows Minturn 
Formation (his Gothic Formation) carried over Meso­
zoic rocks on both branches of the fault. Consequently, 

it seems reasonable to assume considerable transport of 
the Elk Range thrust sheet in that area. No detailed 
published geologic maps are available at the intersec­
tion of the northwest-trending Elk Range fault and 
the north-trending Sawatch Range. 

In the southwestern part of the Maroon Bells quad­
rangle (fig. 1), the upper part of the l\1:inturn Forma­
tion overrides Mesozoic rocks along the Elk Range 
fault (fig. 4). The Maroon For:m:ation is about 10,000 
feet thick in the thrust plate in the western part of this 
quadrangle and in the southwestern part of the High­
land Peak quadrangle. Sections measured by Langen­
heim (1952, 1954) just to the south beneath the fault 
show only about 1,000 feet of Maroon Formation. 

The l\1aroon Formation characteristically changes 
thickness and lithology over short distances. For 
example, in the thrust plate above the Elk Range fault 
its thickness changes from 10,000 feet in the l\1aroon 
Bells quadrangle to 2,500 feet in the northwestern part 
of the Marble quadrangle in a distance of 15 miles 
oblique to the trend of the central Colorado trough 
(Langenheim, 1954; Gaskill and Godwin, 1966). The 
thickness of the Maroon may change more rapidly per­
pendicular to the trend of the trough, and as little as 
6 miles of tectonic transport of a thick section south­
west toward the margin of the trough could account 
for the present juxtaposition of a section of l\1aroon 
Formation 10,000 feet thick over one only 1,000 feet 
thick (fig. 4A). 

The Elk Range fault probably was for the most part 
a bedding-plane fault on the Belden Shale or perhaps 
partly on a shaly or evaporitic interval in the l\1inturn 
Formation so that in the Conundrum Creek area 
younger rocks were carriec}. over older ones. Some or 
possibly most of the Minturn Formation was cut out 
in the lower block. Deformation of rocks in the over­
ridden block may be due to rumpling of the incompe­
tent shales and thin-bedded limestones below the thick 
section of more competent sandstones· of the thrust 
sheet. Farther east, along the flank of the Sawatch 
Range, the fault also may be parallel with bedding in 
the Belden Shale but with few or no beds missing. 
Consequently, the fault may be difficult to recognize 
where it should be along the flank of the Sawatch 
Range east of the Conundrum Creek area. Southwest 
of the Conundrum Creek area the fault has cut upward 
in the section of the overridden block but has remained 
at approximately the same stratigraphic horizon in the 
overriding block. 

vVhether the lower Paleozic rocks below the Belden 
Shale are as complex structurally as the units of the 
overridden block exposed in the Conundrum Creek 
area is unknown. Where the Belden Shale is brought 
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FIGURE 4.-Diagrammatic geologic sections from the flank. of the Sawatch Range through the Conundrum Creek area 
and across the outcrop of the Elk Range fault in the southwest corner of the Maroon Bells quadrangle. Line of 
section is shown on figure 1, but section is based on more detailed information than shown on small scale of figure 1. 
A, after movement of the Elk Range thrust sheet but before intrusion of Tertiary granodiorite; B, at present. 

up along the west flank of the Sawatch Range it is 
highly contorted in many places, and the massive 
underlying rocks do not have the same contortions. 
The structural pattern of the overridden rocks between 
the Conundrum Creek area and the outcrop of the Elk 
Range fault is not known, and the simplest interpre­
tation is used in the diagrammatic section (fig. 4B). 

Previous maps and my reconnaissance east of Co­
nundrum Creek suggest that the Castle Creek fault, 
which apparently has a small displacement in the line 
of the section (fig. 4B), but a much larger one at 
Aspen, cuts the Elk Range fault. Rocks of the window 

have been brought to an altitude of more than 12,000 
feet and against the Maroon Formation along a fault 
in the northeast part of the Conundrum Creek area 
(figs. 2 and 4B). This later faulting and the intrusion 
have obscured the relations between the overridden and 
overriding rocks on the east side of the window. 

Detailed mapping by Gaskill and Godwin (1966) in 
the Marble quadrangle and by me in the Maroon Bells 
quadrangle confirms the suggestion provided by earlier 
mapping (Holmes, 1876; Vanderwilt, 1937, p. 91) that 
the Elk Range fault exerted a considerabLe degree of 
structural control on the subsequent emplacement of 
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the Snowmass and White Rock plutons. The trace of 
the fault is now discontinuous as a result of intrusion 
of the granodiorite (fig. 1), just as the relations 
between the structurally complex overridden and struc­
turally simple overriding blocks in the Conundrum 
Creek area are obscured as a result of emplacement of 
the granodiorite of the White Rock pluton (fig. 2). 
The pluton does not intrude rocks below the Belden 
Shale where they are exposed along the west flank of 
the Sa watch Range (fig. 1), which indicates that it 
may have had its floor in or above the Belden Shale~ 
near or along the Elk Range fault as shown on figure 
4. Map relations show that in the southwestern corner 
of the Maroon Bells quadrangle and in the Conundrum 
Creek area the granodiorite at least. locally cuts into 
the overridden block of the Elk Range fault. Detailed 
mapping of the rocks in the thrust plate shows that 
the granodiorite is concordant with bedding along well 
over half its contact length and is sharply discordant 
elsewhere to produce the highly irregular outcrop 
pattern of the pluton as a whole (fig. 1). 

Origin and age 

The position of the Elk Range thrust sheet appears 
to be related to the steep southwest flank of the 
Sa watch Range (fig. 1). Folds in the overridden block 
and the stratigraphic relations in the ·Maroon Forma­
tion indicate that the sheet travelled southwestward 
out of the northwest-trending central Colorado ti·ough; 
it could have been derived by gravity sliding· off the 
Sawatch range uplift of a section of rocks from the 
thick interior part of the trough. Evaporite beds 
near the center of the trough may have facilitated 
movement of the sheet (Zen and Hanshaw, 1964). 

The age of the Elk Range fault is not clearly estab-
. lished. The fault cuts the :Mesaverde Formation of 

Late Cretaceous age in the M:arble quadrangle (Gaskill 
and Godwin, 1966), and it is cut by Tertiary intrusives, 
which nre of post-early Eocene age in the West Elk 
~fountains (Godwin and Gaskill, 1964). West of 
Crested Butte, conglomerate and sandstone of the Ohio 
Creek Formation of Paleocene age contain pebbles of 
qunrtzite, shnle, nnd silty clay (Gnskill and Godwin, 
1963), mnny of which are rock types of the Mesaverde 
Formn,tion or the Mnncos Shnle of Cretaceous age, and 
probnbly reflect the earliest uplift of the Sawatch 
Range. By the time the basal part of the 'Vasatch 
Formntion was deposited, Precambrian rocks were 
probnbly exposed in the Sawatch Range, unless the 
pebbles of plutonic rock (Gaskill and Godwin, 196a, 
p. C36) in the Wasatch were derived by reworking of 
conglomerates in the Maroon Formation rather than 
from 'the Precambrian. Thus, nplift of the ~awatrh 

Range and consequent movement of the Elk l\fountain 
sheet probably began in Paleocene time. 

Along the margin of the Sawatch Range the rocks 
are broken by many faults. This is the area where the 
Elk Range fault should crop out if the eastern Elk 
l\{ountains consist of a large gravity sheet. Until 
detailed mappin~ is done over a large stretch of the 
outcrop belt of the Belden, Minturn, and Leadville 
Formations along the west side of the Sawatch Range 
the presence of the Elk Range fault in that area cannot 
be proved or disproved. At Lenado, north of Aspen; 
in the Hope and Highland tunnels 5 miles south of 
Aspen; and on the northeast side of Taylor Peak south 
of the Hayden Peak quadrangle; the Beldei1 Shale is 
broken by numerous faults, many of which are parallel 
with bedding. Gouge and breccia along them range 
in thickness from a quarter of an inch to more than 
100 feet. Whether some or most of these faults are 
the Elk Range fault is not yet demonstrable because 
it is difficult to separate older, originally low-angle 
bedding faults which have been subsequently steepened 
by later deformation, from younger high-angle faults 
along the margin of the Sawatch Range uplift. The 
geologic relations as now known seem permissive for 
the hypothesis of a thrust sheet in the eastern Elk 
l\{ountains. 

The possibility of a window in the Conundrum 
Creek area and the juxtaposition of stratigraphic sec­
tions of the Maroon Formation of vastly different 
thickness along the Elk Range fault in and south of 
the Maroon Bells quadrangle require us to consider the 
Elk Range thrust-sheet hypothesis. 
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STREAM ANTICLINES IN · CENTRAL KENTUCKY 

By GEORGE C. SIMMONS, Berea, Ky. 

Work done in cooperation with the Kentucky Geological Survey 

A:bst?·act.-Small nontectonic folds called stream anticlines 
occur in interbedded limestone and shale of the Upper Ordo­
vician in central Kentucky. Although their amplitude com­
monly is only a few feet, some anticlines are more· than half 
n mile long ; most are fractured along their crests. Stream 
nnticlines are unrelated to tectonic features, and their coinci­
dence with valley bottoms suggests a Recent origin. This ori· 
gin is substantiated at one place by an eyewitness account 
near Stanford, Ky. 

Small non tectonic anticlines are common in Upper 
Ordovician limestone and shale in central Kentucky. 
The anticlines occur along valley floors, and their axes 
coincide with the trends of the valleys. About 50 of 
these folds were recently mapped in the IGrksville., 
Valley View, Richmond North, and Union City quad­
rangles by the author and by R. C. Greene ( 1965, 1966) 
near Richmond, J(y. (fig. 1), and the description to 
follow is based on observations in that vicinity. These 
geologic structures are show1~ as minor anticlines on 
the quadrangle ma.ps. The term "stream anticline" 
which describes these folds wa;s suggested by Charles 
1-I. Maxwell, of the U.S. Geological Survey (oral 
commun., 1962) because the :folds' trend along stream 
courses and are well exposed where streams flow on 
bedrock. 

Stream. anticlines are simple upward flexures with­
out complementary synclines. The beds on the flanks 
of the :folds commonly dip less than 5°, although dips 
of more than 20° have been recorded. The width of 
the :folds, that is, the distance between unflexed beds on 
the opposite sides of the folds, is :from a :few feet to 
several ten~ of :feet. The amplitude is :from a few 
inches to 5 :feet. Despite their small amplitude, some 
anticlines have a length of more than half a mile; how­
ever, lengths of several tens to hundreds of :feet are 
more cornmon. 

The stream anticlines are commonly :fractured along 
their crests. The fractures occur singly or .in sets with 
individual :fractures spaced a :few inches to several :feet 
apart and are either open an inch or two or tightly 
closed~ Most anticlines have a relatively large open 
:fracture along the crestline and parallel, more weakly 
developed :fractures on the flanks. Locally, beds are 
buckled and have steep dips between :fractures or at:e 
offset several inches across a :fracture. 
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FIGURE I.-Index map showing quadrangles in central 
Kentucky where stream anticlines have been mapped. 
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FIGURE 2.-Stream anticline in interbedded limestone and shale 
(Grant Lake Member of the Ashlock Formation) on West 
Fork Otter Creek, Richmond North quadrangle, Kentucky. 

FIGURE 3.-Stream anticline in interbedded limestone and shale 
(Tate Member of the Ashlock Formation) on West Fork Otter 
Creek, Richmond North quadrangle, Kentucky. The dip is 
only 1 o on each flank of the fold, but uplift raised the axial 
region of the anticline high enough to divide the streamflow 
into two channels during stages of low water. (Maximum 
width of stream near top of picture is about 40 feet.) 

Stream anticlines involve alternating beds of lime­
stone and shale at places where the ratio of limestone 
to shale is between 3:2 and 3:1. The limestone gen­
erally occurs in beds ranging from less than 1 inch to 
6 inches in thickness separated by laminae and beds of 
shale as much as 1 inch thick. The stratigraphic units 
containing this lithology in the area are the Ashlock 
Formation, Calloway Creek Limestone, and parts of 

FIGURE 4.-Map of the Richmond North quadrangle, Kentucky, 
showing the relation of stream anticlines (arrows) to structural 
features. Structure contours, in feet above sea level, are 
drawn on the base of the Garrard Siltstone. See figure 1 for 
location of quadrangle. 

the Clays Ferry Formation; thus the stream anticlines 
are chiefly confined to these formations (figs. 2 and 3) . 

Stream anticlines are unrelated to structural features 
of tectonic origin. The folds strike parallel, oblique, 
and perpendicular to local and regional bedding trends. 
Only a few anticlines were found near faults, and no 
evidence was found suggesting a causal relation 
between the two (fig. 4). 

The origin of stream anticlines is not known. One 
hypothesis is that the absorption of "·ater by clay 
minerals caused an increase in volume of the shale beds. 
This in turn produced stresses that were most easily 
relieved by upward bending of strata in the stream 
bottoms where little or no overburden was present. 
Another hypothesis is that "unloading" of bedrock by 
stream erosion resulted in a reduction of pressure on 
beds at stream level compared to the pressure on the 
same beds under adjacent hills. This differential 
pressure caused a slight plastic flow in the shale toward 
the streams, and a volume increase in the shale lifted 
the overlying limestone. Shaler (1877, p. 49) con­
sidered that the folding and fracturing resulted from 
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contraction of ·limestone caused by ·solution of various 
soluble salts-similar to the. drying of wood or the 
shrinkage of brick clay during burning. 

Although the genesis of the antiClines is uncertain, 
their time of origin is undoubtedly Recent. This con­
clusion is indicated by the coincidence of stream anti­
clines and drainage (fig. 5), and is confirmed by the 
report by Shaler (1877, p. 48-49) of an eyewitness 
account near Stanford, l(y.: 

FIGURE 5.-Map of the Richmond North quadrangle, Kentucky, 
showing the relation of stream anticlines (arrows) to drainage. 
See figure 1 for location of quadrangle. 

The bed of the creek lies in the upper part of the Cincinnati 
Group, or Blue Limestone series; but at this point the series 
is much less calcareous than in the region to the northward. 
The rock lies rather in thin beds, but very compact and dense 
-rather arenaceous and calcareous-showing a remarkable 
want of the open joints. so common in many of our limestones 
{)f this series. Below the leYel of these hard beds are lime­
stones which show the ordinary jointed beds. The rocks in 
the bed of the creek are exposed in very broad tables, the one 
where the disturbance occurred being oYer two hundred feet 
long and perhaps twenty feet wide. Above and below this point, 
the stream had slight falls over the· ed·ges of similar beds. 
Just at this p{)int its bed was upon this broad sheet of rock, 
all of one layer. The disturbance which was very conspicu~us, 
consisted of a low ridge, about three feet wide and about ten 
inches high in the middle, which extended obliquely across the 
stream for a distance of one hundred and fifty feet, either end 
disappearing beneath the bank of alluvium that bordered the 
stream. The t{)p of the ridge was shattered into fragments by 
the process of upheaval, spans of rock to the number of hun­
dre-ds having been thrown from its surface by the movement. 
Tiie top' 'of· the· ridge was seamed by d fissure· about an inch· 
wide, which was irregular in its direction and width. 

Fortunately, the formation of this curious ridge was intel­
ligently {)bserved by the son of 'Mr. Cornelius Trailer, on whose 
farm the disturbance occurred. At early day, coming with a 
horse to a wateringplace near the stream, he heard the roar­
ing sound beneath the earth, which was so violent as to cause 
his horse to break away from him. In a moment he saw the 
stones begin to fly from the rock in the bed of the creek, near 
the bank, and directly saw that the disturbance advanced up­
stream. F{)llowing the movement, which went on at the rate of 
a slow walk, he saw it finally disappear beneath the opposite 
bank. During the rest of the day there were frequent sounds 
as of further rending of the roc~s at depths beneath the up­
heaved surface; but by nightfall the sounds had all ceased, and 
had not ·been renewed up to the time of my inspection. 
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EXOTIC BLOCKS AND COARSE BRECCIAS 

IN MESOZOIC VOLCANIC ROCKS OF SOUTHEASTERN ARIZONA 

By FRANKS. SIMONS, ROBERT B. RAUP, PHILIP T. HAYES, 
and HARALD DREWES, Denver, Colo. 

A.bstraot.-In the Canelo Hills and the Huachuca, Patago­
nia, and Santa Rita Mountains of southeastern Arizona, thick 
sequences of Mesozoic volcanic and volcanic-sedimentary rocks 
contain sizable exotic blocks or coarse sedimentary breccias of 
older rocks. The large blocks were emplaced by dragging or 
rafting by lava flows, by gravity sliding, or possibly by transport 
in ash flows. These e·xotic blocks and coarse breccias, together 
with conglomerate at several horizons, indicate widespread tec­
tonic activity in squtheastern Arizona during Mesozoic time. 

Several mountain ranges in Santa Cruz and Cochise 
Counties, southeastern Arizona, contain thick volcanic 
and volcanic-sedimentary sequences of Triassic to Cre­
taceous age (fig. 1) . In many places these volcanic­
sedimentary sequences contain sizable blocks or coarse 
sedimentary breccias of older rocks. Maximum dimen­
sions of some of the larger blocks are locally meas­
urable in thousands of feet. The volcanic rocks are 
mainly rhyolite, quartz latite, and dacite, but some are 
trachyte and trachyandesite. The geologic age of some 
of the volcanic sequences has been determined by their 
relation to fossiliferous rocks or by isotopic age deter­
minations, but the age of others is known only within 
broad limits. 

The exotic blocks in the Mesozoic rocks commonly 
are of upper Paleozoic sedimentary strata but also 
include lower Paleozoic sedimentary rocks and Pre­
cambrian metamorphic rocks as well as Mesozoic vol­
canic material. The large blocks were emplaced in 
several ways; some were picked up and dragged by 
flowing lava or appear to have been rafted on or in 
lava flows, whereas others are interpreted as gravity 
slide blocks, some of which may have glided along 
muddy layers in the host rock. The sedimentary 
breccias are thick and very coarse but otherwise are 
lenticular stratigraphic units that were deposited near 
a rugged source area. 

Exotic blocks or breccias from four ranges are 
described briefly, and some ideas on Mesozoic paleo­
geography of southeastern Arizona are presented. The 
Canelo Hills have been studied by Raup, Simons, and 
Hayes, the Huachuca Mountains by Hayes, the Pata­
gonia Mountains by Simons, and the Santa Rita 
Mountains by Drewes. 

CANELO HILLS 

The Canelo Hills comprise a group of low narrow 
ridges lying between the Huachuca Mountains to the 
east and the Patagonia and Santa Rita Mountains to 
the west (fig. 1). They extend from about 6 miles 
north-northeast of Patagonia southeastward for 22 
miles. The northern half of the Canelo Hills is under­
lain by sedimentary rocks of Paleozoic and Mesozoic 
age and volcanic rocks of Mesozoic and Tertiary age, 
whereas the southern half consists largely of silicic 
and intermediate volcanic rocks of Mesozoic and 
Tertiary age. 

Northern Canelo Hill's 

The northern part of the Canelo Hills consists mainly 
of Paleozoic sedimentary rocks, mostly limestone, over­
lain by Canelo Hills Volcanics of Triassic and Jurassic 
age (Hayes and others, 1965). The basal unit of the 
volcanic rocks is as much as 2,000 feet thick and is 
made up of red beds, tuff, tuffaceous sandstone, con­
glomerate, and thin silicic lava flows. At most places 
it rests on Permian Concha Limestone and was 
deposited on a surface of moderately high relief 
marked locally by a zone suggestive of a poorly devel­
oped regolith. Exotic blocks, probably emplaced by 
gravity sliding, are abundant in sedimentary rocks 
near the base of this unit. 
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FIGURE 1.-lndex map of a part of southeastern Arizona, showing location of areas described in the text. 1, northern Canelo 
Hills; 2, southern Canelo Hills; 3, Coronado National Memorial, Huachuca Mountains; 4, American mine area, Patagonia 
Mountains; 6, Flux mine area, Patagonia Mountains; and 6, Josephine Canyon-Montosa Canyon area, Santa Rita Mountains. 
Index map: A, Dos Cabezas Mountains; B, Chiricahua Mountains; C, Dragoon Mountains; and D, Mule Mountains. 

Host rocks for the exotic blocks are mainly con­
glomerate and red beds. The conglomerate is largely 
massive limestone conglomerate but locally is composed 
principally of clasts of volcanic rock in a tuffaceous 
matrix. Interbedded with the conglomerate are thin­
bedded tuff and tuffaceous sandstone. The red beds 
comprise red mudstone with a few thin and discon­
tinuous limy layers and brown medium-grained sand­
stone. Volcanic flows and tuff occur locally in the 
red-bed sequence, indicating that the red beds were 
deposited during a period of volcanic activity in the 
region. 

A typical exotic block is a bedding-plane slab lying 
generally parallel to the layering in the host rocks. 
Such blocks range in length from a few tens of feet 
to at least 4,000 feet and in thickness from a few feet 
to more than 150 feet. Most blocks are limestone or 
dolomite. of Permian age, from either the Concha 
Limestone or the Scherrer Formation; some are quart­
zite or feldspathic sandstone, also of the Scherrer. 

All the blocks are brecciated, but the degree of 
brecciation is not uniform. Distance from possible 
source rocks, where any estimate can be made, or type 
of host rock seem to have little influence on the inten-
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sity of brecciation; in general, however, brecciation 
diminishes toward the centers of blocks, so that thick 
blocks are less brecciated than thin ones. 

Breccia fragments of limestone are not everywhere 
easily recognized owing to subsequent healing of 
fractures. In some places, original fragments show up 
because of slight color differences between them and 
the healing material. The effect of brecciation on chert 
and fossils is more evident. Chert no.dules, so abundant 
in the Concha Limestone, are thoroughly shattered and 
their · distinctive shapes are destroyed, although the 
general distribution of chert is little changed. Silici­
fied brachiopods are common in chert nodules of the 
Concha, and in places the only recognizable fossils 
remaining in exotic blocks are in fragmented nodules; 
unsilicified fossils have been obliterated. 

Fragments in exotic blocks have been rotated, at 
least .locally. Evidence of rotation . can be seen only 
in fragments of quartzite, which is laminated, and not 
in fragments of the unlaminated carbonate rocks. 
Parting planes generally are intact. Near the base of 
one block, fragments in a thin unit of distinctly lami­
nated quartzite are oriented at random, indicating con­
siderable rotation on a small scale, but the contact 
between quartzite and the overlying fragmented car­
bonate rock is practically undisturbed. Apparently 
the blocks moved as bodies that were sufficiently com­
petent to preserve gross stratigraphic features, even 
though beds between part~ng planes were disturbed 
locally to a greater extent. 

All the exotic blocks whose stratigraphic position 
relative to the underlying Paleozoic bedrock is known 
are within 300 feet of the Paleozoic rocks, and most 
are within 100 feet or less. Although blocks occur 
throughout this interval, within a given area they tend 
to be concentrated at a particular horizon. Field evi­
dence shows clearly that at least some of the blocks 
could not have reached their present stratigraphic posi­
tion as a result of faulting, and it seems likely that all 
were emplaced by gravity sliding. 

Examples of exotic blocks in conglomerate may be 
seen north of the Canelo Pass road just east of the 
pass. Here, large blocks, mainly of Concha Limestone, 
are enclosed in a unit of massive limestone conglom­
erate and volcanic sedimentary rocks. The conglom­
erate unit thins abruptly toward the north, suggesting 
that it was deposited in a local basin. The blocks 
appear to be ordinary components of the conglomerate, 
but one exposure suggests that they may have slid on 
muddy layers within the conglomerate. At this place, 
the basal few feet of an exotic block of Concha Lime­
stone is typically brecciated, and the healing material 

is red limy mudstone with only sparse rounded 
granules and small pebbles of limestone. The mud­
stone may represent the surface material on which the 
block slid. 

Examples of exotic blocks in red beds are common 
along both flanks of a faulted syncline on the east side 
of the northern Canelo Hills. Along the east flank, 
part of which is shown on figure 2A, the relation of 
exotic blocks to source rocks is particularly well dis­
played; the exposed source rocks are the lower part of 
the Concha Limestone, and the blocks too are derived 
from the lower part of that formation. The surface 
on· which the red beds were deposited is fairly irregu­
lar, with local relief of at least 400 feet. Depressions 
in the older terrane were filled in by red beds with a 
thin basal conglomerate and abundant exotic blocks. 
After the depressions were filled, more blocks were 
emp_laced sporadically within a narrow stratigraphic 
interval. 

Southern Canelo Hills 

The southern part of the Canelo Hills is made up 
mainly of rhyolite lava flows more than 1,000 feet 
thick, overlain by rhyolite welded tuff more than 6,000 
feet thick (fig. 2B). These rocks have a general north­
west strike, and dip moderately southwest. 

Several lenses of upper Paleozoic sedimentary rocks, 
largely of Permian age, are enclosed in or underlain 
by rhyolite lava, and other lenses have similar, but not 
entirely clear, field relations. Two are overlain 
directly by welded tuff. The lenses range in length 
from 200 to 3,500 feet and are as much as 750 feet in 
outcrop width. Two lenses are at or near the top of 
the lavas,. two others are probably near the same strati­
graphic position, and another seems to be several hun­
dred feet below the top of the lavas. The stratigraphic 
location of other lenses is uncertain. Carbonate rocks, 
mostly limestone, are dominant in the lenses, but 
quartzite is present in four of them. 

The lenses have several features in common. All are 
brecciated ; indeed some are so thoroughly fractured 
that over sizable outcrop areas no fragments more 
than ·a few inches across remain unbroken. In some 
lenses brecciation is most intense near contacts. In 
general the lenses are little recrystallized, silicified, or 
otherwise altered, although the limestone of some 
lenses is slightly reddened near contacts. The lenses 
are cut by numerous veinlets of white calcite; and 
dolomitic limestone may be divided into various-sized 
blocks by irregular septa of lighter colored carbonate 
which is dedolomitized rock. The lenses seem for the 
most part to be bedding-plane slabs whose bedding is 
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roughly parallel to the enclosing lavas or to nearby 
welded tuff. No exposure of a contact between a lens 
and volcanic rock was found. 

In most places, the only rocks associated with the 
lenses are volcanic. However, one composite block 
about 1,300 feet long consists of two lenses that are in 
contact at their north ends; south of the juncture they 
are separated by as much as 50 feet of conglomerate 
composed of partly rounded fragments of limestone 
and volcanic rock in a matrix of calcarenite. 

These exotic lenses in volcanic rocks may be inter­
preted as hills of bedrock protruding through the 
volcanic material, as slivers along faults, as landslide 
blocks, or as slabs transported on or within lava flows. 
Some may indeed be bedrock hills, but such an expla­
nation seems unlikely for long and narrow lenses that 
crop out on ridgetops and have steep contacts with 
the lavas. No evidence was found that any of the 
lenses is a fault sliver, although at least one is bounded 
by a fault along one side. All the lenses are a mile or 
more horizontally from the nearest outcrop of what is 
undoubted prevolcanic bedrock, and several apparently 
are separated by hundreds of feet of lavas from any 
under lying pre volcanic rock. The lenses could have 
been emplaced by landsliding, but some are long thin 
slabs that might have been noticeably disrupted during 
landsliding rather than· merely brecciated. Two of 
these thin slabs are underlain by an appreciable thick­
ness of lava and must have travelled a considerable 
distance. 

It seems most likely that the lenses were transported 
on or in lava· flows. At present the nearest outcrops 
of Paleozoic source rocks are 10 miles west or south­
west in the Patagonia Mountains, 5 miles or more 
northwest in the Canelo Hills, and 8 miles northeast 
in the Huachuca Mountains. The direction from 
which the volcanic rocks came is unknown, so no logical 
choice can be made among these possible source areas. 
It is possible, of course, that Paleozoic rocks may have 
been exposed somewhere nearby at the time of extru­
sion of the lavas; in that event such extensive transport 
would not need to be invoked. 

Transportation by lava, although producing consid­
erable brecciation, has resulted in little or no alteration 
of the slabs, presumably either because the lava was 
already rather cool at the time the blocks . were 
entrained, or because the length of time between pick­
ing up of the slabs and cooling of the lava was very 
short. 

HUACHUCA MOUNTAINS 

The Huachuca Mountains are a northwest-trending 
range about 20 miles long in the southwest part of 
Cochise County (fig. 1). The mountains are made up 

of Precambrian granitic rocks, Paleozoic sedimentary 
rocks, a wide variety of Mesozoic sedimentary, volcanic, 
and intrusive rocks, and subordinate Cenozoic igneous 
rocks. 

In the southern part of the Huachucas, nmnerous 
exotic blocks of Paleozoic sedimentary rocks are 
enclosed in volcanic rocks of Mesozoic age. Some of 
the most instructive examples are in the extreme south­
ern part of the range in Coronado National Memorial 
between Joe's Canyon Trail and the Mexican border 
(fig. 3). Here there is a well-exposed body of grayish­
red trachytic lava, containing large exotic blocks. It is 
conformably underlain and overlain by thick units of 
very poorly sorted volcanic cobble- to boulder-con­
glomerate that is assigned to the Glance Conglom-
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FIGURE 3.-Geologic sketch map of lava flow containing 
exotic blocks, in Coronado National Memorial, 
Huachuca Mountains, Cochise County, Ariz. (fig. 
1, loc. 3). 
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erate . of the Bisbee Group of Early Cretaceous age. 
The npper conglomerate unit contains sparse limestone 
clasts as well as volcanic detritus. 

The trachyte seems to be a single lava flow about 200 
feet thick. In most places it is a flow breccia, but 
breccia is much 1nore apparent in the upper part, some 
of which is vesicular. The rock contains as much as 
20 percent phenocrysts of plagioclase up to 5 mn1 in 
length. 

The exotic blocks are as much as 1,500 feet long ttnd 
200 feet high. All the larger blocks are at or very 
near the base of the trachyte (fig. 3) . The blocks 
readily identifiab~e as to origin were derived from the 
Permian Concha Limestone., the youngest Paleozoic 
forn1ation recognized in the Huachuca ~fountains. 

Bedding in most of the limestone blocks is readily 
apparent, even though the blocks are highly brecciated, 
and most bedding is subparallel to the containing lava 
flow. 

Brecciation in the central parts of the larger blocks 
is not everywhere easily recognized, but close examina­
tion generally reveals the lin1estone to be brecciated 
and recemented. Brecciation is most intense near the 
outer edges of the blocks, where in many places lava 
fills spaces between breccia fragments. Furthermore, 
the lava near the blocks contains numerous smaller 
l;>locks and fragments of limestone, presumably de~:ived 
from the larger blocks. 

These blocks of Concha Limestone undoubtedly were 
shoved or carried along at or near the base of the 
trachyte flow and were brecciated during transport. 
Fragments of limestone that were broken off ed<Yes of 

. 0 

the blocks '\vere set adrift iii the flowing lava. \Vhether 
the larger limestone blocks were plucked from bedrock 
or were landslide blocks picked up by the flow is 
conjectural. 

Elsewhere in the southern Huachuca l\1ountains, 
exotic blocks of upper Paleozoic rocks are abundant in 
a thick and widespread sequence o£ intermediate vol­
canic rocks that are considerably .older than the 
trachyte flow described above. The older volcanic 
roclcs are dominantly nonwelded lithic tilffs, but some 
possible welded tuff and lava have been noted. 

Few i£ any single blocks exceed 1,500 feet in length 
and 300 feet in thickness, but on the steep slopes east 
o£ Miller Peak (fig. 1) the blocks in places are so 
abundant and so closely spaced as to form masses of 
brecciated limestone, virtually free of volcanic material, 
that range from about half a mile to more than 1 mile 
in length along strike. The enclosing tuffs are gen­
erally so poorly exposed and badly weathered that 
their origin is doubtful. Therefore it is uncertain 

whether the exotic blocks were transported by ash flows 
or lahars, or both. 

PATAGONIA MOUNTAINS 

The Patagonia Mountains (fig. 1) extend from near 
the village of Patagonia south-southeastward about 14 
1niles to the Mexican border and beyond for several 
miles into Mexico. They consist of Precambrian, 
l\1esozoic, and Cenozoic igneous rocks and subordinate 
amounts of Paleozoic and Cretaceous sedimentary 
rocks. Exotic lenses and blocks of Paleozoic limestone 
in younger volcanic terrane crop out in several areas; 
the most extensive are near the American Inine near 
Harshaw Creek (fig. 4A) and in upper Flux Canyon, 
4-5 miles south of Patagonia (fig. 4B) . · 

American min·e area 

The area around the American. mine (fig. 4A) is 
underlain by rhyolite lava and flow breccia that rest 
on Concha Limestone and the underlying Scherrer For­
mation, both of Permian age. The rhyolite is corre­
lated tentatively with pre-Lower Cretaceous silicic 
volcanic rocks of the central Patagonia l\{ountains 
northwest of \Vashington Camp, which in turn may be 
equivalent in part to the lower l\1esozoic Canelo Hills 
Volcanics (:Hayes and others, 1965) . 

The largest limestone occurrence is along ~nd at the 
west end of the east-trending ridge north of the 
Ani.erican mine. This ridge consists of blocks of brec­
ciated limestone and some quartzite enclosed in rhyo­
lite. East of. Harshaw Creek this limestone-rhyolite 
complex crops out over an area about 1,500 feet long 
and 700 feet in maximum. width; west of the creek it 
is very poorly exposed but may extend a distance of 
1,000 feet or more. Eastward the complex thins 
abruptly and passes into limestone conglomerate that 
in turn lenses out near the Bender mine about 3,500 
feet east of Harshaw Creek. The limestone blocks are 
derived from the Concha Limestone and the quartzite 
from the Scherrer Formatioil. Most of the blocks are 
a few feet across but some are much larger; the largest, 
at the base of the ridge just east o£ Harshaw Creek, is 
a highly brecciated mass of dark-gray limestone possi­
bly 100 feet or more across. The limestone-rhyolite 
breccia and conglomerate lie as 1nuch as 1,000 feet 
stratigraphically above the base of the volcanic section, 
and the nearest outcrops of possible source rocks for 
the limestone fragments are about 1,000 feet south~ 

A large block of coarse-grained white lin1estone is 
exposed in a small gully west of Harsi1a w Creek and 
along the westward prolongation of the breccia north 
of the American mine. It is about 300 feet long and 
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FIGURE 4.-Generalized geologic maps of the American mine area (A) and the Flux mine area (B), Patagonia Mountains, Santa 
Cruz County, Ariz. (fig. 1, locs. 4 and 5). 

is surrounded by rhyolitic volcanic rock. The ridge to 
the north offers few exposures, but scattered outcrops 
of limestone indicate that it probably consists of lime­
stone breccias similar to those north of the American 
mme. 

A limestone block 1,000 feet southwest of the Ameri­
can mine is roughly triangular in outline and is 
entirely surrounded by rhyolite lava and flow breccia. 
The northeast contact is a fault dipping southwestward. 

The limestone block is thoroughly brecciated and 
bleached, and its identification is uncertain but it is 
probably Scherrer Formation or Concha Limestone; 
Permian Concha Limestone crops out 1,500 feet 
southeast of it. 

A small area of limestone breccia crops out 2,000 
feet south of the Hardshell mine, 0.8 mile northeast of 
the American mine (fig. 4A). Here a knoll 500 feet 
long and as much as 200 feet wide is underlain by a 
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coarse limestone breccia resting on rhyolite tuff. The 
breccia-tuff block is bounded by faults against silicic 
volcanic rocks. The limestone fragments are as much 
as several tens of feet across and are n1ostly if not 
entirely of Permian Concha Limestone; the enclosing 
volcanic rocks are the same as those in the American 
1nine area. 

Flux mine area 

Rocks at and southwest of the Flux mine, 4 miles 
south of Patagonia (fig. 4B), are mainly silicic vol­
canic rocks interlayered with a little coarse sandstone, 
qnartzite and shale and intruded by a large sill ( n of 
rhyolite porphyry. This volcanic-sedimentary sequence 
trends north-no1:thwest, dips steeply, and is correlated 
tentatively with silicic volcanic rocks of pre-Early 
Cretaceous age in the central Patagonia :Mountains. It 
is overlain unconformably by silicic volcanic rocks of 
Cretaceous ( ~) or Tertiary ( ~) age. Limestone slabs, 
probably all of ]ate Paleozoic age, and associated lime­
stone conglomerate are enclosed in the volcanic-sedi­
mentary sequence at the Flux mine and northwest of 
the Chief mine. 

Many of the workings of the Flux mine are in a lens 
of highly brecciated limestone with an outcrop length 
of about 1,000 feet and a maximum width of 75 feet. 
This lens strikes north and dips steeply west. To the 
south it tapers out and becomes a thin layer of lime­
stone conglomerate. At the mine road and for some 
distance uphill to the north, the rocks immediately to 
the east are much-altered green andesite lava and tuff 
40-50 feet thick containing scattered fragments of 
limestone; farther east are rhyolite lavas. Overlying 
the limestone to the west is an uncertain thickness, 
perhaps 40-50 feet, of coarse sandstone and arkose. 
Apparently these clastic rocks interfinger to the south 
with silicic volcanic rocks, and to the west they are 
intruded by rhyolite porphyry. Contacts between 
limestone and other rocks are rarely exposed but seem 
to be somewhat sheared and brecciated. 

The limestone is a massive gray to dark-gray some­
what cherty rock of uncertain age; it might be from 
the upper part of the Permian Concha Limestone or, 
less likely, could be Escabrosa Limestone (Mississip­
pian). 

A limestone lens 1,000 feet northwest of the Chief 
mine is about 600 feet long and as much as 100 feet 
wide. It consists of jumbled blocks of fossiliferous 
limestone and silty and sandy limestone, either Hor­
quilla Limestone (Pennsylvanian) or Earp Formation 
(Pennsylvanian and Permian). The enclosing rocks 
are mainly rhyolite lavas and tuff, with some sha.le and 
sandstone. 

Another smaller lens 2,000 feet northwest of the 
Chief 1nine is similar in all respects. 

The nearest outcrops of Paleozoic source rocks are 
more than 3 1niles to the southeast, around American 
Peak (fig. 4A.), but what the relationship 1nay have 
been at the time the limestone masses of Flux Canyon 
were emplaced has not yet been determined because of 
structural complications and uncertain correlations 
among the volcanic rock units. 

SANTA RITA MOUNTAINS 

The Santa Rita Mountains (fig. 1) are underlain by 
abundant volcanic, sedimentary and plutonic rocks of 
Mesozoic and Cenozoic age, and by small amounts of 
sedimentary rocks of Paleozoic age and 1netamorphic 
and plutonic rocks of Precambrian age. The Mesozoic 
rocks include Triassic silicic and intermediate vol­
canic rocks and intercalated sedi1nentary rocks, 
Upper(~) Triassic monzonite, Middle(~) Jurassic 
granite, and a very thick section of Upper Cretaceous 
sedimentary and silicic to intermediate volcanic rocks. 
The Mesozoic complex is intruded by many Paleocene 
(Laramide) granitoid bodies. 

On the west side of the 1nountains, between 
,Josephine and Montosa Canyons (fig. 5), is a thick 
sequence of Upper Cretaceous silicic volcanic rocks 
that dips gently southward. This sequence comprises 
basal dacitic tuff breccia and lava flows, dacitic breccia 
enclosing many exotic blocks, and latitic welded tuff. 
Each unit is cmnmonly several hundred feet thick and 
in places may be as much as 1,000 feet thick. These 
rocks rest unconformably on a surface of considerable 
relief carved across Jurassic granite. Unconformities 
and the distribution of coarse conglomerate indicate 
that during Cretaceous time this surface sloped west­
ward from a rugged mountain range that lay about 
along the present crest of the Santa Rita Mountains. 

Dacite breccia forms small b~uish-gray or greenish­
gray outcrops over about 4 square miles. It consists of 
fragments commonly 3-6 inches in diameter, set in a 
friable matrix of similar appearance. Phenocrysts in 
a finely crystalline to glassy highly altered groundmass 
make up 20-40 percent of the rock. The feldspar 
phenocrysts are now clay pseudomorphs after horn­
blende, biotite, probably a little augite, and perhaps 
an orthopyroxene. Some of the rocks contain finely 
disseminated silica and a little calcite. The origin of 
the breccia is uncertain, but most likely it is a flow 
breccia. · 

Scattered widely through much of the flow breccia 
are hundreds of exotic blocks of pre-Cretaceous rocks 
as large as 1,000 feet across. Only those most con­
spicuous for their size, or representing some of the less 
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FIGURE 5.-Geologic map showing distribution of volcanic breccia containing exotic blocks, Santa Rita Mountains, Santa 
Cruz County, Ariz. (fig. 1, loc. 6). 

abundant lithologies, are shown by letters on figure 5. 
The most abundant and generally the largest of the 
exotic blocks are assorted latite to andesite volcanic 
rocks derived from Triassic rocks that now crop out 
only along the crest of the mountains, at least 3 miles 
to the east. Blocks of Jurassic granite are next in size 

and abundance, and blocks of Paleozoic rocks, includ­
ing Permian Concha Limestone, Cambrian Bolsa 
Quartzite, and possibly also Permian reel siltstone and 
Devonian dolomite, are scarcer and smaller. Permian 
rocks are exposed immediately north of the breccia 
area, but the older Paleozoic rocks appear no closer 
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than · 5 miles to the northeast. A few large blocks of 
Triassic monzonite and some very small blocks of Pre­
cambrian gneiss were also identified. The blocks are 
internally unshattered, are unoriented, and show no 
spatial variation in type or size, except that where the 
basal unit of the volcanic sequence is absent and the 
breccia rests directly on Jurassic granite, abtmdant 
small granite chips, apparently weathered debris from 
the Early Cretaceous ( ~) land surface, are incorporated 
in the breccia. 

In a few places along the bottoms of canyons the 
contacts between exotic blocks and breccia matrix are 
well exposed, and where the blocks are limestone the 
contacts provide considerable information about geo­
logic conditions prevailing during emplacement of the 
blocks. One of several limestone blocks, located in 
Josephine Canyon just south west of the fault (between 
the 3 "G" symbols in fig. 5) is shown in figure 6. The 
volcanic matrix contains abundant chips of disinte­
grated Jurassic granite and some fragments of other 
exotic material. The contact between block and host 
shows many irregularities, and many tongues of vol­
canic material penetrate the limestone for a foot or 
more. It seems that when the exotic blocks were 
emplaced some of the limestone was dissolved along 
cracks and the spaces were filled by the volcanic mate­
rial suggesting at least a highly fluid and perhaps 
warm environment. 

Emplacement of the blocks by some sort of flowage 
is indicated by the widespread distribution of the 
blocks and the nature of their contacts with the host 
breccia. Movement on or in a volcanic flow is the 

FIGURE 6.-Block of light-gray Paleozoic limestone in dark-gray 
dacitic breccia, Santa Rita Mountains, Santa Cruz County, 
Ariz. (fig. 1, Joe. 6). Arrows indicate cracks in limestone 
from which limestone has been dissolved and which are filled 
with a fine-grained volcanic matrix. 

favored explanation, but movement in hot mud flows 
is also a possibility. Possible source areas of most of 
the exotic blocks lie to the northeast, suggesting that a 
volcanic source also lay in that direction, conceivably 
in the area now occupied by a Paleocene (Laramide) 
clioritic pluton. As already mentioned, the Cretaceous 
land surface sloped westward, so that the requisite 
gradient was available for westward movement of 
the flow breccia. Some of the little exotic blocks may 
have been ejected from a vent, some)arger exotic blocks 
may have been incorporated into the base of the 
breccia during flow, and possibly still others fell into 
the breccia from adjacent steep slopes. 

PALEOGEOGRAPHY 

During the past few years, extensive fieldwork and 
radiometric age determinations by members of the U.S. 
Geological Survey have revealed a tectonically eventful 
early Mesozoic history in much of southeastern Ari­
zona. Little information had been available for the 
interval between the Early Permian and Late Cre­
taceous, although previous workers recognized that 
both plutonic and volcanic rocks had been emplaced in 
that interval (Ransome, 1904, p. 84; Schrader, 1915, 
p. 54, 57-60; Gilluly, 1956, p. 53-70; Sabins, 1957, p. 
506; Cooper and Silver, 1964, p. 71-73). 

The data at hand suggest at least 2 periods of wide­
spread volcanism, one of Late Permian or Early 
Triassic age and one of Late Triassic or Early Jurassic 
age, as well as 2 periods of plutonism of Late Triassic 
and Middle Jurassic age, respectively. The products 
of the volcanic episodes have been recognized over an 
area of 3,000 square miles, including in addition to the 
mow1tain ranges discussed herein, the Little Dragoon 
and probably the Dragoon Mountains. These volcanic 
rocks are separated by regional unconformities from 
the underlying Paleozoic sedimentary rocks and the 
overlying Lower Cretaceous rocks. No volcanic rocks 
of Triassic or Jurassic age have been identified farther 
east, in the Mule, Chiricahua, or Dos Cabezas Moun­
tains, and in view of the considerable amount of work 
that has been clone in these ranges it is tmlikely that 
any are present. \iV e do not know whether their ab­
sence is clue to erosion or to nondeposition. Little de­
tailed geologic mapping has been done immediately 
west of the Santa Rita and Patagonia Mountains, but 
it will not be surprising if lower Mesozoic volcanic rocks 
eventually are identified in the Pajarito, Atascosa, 

. Tumacacori, San Luis, Las Guij as, or Cerro Colorado 
Motmtains. 

The many exotic blocks, some of which probably are 
far travelled, as well as conglomerate at several hori­
zons in the volcanic sequences, attest to widespread 
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tectonic activity during the early Mesozoic, and the 
region may well have been the source of volcanic ash 
and other volcanic debris in the Triassic and Jurassic 
rocks of northeastern Arizona. 
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LAST CHANCE THRUST-A MAJOR FAULT 

IN THE EASTERN PART OF INYO COUNTY, CALIFORNIA 
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A.bstract.-The Last Chance thrust has been traced through­
out an area of over 400 square miles in the eastern part of 
Inyo County, Calif., and probably extends in the subsurface 
under most of the northern Inyo Mountains and southern White 
Mountains. Late Precambrian, Cambrian, or Ordovician strata 
form the sole of the upper plate and are thrust ove·r shaly Mis­
sissippian strata, and locally carbonate rocks of Silurian age. 
The strata in the upper plate generally dip eastward into the 
fault surface, exposing successively younger strata above the 
fault to the east. These spatial relations show that the upper 
plate moved east relati\7e to the lower plate for a minimum dis­
tance · of 20 miles. 

A major fault, here called the Last Chance thrust, 
has been mapped in the eastern part of Inyo County, 
Calif. (fig. 1). This report describes the extent and 
the structural characteristics of the fault, and its rela­
tionship to other faults in the southern Great Basin. 
The report is based on detailed mapping in the Inyo 
Mountains, Dry Mountain area, and part of the Saline 
Range, and reconnaissance mapping elsewhere. Part 
of the area included in the study has been mapped by 
E. ·H. McKee, U.S. Geological Survey, and B. W. 
Troxel, California Division of Mines and Geology; 
permission to use their unpublished information is 
greatly appreciated. 

The region in which the thrust fault occurs is char­
acterized by high mountains and deep intermontane 
basins. The mountain areas are composed of sedi­
mentary rocks of late Precambrian to Triassic age, 
granitic rocks of Mesozoic age, and sedimentary and 
volcanic rocks of Cenozoic age (Burchfiel, in press; 
McAllister, 1952, 1956; Nelson, 1962, 1963.; Ross, 1965, 

1 University of Cnltfornla, Los Angeles. 
2 Rice University. 

and unpublished compilation of the Inyo Mountains 
region; and Stewart, 1965) . The pre-Tertiary strati­
<Yraphic sequence is more than 40,000 feet thick (table 
l) .i The rocks in some parts of the stratigraphic section 
change facies from the eastern to the western part of 
the region, and different stratigraphic names have been 
applied to correlative rocks in these two areas. These 
facies changes occur mostly within the rocks of the 
upper plate of the Last Chance thrust, and are not 
caused by telescoping of the stratigraphic section along 
the thrust. 

The region is characterized by moderately to steeply 
dipping strata cut by many high-angle faults and a 
few low-angle thrust faults. Locally the rocks are 
closely folded, and some folds are overturned. Near 
intrusive contacts the sedimentary rocks are metamor­
phosed, sheared, and attenuated. The Death Valley­
Furnace Creek fault zone, a major right-lateral strike­
slip fault on which· displacement may range from 30 
to 50 miles (Stewart, in press), passes through the 
northeast part of the area. 

DESCRIPTION OF THE THRUST 

The Last Chance thrust underlies a large portion o:f 
the In yo Mountains-Last Chance Range region (fig. 
2) , and has been traced throughout an area of more 
than 400 square miles. It crops out in the southern 
part of the Last Chance Range and in the Dry l\ioun­
tain area, and in three windows to the west (Saline 
Range, Jackass Flats, and Eureka Valley windows) . 
Although the thrust cannot be mapped continuously 
throughout the region, the stratigraphic and structural 
uniformity in the upper and lower plates suggests that 
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FIGURE 1.-Index map showing location of Last Chance thrust and related structures. 

only a single thrust is involved, rather than two or 
more separate or imbricate thrusts. 

Southern part of Last Chance Range, and 
Dry Mountain area 

The trace of the thrust in the southern part of the 
Last Chance Range (near lat 37°03' N.) marks a 
noticeable structural break. Rocks south of the thrust, 
in the Dry Mountain area, generally consist of west­
dipping strata ranging in age from Cambrian to 
Permian. Those north of the thrust, in the Last 
Chance Range, generally consist of gently east-dipping 
Cambrian and Ordovician strata. The thrust can be 
easily traced at the southeast end of the Last Chance 
Range. Here it dips gently or is flat and occurs above 
dark shale and siltstone assigned to the Rest Spring 
Shale of Late Mississippian age. Rocks above the 
fault are light to varicolored strata of the Zabriskie 
Quartzite and Carrara Formation, of Early Cambrian 
and Early and Middle Cambrian age, respectively. 
Elsewhere in the southern part of the Last Chance 
Range the trace of the fault has been studied only 

briefly, and many of the details of the structural 
relations are not known. 

About 7 miles :southwest of Dry Mountain a low-angle 
fault separates the Eureka Quartzite (Ordovician) 
above from metamorphosed Rest Spring Shale below. 
This fault is considered to be a continuation of the 
Last Chance thrust. The upper plate here consists for 
the most part of homoclinal rocks of Ordovician and 
Silurian age that dip. generally 30° east. The lower­
plate rocks are structurally complex. ~fetan1orphosed 
Rest Spring Shale has ridden over a syncline of 
Mississippian and Pe~nsylvanian rocks, and has over­
turned the syncline to the east, forming a recumbent 
fold more than a mile long. In the same area, a thrust 
slice of Devonian rocks lies between the recumbent. 
syncline and the Rest Spring Shale. .. 

At two other localities in the Dry Mountain area 
(not shown on fig. 2), the Eureka Qu~rtzite lies with 
a gently dipping to horizontal fault contact on younger 
Paleozoic rocks. At one of these localities, 6 miles 
south of Dry Mountain, several small, strongly brecci­
ated masses of Eureka Quartzite rest on Mississippian 
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TABLE 1.-Pre-Tertiary rocks in the lnyo Mountains-Last Chance Range region 

Age Western part Thickness Eastern part Thickness 
(Feet) (Feet) 

~ I ~ Volcanic rocks 2200 r:n 0 .r:n 0 

l:!7 ~ Marine rocks 1800 

fW 
UNCONFORMITY (Top not exposed) 

00 -
I Owens Valley Formation 1800 Owens Valley Formation 3000± 

J:'il...., 
ll..::JS 

·<z Keeler Canyon Formation 2200± Keeler Canyon Formation 3900 
§>< 
l'il~ ..... I Rest Spring Shale 300? ll-<:><z Rest Spring Shale 2500 00 

•Z 
~< Perdido Formation 300-600 Perdido Formation 610 
00'""' 
mil. 
..... ll.. 

::S&.j Tin Mountain Limestone 475 
UNCONFORMITY 

~~ Lost Burro Formation 1525 
l'il'""' oz 
::JZ Vaughn Gulch Limestone and 700-1500 Hidden Valley Dolomite 1365 ~< Sunday Canyon Formation 
&.i~ 

Ely Springs Dolomite 200-500 Ely Springs Dolomite 940 
z 
< 
t5 Johnson Spring Formation 100-400 
> Eureka Quartzite 400 
0 
0 Barrel Spring Formation 100-200 
~ 
0 

Mazourka Group 1000 Pogonip Group 1440 

Tamarack Canyon Dolomite 900 
Nopah Formation 1600 

• Lead Gulch Formation 300 

Bonanza King Dolomite 2800 Bonanza King Dolomite 3300 
z 
< Monola Formation 1250 ~ 
i:Q 

::s Carrara Formation 1640 < Mule Spring Limestone 1000 u 

Saline Valley Formation 850 

Zabriskie Quartzite 1360± 
Harkless Formation 2000 

Poleta Formation 1200 Wood Canyon Formation 1300+ 

Campito Formation 3500 
(Base not exposed) z 

< ..... Deep Spring Formation 1500 ~ 
i:Q 

::s 
< Reed Dolomite 2000 u 
l'il 
~ Wyman Formation ll.. 9000 

(Base not exposed) 
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EXPLA.NATION 

D 
Cenozoic volcanic and 

sedimentary rocks 

f,.-~11 
Mesozoic granitic rocks 

UPPER PLATE LOWER PLATE 

!®~ ~~ 
Devonian and Silurian 

rocks 

~~ 
Ordovician rocks 

Upper and Middle 
Cam brian rocks 

t~Rll 
Lower Cambrian and 

Precambrian rocks 

B 
Permian and Pennsyl­

vanian rocks 

~ 
Mississippian rocks 

~ 
Devonian and Silurian 

rocks 

Ordovician rocks -Upper and Middle 
Cambrian rocks 

~ 
Lower Cambrian and 

Precambrian rocks 

Contact,depositional or fault ............... 
Last Chance thrust 

Snwteeth on uppe-r plnte; dotted whe-re concenled 

----············· 
High-angle fault 

Show·n onl11 nt cont(tct between uppe1· nnd lowe-r plntes; uppe-r 
1Jlnte (lo·wn ·relntive to lowe·r plate; dnshed whe-re concealed 

Strike-slip fault 
Shown onl11 nlong Denth Valle11-Fu-rnace C-reek fault zone; 

wrnn.us 8how -relntive movement 

rocks. The brecciated Eureka Quartzite is interpreted 
as landslide material that may have come either from 
the Last Chance thrust or from Ordovician rocks that 
crop out 1 to 2 miles to the east. The other locality 
:is 4 miles north-northwest of Dry l\1ountain. I-Iere a 
small mass of Eureka rests on the Lost Burro Forma­
tion of Devonian age. The quartzite here is not 
strongly brecciated except near the base, and the 
underlying Lost Burro Formation shows considerable 
evidence of flow by the development of a weak folia­
tion and stretched stromatoporoid corals. The Eureka 
here is probably a klippe of the Last Chance thrust. 

224..;.352 0-66--3 

E'uTeka T7 alley 'window~.-The Last Chance thrust is 
considered to extend under the main part of the Last 
Chance Range; it reappears in a window (the Eureka 
Valley window) along the northwest and northern part 
of the range. Rocks on the west side of Eureka 
Valley, separated from the Last Chance Range by 3 
miles of alluvial cover, are also inch1ded in the Eureka 
Valley window. 

Lower-plate rocks also crop out in a very small 
window, not shown on figure 2, at Last Chance Spring, 
on the east side of the Last Chance Range. The spring 
is along the thrust fault. 

The lower-plate rocks in the northwestern and north­
ern parts of the Last Chance Range consist mostly of 
gray and greenish-gray shale and locally contain chert­
pebble conglomerate, limestone, dolomite, and stratified 
chert. Crinoidal debris is common in the limestone 
layers, and at a locality about 1 mile southeast of 
I-Ianging Rock Canyon crinoidal debris as well as 
indeterminate shell fragments, ·and the bryozoans 
Fenestella, probable Polypont or Polypo'rella: and 
indeterminate scraps of trepostomatous forms, and 
possibly crushed rhomboporoids, have been identified. 
These fossils are late Paleozoic in age and, based on 
occurrences in other parts of the "Testern United 
States, may be l\1ississippian or Early Pennsylvanian 
(I-Ielen Duncan, written commun., 1964). On a litho­
logic basis, these rocks can be .assigned at least in part 
to the Rest Spring Shale. In places, strata litho­
logically similar and perhaps correlative with the 
Perdido Formation of ::Mississippian age are also 
exposed. 

The lower-plate rocks in the northwestern and 
northern parts of the range are commonly highly con­
torted, and little is known of their detailed structure. 
The strata in the upper plate, which are dominantly 
Early and l\1iddle Cambrian in age, are relatively 
undisturbed and generally dip gently to moderately 
east. 

Along the west side of the Last Chance Range, 
extending frmn about 1 mile north of Hanging Rock 
Canyon to about 2 miles to the south of it, a part of 
the upper plate, consisting of the Zabriskie Quartzite 
and Carrara Formation (both Cambrian), appears t·o 
have been broken frmn the main plate, rolled into a 
tight nearly recumbent syncline that is overturned to 
the east, and oven~idden by slices of lower-plate rocks. 
This complex structure is well exposed at I-Ianging 
Rock Canyon, where the fault between the Zabriskie 
and the lower-plate l\1ississippian rocks dips steeply 
eastward. A short distance north of the cmiyon this 
fault locally is overturned and dips ·west, and about 1 
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mile north of the canyon, the Mississippian strata 
appear to have overridden the Zabriskie. To the south 
of Hanging Rock Canyon the overturned fold persists 
for about 2 miles and gradually gives way .to a struc­
ture with east-dipping strata similar to that in the 
upper pl~te elsewhere. 

Outcrops of lower-plate rocks are bounded on the 
north in the Last Chance Range by an east-trending 
high-angle fault dipping 40°-60° N. The upper-plate 
strata north of this east-trending fault are of late 
Precambrian age, whereas those to the south are Early 
an¢1. Middle Cambrian in age. The relationship of this 
fault to the Last Chance thrust is poorly understood, 
although the structure is more complex than simply a· 
faulted or folded thrust fault. As will be discussed 
later, the fault may be a tear separating structurally 
unlike parts of the upper plate. 

The part of the Eureka Valley window that lies in 
the northern part of the Saline Range on the west side 
of Eureka Valley consists of outcrops largely obscured 
by high-level gravel and wind-blown sand; neverthe­
less, it appears that a nearly complete succession from 
the Pogonip Group of Ordovician age to the Rest 
Spring Shale of Mississippian age is exposed. 
Although detailed mapping has not been completed 
in this area, the strata appear to be a part of a west­
dipping homoclinal sequence broken by relatively few 
normal faults. Over the major part of the window, 
no exposures of the Last Chance thrust have been 
found, although Lower Cambrian upper-plate strata 
occur immediately to the west across a basin-and-range 
fault and alluvial valley. At the southernmost end of 
the window, however, Lower Cambrian rocks are 
thrust over Mississippian. 

Saline Range window and vicinity.-In the south­
ern part of the Saline Range, which is an eastern 
appendage of the Inyo Mountains, outcrops of 
Paleozoic sedimentary rocks expose (fig. 3) the La.st 
Chane~ thrust, along which Lower to Upper Cambrian 
rocks lie on Silurian and Mississippian strata. The 
thrust dips westerly to southwesterly at 10°-20°. 

The structure in the upper plate is rather simple 
(fig. 3), with the Harkless Formation of Early Cam­
brian age everywhere resting on the sole. Folding and 
abundant brecciation near the thrust give way east­
ward to a somewhat faulted, but remarkably continu­
ous section of Lower to Upper Cambrian beds dipping 
to the east. 

In the lower plate, however, the structure and stra­
tigraphy are less obvious. The gray, cherty dolomite 
of the lower plate contains corals (a Palaeophyllum­
like form, and Oladopora), .a brachiopod (Coelospira), 

and an algae ( ~ V erticillopora) . Presumably the strata 
yielding these fossils are in the lower part of the 
Hidden Valley Dolomite and are Silurian (C. W· 
Merriam, written commun., 1965). The clastic section 
called Perdido Formation is lithologically similar to 
parts of the Perdido in the Independence quadrangle 
(Ross, 1965, p. 030) to the southwest (fig. 1); the belt 
of Perdido nearest the thrust (fig. 3) is overturned, as 
indicated by abundant graded beds. Shale and silt..: 
stone (which underlie a large area) are assigned to the 
Rest Spring Shale, but the structure in this terrane is. 
not well known. Most of the area is characterized by 
rubbly slopes strewn with chips and pencil-shaped 
pieces of shale, and bedding is rarely evident. 

Other aspects of the stratigraphy of the lower plate 
and much of its structure are less clear. West of the 
westernmost Perdido belt is a section of cherty dolo­
mite that has been tentatively assigned to the Devon­
ian Lost Burro Formation. It might, however, be the 
Mississippian Tin Mountain Limestone or Perdido 
Formation; but it is quite unlike either of these units 
exposed elsewhere in the region. Although the stratig­
raphy of the lower plate presents some problems, its 
structure is the major enigma. The simplest interpre­
tation is that the Rest Spring Shale forms the core· 
of a nearly recumbent syncline overturned to the west. 
The overturned Perdido of the eastern belt fits this 
picture. An alternate interpretation is that the struc­
ture is an anticline overturned to the east, with beds 
in the overturned limb rotated as much as 270°. This 
latter interpretation fits better with the picture devel­
oped from study of other areas that the upper plate 
has moved eastward relative to the lower plate. A 
marked discordance between the Siludan dolomite and 
the eastern belt of Perdido in one well-exposed slope 
suggests that the dolomite may be an intermediate 
thrust slice between the two major plates; similar 
structures have been mapped in .the Dry Mountain 
area. 

Two miles east of the Saline Range window, the 
thrust is again exposed by uplift along a steeply dip­
ping north-trending fault. Here strata of the Lower 
and Middle Cambrian Carrara Formation lie on 
cleaved and folded Mississippian shale that contains a 
large tectonic inclusion of deformed Devonian lime­
stone. The sole of the upper plate is approximately 
1,000 feet higher stratigraphically here than it is along 
the east side of the Saline Range window. 

Jackass Flats window1.-The ·principal exposures of 
lower-plate rocks occur along the east side of Jackass 
Flats (fig. 4), where dolomite of the Lost Burro For­
mation of Devonian age is overlain by chert, limestone, 
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sandstone, and conglomerate of the Perdido Forma­
tion of Mississippian age. This succession has been 
overridden, along the sole of the Last Chance thrust, 
at the north end of Jackass Flats by quartzite and 
dolomite of the Reed Dolomite of Precambrian age; 
near the southern end of Jackass Flats, the upper plate 
of the thrust includes sandstone, shale, and limestone 
of the Campito Formation of Precambrian and Early 
Cambrian age and of the Poleta Formation of Early 
Cambrian age. At both localities, the thrust surface 
dips 20°-45° W. 

Structure within the lower plate is simple~the plate 
consists of an east-dipping homocline cut by normal 
faults of small displacement. However, structure 
within the upper plate is complex. Near the south 
end of Jackass Flats, upper-plate rocks are cut by a 
prethrust norinal fault of large displacement, and they 
are steep to overturned (easterly), and apparently abut 
the thrust surface at a high angle. Further complexity 
is indicated (fig. 4) by the presence of considerably 
older upper-plate strata, on the west side of Jackass 
Flats, opposite each exposure of the thrust. Rocks as 
old as the Wyman Formation of Precambrian age are 
exposed widely on the west side of Jackass Flats. A 
thrust at the southwestern corner of the Flats, in 
which strata of the Deep Spring and Campito Forma­
tions have ridden over the \V"yman Formation, is 
probably a minor imbricate slice within the upper plate 
of the Last Chance thrust. 

Approximately 2 miles east of Jackass Flats, lower­
plate strata, again represented by east-clipping Lost 
Burro and Perdido Formations, occur in an upfaultecl 
block. Here, rocks directly above the thrust are black 
sandstone of the Campito Formation and quartzite and 
shale of the Harkless Formation. Although exposures 
are limited, upper-plate structures are less complex 
than those to the west; they comprise simple east­
dipping successions cut by normal faults of small dis­
placement. Internal complexity within the upper plate 
is again suggested by the contrast between this simple 
homocline and the ·overturned sequence to the west 
across the alluvial valley. 

RELATION OF THRUST TO WHITE AND INYO MOUNTAINS 

Although exposures of lower-plate rocks in the Inyo 
Mountains are confined to the Saline Range window, 
the Jackass Flats window, and the southwestern por­
tion of the Eureka Valley window, structural and 
stratigraphic continuity within the upper plate appear 
to demand a very extensive thrust underlying much of 
the region to the north and northwest of the exposures 
of the lower-plate rocks. 

Much of the region of the Inyo Mountains and the 
southern part of the \¥11ite Mountains contains large­
scale Mesozoic intrusive bodies which may have oblit­
erated 1nuch of the evidence critical to the problem of 
the regional extent of the thrust. However, detailed 
quadrangle mapping of the Waucoba vVash, Independ­
ence, \¥ aucoba Spring, \¥ aucoba Mountain, Soldier 
Pass, Blanco Mountain, and Bishop 15-Ininute quad­
rangles (fig. 1) suggests strongly that the Precambrian 
and Paleozoic strata of the range from the Jackass 
Flats window westward to Owens Valley and north­
ward to at least lat 37°30' N. (southern White Moun­
tains) 1nake up a single complex block lying above the 
Last Chance thrust. Mississippian to Permian strata 
exposed along the western face of the Inyo Mountains 
in the Independence and W aucoba Mountain quad­
rangles are a part of this upper-plate block. 

Although the suggestion that most if not all of the 
White and Inyo Mountains lie above a thrust is an 
extreme one, that conclusion seems inescapable on the 
basis of the detailed and reconnaissance mapping 
completed to date. 

ATTITUDE OF ROCKS IN LOWE·R AND UPPER PLATES 

Although the rocks directly below the thrust are 
locally highly contorted and overturned, the highest 
stratigraphic unit exposed in the lower plate through­
out much of the region is either the Perdido Formation 
or Rest Spring Shale of Mississippian age. Only in 
the Dry Mountain area are younger strata exposed in 
the lower plate. These relationships suggest that the 
position of the thrust surface was determined by the 
incompetent shaly strata in the Mississippian System, 
and also, in general, that the lower-plate rocks may be 
subparallel to the thrust surface. 

The strata exposed at the sole of the upper plate 
range through successively higher formations from 
west to east, starting with the Reed Dolomite of late 
Precambrian age on the west and ending with the 
Eureka Quartzite of Ordovician age on the east, a 
transgression of 20,000 feet of stratigraphic section in 
20 miles (fig. 5). This regular succession is broken 
only at Jackass Flats and near Hanging Rock Canyon, 
where the Poleta Formation and the Bonanza J(ing 
Dolomite are, respectively, out of sequence. At both 
these localities, the rock units that are out of sequence 
could be interpreted as detached blocks that were left 
behind as the upper plate moved east. This interpre­
tation fits with evidence (discussed below) that the 
upper plate moved eastward relative to the lower 
plate. 
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The regular pattern of units at the base of the upper 
plate is also broken in the northern part of the Last 
Chance Range where the Deep Spring or older forma­
tions are interpreted to lie above the thrust. This 
anomalous occurrence is not easily explained, but possi­
bly the east-west high-angle fault that separates the 
Mississippian strata from the Precambrian in that area 
is a tear fault that separates structurally unlike parts 
of the upper plate. 

Combining the relationship of progressively higher 
stratigraphic units at the base of the upper plate with 
the general easterly dip of upper-plate rocks in the 
region leads to the interpretation that the upper-plate 
rocks dip into the fault surface and are cut off at 

A'MOUNT, DIRECTION, AND TIME OF MOVEMENT 

A displacement of at least 20 miles on the Last 
Chance thrust is established by the map distance over 
which Precambrian and lower Paleozoic rocks of the 

. upper plate overlie Mississippian rocks of the lower 
plate (fig. 2). This is the minimum distance that the 
upper-plate rocks would have to travel from their 
original position to give the present map pattern. The 
total movement could-be greater than this, but appar­
ently cannot be estimated with available evidence. 
an -angle. 

Both structural and stratigraphic evidence indicate 
that the upper plate of the thrust moved eastward 
relative to the lower plate. This direction of movement 
is strongly suggested by the conspicuous recumbent 
syncline overturned to the east in lower-plate rocks 
along the west side of the Dry Mountain area, by the 
syncline overturned to the east at Hanging Rock Can­
yon in the Last Chance Range, and by the eastward 
overturn of beds in the upper plate in the Jackass 
Flats window. This direction of transport is further 
suggested, although not proved, by the fact that the 
thrust fault is cutting upward in the stratigraphic 
sequence from west to east. 

Regional stratigraphic relationships also seem to 
favor an eastward movement. The upper-plate rocks 
of the Saline Range contain Lower Cambrian rocks 
identical with the stratigraphic units exposed to the 
west in the Inyo Mountains. Only 10 miles east of the 
Saline Range, the Lower Cambrian is represented by 
different formations characteristic of stratigraphic 
units to the east and south. 

The thrust fault probably is of Mesozoic age. Rocks 
as young as Permian have been overridden by the 
thrust, and Triassic rocks in the Inyo Mountains may 
have been deposited before the thrusting. These Tri­
assic rocks are too far away from the exposures of the 
Last Chance thrust to definitely determine whether 
they were involved in the movement, but a regional 
unconformity with only a slight angular discordance 
separates the Per:mian and the Triassic rocks, indicat­
ing that little tectonic activity occurred between Per­
mian and Triassic time. 

A Mesozoic age for the thrusting is also suggested by 
the occurrence of granitic intrusives (diorite and 
quartz monzonite) along and near the Last Chance 
thrust in the northern part of the Last Chance Range. 
These intrusives may have been emplaced in a_ zone of 
weakness along the thrust, and thus are probably post­
thrust features. Biotite and zircon mineral ages (Ross. 
1965, p. 046-048) for similar intrusives in the White­
Inyo Mountains range from 75 to 210 million years, 
and, if the intrusives are the same age in the Last 
Chance Range, a Mesozoic age of thrusting is indicated. 

REGIONAL RELATIONSHI:PS 

The Last Chance thrust is one of several thrust 
faults in the southern Great Basin involving the trans­
port of Precambrian or lower Paleozoic strata over 
upper· Paleozoic strata. Most of these appear to be 
separate faults, although one thrust, in the northern 
part of the Grapevine Mountains, could be a continua­
tion of the Last Chance thrust. Here, the Bonanza 
King Dolomite and Nopah Formation ·of Ordovician 
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age are thrust over shaly Mississippian strata (fig. 6). 
Fossil collections from the northernmost exposures of 
the Mississippian strata in the Grapevine Mountains 
area contain crinoid columnals, brachiopods, and the 
ammonite Goniatites cf. G. granoS'WS Portlock, dated 
as Late Mississippian (Mackenzie Gordon, Jr., written 
commun., 1962). Thi~ thrust seemingly must pass 
under 1nuch or all of the Grapevine Mountains to the 
south, although where it reappears is not known. If 
the interpretation of 30-50 miles of right-lateral offset 
on the Death Valley-Furnace Creek fault zone (fig. 1) 
is correct (Stewart, in press) , the original position of 
the rocks in the Grapevine Mountains might have been 
opposite those in the Last Chance Range. In this case1 

the close juxtaposition of the thrust in the Grapevine 
Mountains with the thrust in the Last Chance Range 
would support the interpretation that they are the 
same fault. At this time, however, it is impossible to 
definitely rule out the alternate possibilities that the 
thrust in the Grapevine Mountains is a continuation 
of the Racetrack, Lemoigne (fig. 1) , or some other 
thrust. 

The Racetrack thrust(McAllister, 1952, 1956) occurs 
about 15 miles southeast of the Last Chance thrust 
(fig. 1); it too consists of Cambrian and Ordovician 
strata thrust over shaly ~1ississippian strata. Although 
this thrust involves the same stratigraphic units as the 
Last Chance thrust, it is not considered to be the same 
fault because the strata between the Racetrack thrust 
on the south and the Last Chance thrust on the north 
seem to be part of one structural plate or block (Dry 
Mountain struchiral block) . This block consists of 
Cambrian through Permian rocks that dip generally 
west, are broken by many high-angle faults, and locally 
are tightly folded. If the rocks exposed between the 
Racetrack and Last Chance thrusts belong to one plate, 
as seems likely, then the lower plate of the Last Chance 
thrust is the upper plate of the Racetrack thrust, and 
the two faults are imbricate and separate. Similar and 
possibly tectonically related imbricate thrusts occur in 
southern Clark County, Nev. (fig. 1 and Burchfiel, 
1965, fig. 4). 

A thrust fault on Bare Mountain (Cornwall and 
1\Jeinhampl, 1961), and the C P thrust (Harley Barnes 
and others, written commun., ~966) farther east, in 
Nevada (fig. 1), also consist of Cambrian strata thrust 
over shaly Mississippian strata. The relationships of 
these faults to the Last Chance or Racetrack thrusts or 
the thrust in the Grapevine l\{ountains are not known. 

The Last Chance thrust is one of many in the south­
ern Great Basin (fig. 1) in which Precambrian or 
lower Paleozoic strata are thrust over .upper Paleozoic 
or lower Mesozoic strata. ·The similarity of many of 
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FIGURE 6.-Sketch map of northern part of Grapevine Moun­
tains, showing thrust of Cambrian and Ordovician strata over 
Mississippian strata. Compiled in part from Albers and 
Stewart (1965). 

these faults is indicated by their north-trending trace, 
by the occurrence of the upper plate on the west side, 
and by the movement of the upper plate eastward or 
southeastward relative to the lower plate (Hall and 
Macl{evett, 1962, p. 42; Hall and Stephens, 1963, p. 20; 
and Burchfiel, 1965, fig. 4). These thrusts all appear to 
be l\{esozoic in age; some may be as old as Late Tri­
assic or Early Jurassic (Hall and Stephens, 1963, p. 
20), and others may be as young as the middle of the 
Cretaceous (Longwell, 1960, p. 193). 
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THE BEDROCK STRUCTURE OF COVEY HILL AND VICINITY, 

NORTHERN NEW YORK AND SOUTHERN QUEBEC 

By DONALD R. WIESNET and THOMAS H. CLARK/ 
Boston 1 Mass. 1 Montreal 1 Canada 

.t.lbstract.-Covey Hill, which lies on the international border 
IJetween Quebec and New York, is bordered on the east by the 
north-trending Havelock fault and on the north IJy the east­
trending Stockwell fault. The Havelock, a rotational, or piv­
otal fault has its hinge point at or very near the international 
border. Southward from the hinge point the fault plane pre­
sumaiJly dips west, and the upthrown side is on the east; north­
ward from the hinge point the fault plane presumably clips 
east, and the upthrown side is on the west. A buried ridge of 
PrecamiJrian rock may account for localization of the faulting, 
which probably is Taconic in age. 

Covey I-Iill is a pronounced physiographic feature 
that lies on the border of New York State and Quebec 
Province, about 27 miles northwest of Plattsburgh, 
N. Y. Until recently, the bedrock geology of the 
Covey I-Iill area had been mapped only in reconnais­
sance studies in New York by Cushing ( 1897) , and in 
Quebec by Dresser and Denis ( 1944) and Houde and 
Clark ( 1961) ; each of these geologists ended their 
mapping at the New York-Quebec border. This paper 
results from independent but contemporaneous field­
mapping projects by Thomas H. Clark of the Quebec 
Department of Natural Resources, Geological Explont­
tion Service, and Donald R. Wiesnet of the U.S. Geo­
logical Survey. During a field conference in 1964, the 
writers found that they had independently recognized 
previously unmapped geologic structures that extend 
across the international boundary. The Havelock 
fault was first shown on the Adirondack sheet ( F{sher 
and others, 1962) of the New York State geologic map 
and was based on unpublished maps by "'\Viesnet. The 
detailed geology of southern Quebec was wotked out 
by Clark.2 

1 Quebec Department of Natural Resources. Published by permission 
of the Deputy Minister. 

!l T. H. Clark, 1964, Chateauguay area-Chateau;;uuy, Huntingdon, 
Beauharnois, Naplervllle, and St. Jean Counties [Que.] : Quebec De11t. 
Nat. Resources unpub. geol. rept., 89 p. [duplicated] 

REGIONAL SETTING 

The summit of Covey Hill lies about 10 1niles north­
northeast of the nearest outcrop of Precambrian rock 
in the Adirondack '.M.ountains (fig. 1). Lapping onto 
the Adirondack massif is the Potsdam Sandstone, 
wh1~h crops out along the periphery of the Adironclack 
massif and is the initial sedimentary deposit on the 
uneven surface of the Precambrian rocks of the 
Adirondack dome. The Potsdam increases ill' thickness 
away from the Adirondack J\1ountains and is presumed 
to be as much as 1,750 feet thick in the area of Covey 
Hill. It is diverse lithologically and contains beds that 
range from red shale and siltstone to conglomerate. 
The fact that the siltstone and conglomerate in the 
upper part 9~ the for1~1atio~l ::tr~ comm()nly ortho~ 
quartzite has added to the difficulty of interpreting the 
structure because the Potsdam is overlain by an alter­
nating series of orthoquartzite and dolomite beds 
which, in the United States, are known as the Theresa 
Dolomite. The similarity between the ·beds of ortho­
quartzite of the Potsdam and those in the Theresa 
makes it difficult to map the boundary between the two 
formations where outcrops are small and infrequent. 

Clark ::! has proposed a revision of the stratigraphy 
of the Potsdmn in southern Quebec, but the applica­
bility of his terms has not yet been determined for 
northern New York. 

COVEY HILL 

The eastern slope of Covey Hill is a resequent fault­
line scarp that defines the Havelock fault, a rotational, 
or pivotal, fault, the downthrown side of which lies 
east of the fault in Quebec but west of the fauit in 
New York (fig. 1). The direction of dip of the fault 
plane is inferred to change from easterly at the north-
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50' Base from U .S. Army Map 
Service 1:250,000 scale map 

Geology mapped by D. R. Wiesnet (in United 
States) anc by T. H . Clark (in Canada) 
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FIGURE I.-Generalized geologic map of the Covey Hill area, New York-Quebec. 

ern end of the fault to westerly at the southern encl. 
To the south of Covey Hill, the fault dies out; in 
Canada it is traceable for about 12 miles, and then it 
becomes a syncline (fig. 1). 

Covey Hill is bounded on the north by the Stockwell 
fault, which was mapped by Clark. It strikes east-

northeast and ends abruptly against the Havelock fault 
at Russeltown, Quebec. Covey Hill is then, in essence, 
a fault block bounded on the north and east by high­
angle normal faults. 

Three to four miles east of the Havelock fault in 
New York is a zone of shearing and probable faulting 
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that trends northerly. On the New York State geo­
logic map (Fisher and others, 1962) the trend of that 
zone is shown as a fault that curves to the northwest 
and terminates against the HaYelock fault at Havelock, 
Quebec. The authors accept this interpretation but 
recognize that evidence in Cmiada on the exact nature 
and location of this fault is sparse (fig. 1) ·. This 
assumed fault is regarded as subsidiary to the 
Havelock fault. 

Other small faults (on the order of 6-24 inches of 
movement) have been detected in both Q.uebec and 
New York, and doubtless many more are hidden beneath 
the glacial deposits. 

Owing to the pivotal nature of the Havelock fault, 
an east-west section (about 3 miles south of the border 
in the United States) shows a horst structure (fig. 2, 
sec. A-A'), yet an east-west section about a mile north 
of the border shows a step-fault structure (fig. 2, sec. 
B-B'). Clark estimates the maximum vertical dis­
placement of the Havelock fault in Canada at well over 
1,275 feet and maybe as much as 1,500 feet. . 

Logan and others ( 1863) reported large blocks of 
brecciated Trenton limestone east of Covey Hill. Some 
of these blocks, as well as brecciated fragments of other 
carbonate rocks are still there, but the largest block of 
Trenton has been quarried away. These blocks and 
outcrops of tectonic breccia are alined with the Have­
lock fault. Clark believes that the breccias are related 
to diatremes, but Wiesnet thinks that they are fault 
breccias and that the large blocks of Trenton have 
migrated down the fault plane. 

The faulting in the vicinity of Covey Hill is related 
to folding (fig. 1). The most obvious fold is the 
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Chambly-Fortierville syncline, which affects the out­
crop pattern as far south as Irona, N.Y. The axial 
traces of the folds, where unaffected by faulting, are 
roughly parallel and are oriented northeast. The folds 
within the Covey Hill fault block-that is, those 
between the Stockwell and Havelock faults-are 
oriented east-northeast. 

The relation of the thrust faults, normal faults, and 
folds of the Champlain region has been investigated by 
I-Iudson (1931), Quinn (1935), Cady (1945), and Stone 
( 1957). They found that as most of the tectonic ele­
ments trend northerly, east-west regional compression 
is indicated. HO\Yever, some high-angle faults trend 
east.ward and thus divide the area into faulted blocks. 
Cady (written commun., 1960) described the area west 
of the Champlain thrust zone as "just part of the rack 
and collapse characteristic of craton areas, regardless 
of the stage of the orogenic cycle in adjacent geosyn­
clinal belts." This is true as a general statement, but 
the faulting and folding in the Covey Hill area are 
pronounced and extensive, and 1nost of the fold axes 
and faults are oriented parallel to the thrust zone in 
the Cham plain Valley. 

Stone· (1957) concluded that northeast-trending 
high-angle wrench faulting took place during elevation 
of the Adirondack arch and before Taconic overthrust­
ing. However, if high-angle faulting took place before 
the thrusting, it must have been minot because the fact 
that high-angle faults cut the thrust plates indicates 
that they formed as tensional features after the thrust­
ing (Cady, 1945, p. 565-567, 577-578). 

"'\Viesnet (1961) pointed out that the progressively 
greater abundance of feldspar in the Potsdam toward 
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the eastern edge of the Adirondack 1nassifmay indicate 
pre-Potsdam normal faulting in the Precambrian base­
ment. He also suggested that the high-angle fai.llts in 
the Champlain region may be related to movements 
along buried pre-Potsdam faults. 

The writers believe the Taconic orogeny to be 
responsible for the regional folding in the Covey Hill 
area because that orogeny is the only one recorded in 
the rocks of the St. Lawrence lowlands province. 
However, in the Sherbrooke area of Quebec two oro­
genies are definitely recorded. After the compression 
that produced the gentle folds was relieved by the 
overthrusting in the Champlain lowlands (or perhaps 
along with the compression) the Havelock and Stoek­
well faults-and associated faults-were formed. It is 
quite possible that a buried ridge of Precambrian rock 
underlies Covey Hill and not only led to a localization 
of the rupture but also acted as the pivot for the 
Havelock fault. 

The axes of the folds are parallel to those in the 
inner folded division of the Appalachian orogenic belt; 
the north-trending faults are also alined with the faults 
and fold axes of the Champlain Valley. 

It is not surprising that the tectonic effects of the 
Taconic orogeny extended to Covey Hill and into the 
St. Lawrence lowland, but prior to the work done by 
the authors very little evidence had been 1napped north 
of the Adirondacks. The key to the Covey Hill struc-

ture was the recognition of the Havelock fault and 
the working out of the detailed stratigraphy in 
southern Quebec. 
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A POSSIBLE BRECCIA IN SOUTHWESTERN MASSACHUSETTS 
AND ADJOINING AREAS, 
AND ITS BEARING ON THE EXISTENCE 
OF THE TACONIC ALLOCHTHON 

By E-AN ZEN and NICHOLAS M. RATCLIFFE/ 
Washington, D.C., New York, N.Y. 

A.bstraot.-The Everett Formation of the Taconic Range in 
western Massachusetts and adjacent areas overlies the au­
tochthonous Lower Cambrian to Middle Ordovician Stockbridge 
and the Middle Ordovician Walloomsac Formations; the struc­
tural nature of this contact is debatable. A discontinuous 
zone ()f carbonate rocks occurs between the Everett and the 
Walloomsac. The carbonate rocks, locally a breccia, are as­
signed lithically to the Stockbridge Formation. They are dis­
cordant with the surrounding rocks and are interpreted as 
tectonic slivers, thereby implying that the Everett Formation 
is all()Chthonous. Local structural relations indicate that the 
emplacement of the allochthon preceded both the formation of 
the earliest cleavage in the rocks and the metamorphism; the 
emplacement is pre-Acadian and may be the terminal episode 
of the Ordovician Taconic gravity sliding. 

The Taconic sequence of rocks occurs as the geomet­
rically highest stratigraphic units of the ~1iddlebury 
synclinorium and its southward continuation in wes~­
ern Vermont western Massachusetts, western Connecti-' . cut, and eastern New York. Except for these Taconic 
rocks the synclinorium consists of metamorphosed 
Cambrian and Ordovician carbonate units, with sub­
sidiary quartzite, which are unconformably overlain 
by a shale unit of ~1iddle Ordovician (Trenton and 
younO'er) age, bearing many local names, which will be 
called in this paper the vValloomsac Formation (Zen 
and IIartshorn, 1966). These carbonate and quartzite 
units as well as the Walloomsac Formation, as a·whole 

' are autochthonous. 
In contra.st, the Taconic sequence consists largely of 

shale (metamorphosed to slate, phyllite, schist, or 
gneiss), with subsidiary graywacke and quartzite beds. 
These rocks can be divided broadly into two sub-belts: 
a western belt occupying the area between the Taconic 
Range and the Hudson River or Lake Champlain, and 

an eastern belt occupying the Taconic Range from 
Dorset Mountain, Vt., to Sharon, Conn. (see, for exan1-
ple, Doll and others, 1961). Because of their d~stinct 
topoO'raphic expressions, the western belt will be 
refe~ed to as the "low Taconic belt" and the eastern 
one as the "high Taconic belt." 

The low Taconic belt has yielded fossils of all ages 
from Early Cambrian to ~1iddle Ordovician; these 
rocks are therefore synchronous with rocks of the syn­
clinorium sequence (Zen, 1961, p. 296) and with the 
vV alloomsac Formation. Recent detailed studies 
revealed a persistent stratigraphy that can be mapped 
throuO'hout the length of the belt; moreover, these 
rocks ~an be assigned to as many as five distinct thrust 
slices nested within one another. The contacts between 
thrust slices are locally marked by an intermittent 
zone of outcrops of dolostone and 1narble. These car­
bonate rocks can be matched lithically, and in several 
instances faunally, with rocks of the synclinorium 
sequence; they have been interpreted by most of the 
recent workers as slivers that were dragged to the 
present sites along the soles of the moving fault slices. 
These slices have been interpreted by Zen (1961) as 
gigantic submarine slides of sedimentary deposits that 
occurred in late Trenton time ( Orthograptus truncatus 
var. intermedius zone of Berry, 1960). Since the initial 
episode of intense deformation, involving gravity slid­
in(}' faultinO' foldinO', and cleavarre formation, the low 

b' b' b '-' 

Taconic rocks were folded at least once more, when they 
were also 1netamorphosed (Zen, 1960). 

The hi O'h Taconic sequence consists of a rather monot-
o . . 

onous sequence of green, gray, and gray-green pehtic 

1 City University of ~ew York. 
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rocks, with local graywacke and quartzite beds which 
have not proven to be useful as marker beds. The 
rocks have produced· no fossils to date and, except 
locally, the stratigraphy characteristic of the low 
Taconic sequence has not been recognized in detail. 
Like the low Taconic sequence, the high Taconic 
sequence rests either on the carbonate units of the syn­
clinorium sequence or on the younger Walloomsac. 
Because the Taconic Range locally has 3,000 feet of 
relief, the three-dimensional configuration of the high 
Taconic sequence is known to be synclinal. 

The geologic problem of the high Taconic sequence 
is thus one of known geometry but unknown age. 
Because of the absence of internal evidence, all previ­
ous suggestions on the structural relations of these 
rocks have been based on circumstantial evidence. 
Recently, however, a zone of carbonate rocks has been 
discovered at or near the contact between the high 
Taconic sequence and the underlying W alloomsac For­
mation that is pertinent to the structural origin of the 
high Taconic rocks. This zone of carbonate rocks, 
occurring in southwestern MassachusetJs and adjoining 
areas in New York and Connecticut, can 'be interpreted 
best as a tectonic breccia similar to the carbonate slivers 
that mark the soles of slices within and underlying 
the low Taconic sequence. Before describing these 
rocks, however, the extant hypotheses on the structural 
origin of the high Taconic sequence will be briefly 
summarized. 

HYPOTHESES ON THE ORIGIN OF THE HIGH TACONIC 
SEQUENCE 

Two contrasting types of hypotheses have been 
offered to explain the present position of the high 
Taconic sequence: the allochthonous and the autoch­
thonous. The autochthonous hypothess maintains 
that these rocks are in normal sedimentary sequence 
above the Walloomsac Formation, and emphasizes the 
local gradational contact between them as supporting 
evidence (see McFayden, 1~56, p. 28 for this interpre­
tation); in addition, a post-Walloomsac unconformity 
has been invoked to ··explain the local absence of the 
Walloomsac (MacFayden, 1956, p. 29; Hewitt, 1961, p. 
77). In the context of the local stratigraphic and 
structural evidence adduced by these workers, the 
autochthonous hypothesis is indeed the most obvious 
and simplest explanation for the high Taconic sequence. 

Those who advocate an allochthonous hypothesis for 
the high Taconic sequence point out that the view of a 
simple sedimentary succession is beset with difficulties. 
Upper Ordovician (or slightly younger) rocks that are 
lithically like the high Taconic sequence are not known 

elsewhere in New England or adjoining New York; 
the Upper Ordovician rocks of the Mohawk and Cham­
plain valleys do not resmnLle the high Taconic rocks. 
If the high Taconic rocks are autochthonous, special 
local conditions must be invoked for their deposition. 
Moreover, in the Becraft Mountain area near Hudson~ 
N.Y., Silurian and Devonian rocks rest unconformably 
on the low Taconic rocks and on the W alloomsac 
equivalent (Zen and Bird, 1963, p. 52), so that if the 
high Taconic rocks once covered these areas they must 
have been stripped completely by erosion by Late 
Silurian time. On the other hand, supporters of the 
allochthonous hypothesis point out that rocks lithically 
and stratigraphically similar to the high Taconic 
sequence are found ( 1) within the low Taconic 
sequence in thrust slices, where they are of Cambrian ( n 
or Early Cambrian age (see Potter, 1966); (2) within 
the eugeosynclinal sequence of east Vermont and its 
continuation in Massachusetts, where they are also of 
Cambrian ( ~) or Early Cambrian age; and ( 3) within 
the CavendiBh Formation (used by Doll and others, 
1961) in southern Vermont, where the rocks are of 
Cambrian(~) and Early Cambrian age. Largely on 
the basis of regional correlations, these geologists con­
sider the high Taconic sequence to be allochthonous. 
(For summary, see Zen, 1964, p. 11, 18, 36, 41, 50, 68.) 

The allochthonists explain the gradational contact 
locally found between the high Taconic sequence and 
the "\Valloomsac Formation by the intimate comingling 
of soft sediments during the submarine sliding, by 
tectonic mixing, and by the effect of super-imposed 
metamorphism; Zen (1961) reported such gradational 
contacts in the northern Taconic region between the 
"\Valloomsac-equivalent units and rocks of the low 
Taconic sequence, now generally accepted as allochtho­
nous. Because the gradation is generally one of color, 
which expresses the nature of the metamorphic 1nineral 
assemblages, and because the "\Valloomsac and the 
Everett are compositionally locally alike and have been 
deformed and metamorphosed as a unit, the usefulness 
of color as a tool of structural geology in this area is 
questioned. 

STRATIGRAPHY IN SOUTHWESTERN MASSACHUSEnS 
AND ADJOINING CONNECTICUT AND NEW YORK 

Recent detailed stratigraphic mapping in the State 
Line, Egremont, Bashbish Falls, and Sharon 71/2-
minute quadrangles and adjacent areas (fig. 1) has 
revealed a mappable stratigraphy within the Cambrian 
and Ordovician Stockbridge Formation {Ratcliffe, 
1965; Zen and Hartshorn, 1966). This fqrmation, as 
redefined by Zen (Zen and Hartshorn, 1966) , consists of 
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seven 1ithostratigraphic members; it is of pre-Trenton, 
Paleozoic age and probably spans the entire time 
fr01n Early Cambrian to the Trenton. The lower three 
units, designated A, B, and C, are dolostones. Units 
D and F are much alike, being heterogeneous but dis­
tinctive calcareous sandstone, siltstone, and dolostone 
and marble in beds a few feet thick each; they have 
proved useful as marker units. Units E and G, also 
mutually similar, are massive marble. The rocks are 
overlain with an angular unconformity by the vVal­
loomsac Formation, which locally rests on rocks as old 
as unit B. The 'Valloomsac is locally calcareous near 
its base, containing either abundant calcite in the 
pelite, or silty marble beds as much as 50-70 meters 
thick. As a rule, these marble beds can l!e dis tin­
guished from those of the Stockbridge. The bulk of 
the 'V alloomsac is a gray silty to black carbonaceous 
pelite; it has been metamorphosed, and ranges from 
muscovite-chlorite phyllite · to staurolite-almandine 
schist. Greenish-gray schists are locally found at or 
near the base of the 'V alloomsac in areas of medium 
to high grades of metamorphism; this color may reflect. 
the effect of metamorphism. 

The high Taconic sequence overlies the 'V alloomsac 
Formation; where the 'Valloomsac is absent, the 
sequence rests directly on the Stockbridge Formation, 
although such a contact is nowhere exposed. These 
high Taconic rocks have been mapped as the Everett 
Formation (Zen and Hartshorn, 1966; also unpub. 
. data) in the Bashbish Falls and Egremont quad­
rangles; and have been traced into the State Line and 
Stockbridge quadrangles (Ratcliffe, 1965). They are 
green, gray-green to silvery green pelitic rocks, now 
ranging from phyllite to almandine-staurolite schist. 
Pebbly graywacke and quartzite beds, calcareous sand­
stone, and grayish interbeds resembling the 'Valloom­
sac are locally present; these beds are subordinate and 
have not proved to be traceable. Because of the lack 
of traceable units in the Everett, its internal structure 
is not known despite detailed mapping; in areas of 
good outcrop, however, the rocks clearly show at least 
two episodes of noncoaxial deformation involving iso­
clinical recumbent folding and small-scale imbrication.· 

The contact between the Everett and the underlying 
W alloomsac varies in nature: It is sharp at some out­
crops, and gradual, through intercalation of distinct 
rock types or through color similarities, at others. 
'Vhere gr.adational, the contact zone may be from a 
few meters to t~ns of meters thick. 'Vhere sharp, the 
rocks on the two sides of the contact may also differ in 
aspects other than the color. Thus, the Walloomsac 
tends to be calcareous to feldspathic and is soft,. 

whereas the Everett is noncalcareous and tends to be 
hard, owing to the high quartz content. 

Lenses of carbonate rocks occur sporadically at or 
very near the zone of contact between the two forma­
tions; these lenses individually cannot be traced for 
any great distance. Because these rocks can be lithi­
cally matched with those in the Stockbridge Forma­
tion, they require explanation. The lenses vary in size 
from single blocks a few meter~ across to tracts nearly 
1 kilometer across. The exposed contact between these 
rocks and the surrounding schists and .phyllites is 
everywhere sharp; the lenses occur on both the east 
and west sides of belts of the Everett Formation (loc. 
3, fig 1). The zones of carbonate lenses commonly dip 
conformably with the contact between the 'Valloomsac 
and the Everett, and define geometric shapes that are 
overall synclinal. 

At mos.t outcrops, the carbonate lenses can be 
explained by assuming that they are either slivers 
dragged along the base of thrust slices of the Everett, 
or local beds in normal sedimentary contact with the 
rocks above and below. I-Iowever, two particular out­
crops show sufficient details to establish the tectonic 
origin of this carbonate rock, and, by analogy, the 
tectonic origin of the other carbonate patches in similar 
structural positions. For this reason, the two outcrops 
will be described in detail. 

DETAILS OF CARBONATE LENSES 

Carbonate rocks crop out on the steep west scarp o:i: 
a 430-meter (1,410-foot) knob southeast of a sharp 
turn in the road near a prominent television tmYer, 2 
km N. 30° ,V. of 'Vhite I-Iill (northwest ninth of 
Egremont quadrangle) in New York (loc. 1, fig. 1; fig. 
2). The top of the hill is underlain by a noncalcareous 
quartzose green phyllite typical of the Everett; these 
green phyllite outcrops are part of the continuous belt 
of the high Taconic sequence that makes up the 
Taconic Range. At about 411 m (1,350 feet.) eleYation 
on the northwest and west sides of the hill, the phyllite 
is underlain with abvupt contact by a zone of carbonate 
ranging from about 2 to 10 m thick. The carbonate is 
nnderlain, again sharply, by a jet-black to dark-gray, 
noncalcareous phy IIi te characteristic of the "T a lloom­
sac. This phyllite is part of a zone, about 10 m thick~ 
of inti1nate intercalation between black phy]]ite similar 
to the 'Valloomsac and green phyllite resembling the 
Everett; within this zone both types of phyllite are 
strongly sheared while each maintains its lithic iden­
tity. To the west of this zone and structurally below 
it, the area is underlain by the Walloomsac Formation 
that is part of the autochthon. 
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FIGURE 2.-Geologic details of locality 1 of figure 1. 

The carbonate zone consists of jumbled blocks of 
carbonate rocks ranging from a few centimeters to 
several meters across. The blocks are angular to sub­
rounded, and consist of massive marble, quartzose 
marble and dolostone, in no apparent order; lithically 
these rocks can be easily matched with the various 
units of the Stockbridge Formation. Rare angular 
blocks of a green phyllite also occm;; these phyllite 
blocks can be matched lithically with the Everett For­
mation but are now entirely within the carbonate zone. 
A three-dimensional view of the carbonate blocks is 
afforded by numerous caverns in the zone; differential 
solution has generally followed the contacts among the 
larger blocks. 

224-352 ·0-00--4 

This carbonate zone clearly is not the result of 
normal sedimentation; it is interpreted as a tectonic 
breccia that is a sliver dragged to its present position 
during the emplacement of the allochthonous Everett 
Formation. The zone of alternating phyllites under 
the carbonate zone is regarded as an imbricate zone 
immediately below the main movement surface. 

Another excellent exposure of this possible tectonic 
breccia occurs in the northwest ninth of the State Line 
quadrangle (fig. 1), at the contact between the Everett 
Formation and the underlying vValloomsac Formation 
along the west limb of a major syncline. This exposure 
(loc. 2, fig. 1) "is approximately 1,000 m N. 40° E . of 
the ii1tersection of State Routes 71 and 22 in the town 
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of Green River, N.Y. The carbonate zone, shown in 
figure 3, is exposed for 120 m along strike, is about 50 
m thick, and occurs between the altitudes of approxi­
mately 396 m (1,300 feet) to 442 m (1,450 feet). It 
dips east approximately 40° into the upland underlain 
by the structurally higher Everett Formation; this 
general dip is taken as the probable dip of the Everett­
Walloomsac contact at this locality. The individual 
carbonate rocks in the zone terminate along strike as 
well as down the dip, and thus are lenticular in shape. 
They commonly are elongate parallel to the strike of 
the regional cleavage. 

Lentils of white calcite marble, gray layered calcite 
marble, yellow-weathering sandy dolostone, black com­
pact dolostone, graphitic marble, and black graphitic 
phyllite are present in the outcrop; these rocks lithi­
cally resemble rocks of the autochthonous Stockbridge 
and Walloomsac Formations. The wide assortment of 

Location of the outcrop shown in figure 4 is indicated. 

rock types in the carbonate zone, as well as the geomet­
ric relationships of these lenses, show that the repeti­
tion of carbonate rocks on the hillside cannot be · 
explained by the folding. of a normal stratigraphic 
sequence. 

A discordant contact between the upper surface of a 
lens of calcite marble having sandy dolostone interbeds 
and the Everett Formation is shown in figure 4. The 
carbonate lentil is about 5 m thick and 20 m long, and 
is penetraated by an east-dipping cleavage, parallel to 
the regional north-northeast-trending axial-plane 
cleavage found in the surrounding Everett Formation. 
Minor folds along the contact have this cleavage as 
their axial plane, and the lineation in the outcrops is 
parallel to the fold axis. The lower contact of this 
carbonate lentil is conformable with the Everett For­
mation. These relations, taken together, indicate that 
this lens was tectonically enclosed in the Everett prior 
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Soil cover 

B 

FIGURE 4.-Details of the upper contact of a marble lens against 
the Everett Formation, exposed in an overhanging ledge at 
locality 2, figure 1 (see also fig. 3). A, photograph of outcrop; 
B, simplified sketch of photograph. Bedding in the marble is 
defined by thin, quartzose dolostone beds (stippled pattern in 
B). The Everett Formation is marked by long-dashed lines in 
B; these lines, as shown, are parallel to the traces of the early 
cleavage. This cleavage is the axial surface of isoclinal folds 
that have warped ·tlie contact of the two rock units. The 
Everett immediately next to the contact is peppered with 
small carbonate chips that weather out to yield the pitted 
surface. All parts of the outcrop are marble unless otherwise 
indicated. View is to the north. 

to the development of the major northeast-trending 
structure. The majority of the observed contacts of 
marble lentils with the surrounding phyllite a;t locality 
2, however, are parallel to the regional cleavage and 
show no discordance; this conformity is most probably 
the result of subsequent structural deformation. 

The occurrence of the large body of the W alloomsac 
Formation at locality 2, a;t approximately 427 m (1,400 
feet) elevation, requires a thrust along its geomet­
rically lower contact against the Everett Formation. 

The Everett-Walloomsac contact here is a zone of 
imbrication about 50 m thick, much like the relations 
observed at locality 1. Within this zone, lenticular 
bodies of carbonate rocks of different lithic types occur 
as slivers; their lenticular shape and the large number 
of apparently concordant contacts are the result of 
subsequent deformation. 

CONCLUSIONS 

The detailed relations at localities 1 and 2 (fig. 1) 
rule out the possibility that the carbonate rocks are 
part of a normal sedimentary sequence, and show that 
the Everett-Walloomsac contact is a zone of movement 
and intense deformation. This deformation preceded 
the development of the earliest cleavage and the meta­
morphism of the rocks and thus is probably pre-Late 
Silurian because at Becraft Mountain, near Hudson, 
N.Y., Silurian and Devonian rocks truncate the 
beveled edges of folded and well-foliated Middle Ordo­
v.ician rocks. The emplacement of the carbonate zone 
could well be an Ordovician event. Moreover, at 
locality 3 (fig. 1), the carbonate rocks occur in both 
the west and east limbs as well as near the nose of a 
narrow north-plunging syncline, between the Wal­
loomsac Formation and the overlying Everett Forma­
tion. This zone of movement, therefore, projects both 
to the east and to the west of the Taconic Range, so 
that the Everett must be part of a completely detached 
thrust sheet or sheets, and is allochthonous; this 
conclusion is not contradicted by the contact relation 
of the Walloomsac, the carbonate lenses, and the 
Everett, observed in outcrops whose interpreation is 
generally equivocal. 

The carbonate slivers thus constitute the first local 
structural evidence, independent of regional correla­
tions, pointing to an allochthonous origin for the high 
Taconic sequence; the emplacement of the high Taconic 
sequence may well be mechanically associated with, 
and chronologically only slightly later than, the 
emplacement of the low Taconic sequence. The syn­
clines in which the Everett Formation now rests are 
later structures, perhaps formed during Acadian time; 
they have no direct bearing on the tectonic ongm of 
the high Taconic sequence. 
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INTERTONGUING RELATIONS OF THE LEE FORMATION 

IN SOUTHWESTERN VIRGINIA 

By KENNETH j. ENGLUND and A. OTIS DeLANEY, Washington, D.C. 

;lbst·ract.-Upper Mississippian and Lower Pennsylvanian 
rocks exposed along the margin of the Southwest Virginia coal 
field inclnde n cliff-forming sequence of quartzose conglomeratic 
smHlstone IJeds in the Lee Formation. These clean, coarse clas­
tic rocl\:S terminate northeastward lJy intertonguing and lateral 
gradation with relnti\·ely less quartzose and finer textured sedi­
ments of the Pennington, Pocahontas, and New River Forma­
tions. 

The Lee Formation of the type area, Lee County, 
Va., and of adjoining parts of Virginia, J(entucky, and 
Tennessee is composed largely of quartzose conglom­
eratic sandstone in tongues and lentils, some of which 
are as thick as 300 feet. The sandstone in the Lee is 
t.hick- to massively bedded and forms an exceptionally 
rugged terrain of precipitous cliffs and hogbacks tha.t 
is in contrast to the relatively subdued topography 
underlain by adjacent formations. Ridges of Lee 
sandstone are notable historically as natural barriers, 
and favorable access is confined to a few water or wind 
gaps such as Cumberland Gap at the south~v~ter~ tip 
of Virginia. In addition to the beds of distmctively 
quartzose sands·tone, the Lee Formation includes les~er 
amounts of shale, siltstone, coal, underclay, and thm­
bedded relatively less quartzose sandstone that are 
poorly exposed. The Lee Formation is Early Pennsyl­
vanian in age except for its lowermost part, which 
intertongues with the Upper Mississippian Pennington 
Formation (Englund, 1964, p. B33). 

In Vir<Tinia the Lee Formation crops out in a narro''" 
belt that ~trikes northeastward from Lee County in the 
southwestern corner of the State. From this outcrop 
beH, whe.re the beds are steeply inclined and in some 
places overturned, the Lee dips northwestward beneath 
the Southwest Virginia coal field (fig. 1). The forma­
tion is also exposed locally nJ the west edge of the 
State. 

Following the naming of the Lee Formation by 
Campbell (1893, p. 36), usage of the term was extended 

by subsequent workers along the entire outcrop belt 
from Lee County to the V\Test Virginia State line. In 
Scott, Wise, and Russell Counties (fig. 1) the Lee For­
mation includes quartzose conglomeratic sandstone that 
is typical of the formation in the type area. However, 
in Tazewell County, at the northeast end of the outcrop 
area, the sandstone included in the Lee Formation is 
predominantly feldspathic, low in quartz content, and 
relatively nonresistant. Harnsberger ( 1919, p. 16) 
reported in Tazewell County : "The rocks of th~ Lee 
(Formation) differ very little from those of h1gher 
PennsylYanian formations and cannot be distinguished 
from them on lithologic grounds." Arkosic sandstone 
wn,s also noted in the Lee Formation of Tazewell County 
by Cooper (1944, p. 189-190). . . . . 

The purpose of this study, of Upper M1sStSS1ppmn and 
Lower Pennsylvanian rocks in southwesteri1 Virginia 
was to determine ( 1) the character of facies changes 
in these rocks, and (2) the stratigraphic position of 
the Pocahontas Formation, which includes econom­
ically important coal beds. For this study closely 
spaced sections were measured along the outcrop belt 
that frin<TeS the Southwest Virginia coal field. These 

0 . . 

surface sections were supplemented by the examinatiOn 
of cuttin<Ts from drill holes and wells located immedi­
ately no;thwest of the outcrop area. The p.rincipal 
sections were assembled (fig. 2) to show correlatwns and 
thicknesses, as well as the stratigraphic distribntion o~ 
quartzose sandstone that is commonly composed ?f 
more than 90 percent quartz. Other sandstone beds m 
these sections <Tenerally contain less than 70 percent 

0 . • • 

quartz. Sections 1 through 5 (fig. 2) are In areas. of 
detailed mapping, and the indicated lateral extensiOn 
of units was observed in the field. Units in the 
remainder of the sections were extended laterally by 
reconnaissance mapping, by the use of aerial photo­
graphs, and by the correlation of key beds. However, 
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1. Cumberland Gap section, Lee County, Va., and Bell 
County, Ky. 

2. Butcher Knob section, Lee County, Va. 
3. Chadwell Gap section,Lee County, Va., and Bell County, 

Ky. 
4. White Rocks section, Lee County, Va., and Harlan 

County, Ky. 
5. Falling Water Gap section, Lee County, Va., and Harlan 

County, Ky. · 
6. Wa,gonroad Tunnel section, Lee County, Va., and Harlan 

County, Ky. 
7. Pennington Gap section, Lee County, Va. 
8. Big Stone Gap section, Wise County, Va. 
9. Little Stone Gap section, Wise County, Va. 

10. Clinchfield Coal Corp. well 187, Wise Development Co., 
Wise County, Va. 

11. Bond Gap, Miller Yard, and Little Stony Creek composite 
section, Wise and Scott Counties, Va. 

12. Clinchfield Coal Corp. well 189, John F. McElhenney, 
Russell County, Va. 

13. Hart and Alvy Creeks composite section, Russell County, 
·- Va. 

14. Lewis Creek section, Russell County,. Va. 
15. Swords Creek section, Russell County, Va. 
16. Middle Creek section, Tazew~ll County, Va. 
17. Big Creek section, Tazewell County, Va. 
18. Beech Fork section, Tazewell County, Va., and McDowell 

County, W.Va. 
19. United Fuel Gas well 9050, New River and Pocahontas 

Consolidated Coal Co., Tazewell County, Va. 

FIGURE I.-Index map showing the location of outcrop (X) and subsurface (Q) sections (fig. 2) at the fringe of the Southwest 
Virginia coal field (shaded). 

critical i·eJations, such as the tonguing out of the Bee 
Rock Sandstone Member of the Lee Formation, were 
rna pped in detail in the field. 

LEE FORMATION 

In Lee County, at the southwest end of its outcrop 
belt, the Lee Formation has been divided on the basis 
of lithology into seven members which are, in ascend­
ing order, as follows: the Pinnacle Overlook, Chadwell, 
White Rock Sandstone, Dark Ridge, ~fiddlesboro, 

Hensley, and Bee Rock Sandstone Members. 
In the_ lower part of the Lee Formation the Pinnacle 

Overlook, Chadwell, and White. Rocks Sandstone 
Members are northwestward-extending quartzose sand­
stone lobes that intertongue with the Pennington For-

mation (Englund, 1964). Intertonguing also occurs at 
the northeast edges of these lobes as shown in figure 2. 
Non resistant beds that overlie the White Rocks Sand­
stone Member .and locally the Chadwell Member are 
included in the Dark Ridge Member. These beds con­
sist mostly of fine-grained, thin-bedded. sandstone, 
shale, coal, and underclay. 

The Middlesboro Member is the most prominent part 
of the Lee Formation at the southwestern end of the 
outcrop belt, as it consists of four coalescing conglom­
eratic sandstone units. A northeastward increase in 
the proportion of "!!Onresistant st~ata in the member is 
accompanied by divergence and splitting of the con­
glomeratic sandstone_ units. Farther to the northeast 
the conglomeratic sandstone units tongue out com­
pletely and, at their extremities, grade into nonresist-
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ant feldspathic micaceous sandstone that has a rela­
tively low quartz content of about 50 to 65 percent. 
Quartz pebbles and granules are rare in the feldspathic 
sn.ndstone. 

The Hensley Member is n. sequence of nonresistant 
sn.ndstone, siltst<:>ne, shale, coal, and underclay in the 
upper part of the Lee Formation at the southwestern 
end of the outcrop belt. Northeastward from central 
Wise County, where the overlying Bee Rock Sandstone 
Member tongues out, stratn. equivalent to the Hensley 
~fember have been included in the Norton Formation 
(Eby, 1923). 

The Bee Rock Sandstone Member is a northwest­
ward-protruding lobe of quartzose conglomerate sand­
stone (Englund, 1964) that grades at its northeastern. 
fringe into a thin, nonresistant feldspathic sandstone. 
Strn.ta overlying . the Bee Rock Sandstone Member 
consist of siltstone, shale, coal, underclay, and rela­
tively dirty sandstone that commonly contains 50 to 70 
percent quartz. These roqks n.re assigned to the Hance 
Formation in Bell n.nd Harlan Counties, l(y ., and to 
the Norton Formn.tion in Lee and Wise Counties, Va. 
'~There the Bee Rock Sandstone Member tongues out 
in Wise County, the top of the Lee Formation wn.s 
mapped by early workers (Eby, 1923) at the top of 
the 1l.ext lower quartzose sandstone, which is strati­
graphically n.bout 500 feet lower. This downward 
placement of the Lee-Norton contact was pointed out 
by Gathright ( 1964). The placing of the top contaCt 
of the Lee Formation at the top of the uppermost 
qun.rtzose sandstone is also done commonly in other 
areas (Englund, 1962). Therefore, the Loo Formation 
is recognized regionally as a rock-stratigraphic unit 
with lower and upper contacts defined by quartzose 
sandstone. 

PENNtNGTON GROUP OR ~FORMATION 

Only the Little .Stone Gap Member (Miller, 1964) 
of the Hinton Formation, its correlatives, and overly­
ing beds of the Pennington Group or Formation are 
shown in figure 2. The Little Stone Gap Member, a 
medium-gray calcareous shale with thin interbeds of 
argillaceous limestone, contains abundant marine fos­
sils including b~achiopods and bryozoans. Because of 
its extensive occurrence and distinctive marine lithol­
ogy, the Little Stone Gap Member is useful as a key 
bed for correlation purposes. Overlying beds ·of the 
Pennington consist mostly of light-olive-gray to green­
ish-gray sandstone and medium-gray, greenish-gray, 
n.nd grayish-red shale and siltstone. Except for 
quartzose conglomeratic sandstone that in many places 

overlies the Little Stone Gap Member, the Pennington 
sandstone beds are mostly fine grained, nonresistant, 
and have a relrutively low quartz content of about 40 
to 65 percent. Shale in the upper part of the Penning­
ton Formation, including widespread grayish-red beds, 
thins southwestward and intertongues with the lower 
part of the Lee Formation (fig. 2). 

POCAHONTAS FORMA liON 

The recently redefined Pocahontas Formation (Read 
and Mamay, 1964) is a sequence of sandstone, siltstone, 
shale, coal, and underclay that overlies the Pennington 
Group. The Pocahontas Formation contains a Lower 
Pennsylvanian flora including N eu/ropteri.JJ pocahontas 
which was identified by S. H. Mamay (written 
commun., 1965) in fossil plant collections from sections 
13 and 18 (fig. 2). Other than sandstone that crops 
out in cliffs locally, the rocks of the formation are 
:nonresistant. The sandstone is mostly light gray, fine 
to medium grained, and thin to thick bedded. It is 
feldspathic and contains finely dispersed carbonaceous 
fragments and mica flakes. The amount of quartz in 
the sandstone is similar to that of Pennington sandstone 
and averages about 60 percent. In contrast, shale and 
siltstone are varicolored in the Pennington Formation 
and medium gray to black in the Pocahontas Forma­
tion. The Pocahontas Formation thins southwestward, 
probably by truncation, and may be partly equivalent 
to the Dark Ridge Member of the Lee Formation. 
Both units contain mined coal beds that are as much 
as 7 feet thick in the Dark Ridge Member in Lee· 
County and as much as 10 feet thick in the Pocahontas 
Formation in Tazewell County. 

N,EW RIVER FORMA'T·ION 

The recently redefined New River Formation (Read 
and Mamay, 1964) overlies the Pocahontas Formation 
in southwestern Virginia and southern West Virginia. 
In Tazewell County the New River Formation consists 
of interbedded sandstone, siltstone, shale, coal, and 
underclay "that are lithologically similar to the Poca­
hontas Formation except that some sandstone beds in 
the New River include a few pebbles and granules of 
quartz. The sandstone is light gray, fine to coarse 
grained, thin to thick bedded, and locally massive. In 
addition to quartz, which ranges mostly from 40 to 65 
percent, the sandstone contains abundant feldspar, 
mica, and carbonaceous fragments. Much of the feld­
sp;:tr weathers white or is completely altered to clay; 
the feldspar, disseminated dark heavy minerals, and 
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carbonaceous fragments give a "salt and pepper" 
appearance to the sandstone. 

RELATION OF THE LEE FORMATION TO EQUIVALENT 
ROCKS 

A comparison of measured sections alined northeast­
ward through southweste!rn Virginia shows that the 
quartzose conglomeratic sandstone beds of the Lee ter­
minate northeastward by intertonguing and lateral 
gradation with equivalent rocks. Regional evidence 
indicates that these clean, coarse quartzose sandstones 
are near-shore deposits that were winnowed by shore 
currents and waves. At the extremities of the sandstone 
tongues of the Lee, the clean, coarse sediments grade 
into relatively less quaPtzose and finer textured sedi­
Inents that are atypical of the Lee Formation. Sand­
stone in the lower part of the Lee Formation tongues 
out in the predominantly marine Pennington Forma­
tion, whereas sandstones in the middle and upper parts 
tongue out in a sequence of inostly continental beds, 
many of which are coal. Rocks that are laterally 
equivalent to much of the Lee Formation have been 
assigned to the Pocahontas and New River Formations 
in southwestern Virginia and southern West Virginia 
(Read and Mamay, 1964). This assignment will con-
form with usage elsewhere which restricts the name 
Lee to rocks consisting predominantly of quartzose 
sandstone. 
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CRETACEOUS STRATIGRAPHY OF THE KAMISHAK HILLS, 

ALASKA PENINSULA 

By DAVID L. JONES and ROBERT L. DETTERMAN, Menlo Park, Calif. 

.!.lbst1·act.-Cretaceous rocks of the Kamishak Hills area, 
Alaska Peninsula, rest conformably on Upper Jurassic stratn 
and are subdivided into two formations. The· lowermost for­
mation, of Early Cretaceous age, is unnamed :mel comprises 
two units. The lower unit consists of 200 feet or more of gray 
shaly siltstone with numerous 1-foot-thick beds of Inoce?·anws­
prism calcarenite of late Hauterivian to early Barremian age. 
The upper unit consists of 200-300 feet of rusty brownish-gray 
siltstone of Barremian age. This is the first known occurrence 
of strata of these n·ges on the Alaska Peninsula. '.rhe upper­
most Cretaceous Knguyak Formation overlies the Lower Creta­
ceous beds with slight ~mgulnr unconformity and is of Maes· · 
trichtian age. 

Upper Cretaceous sedimentary rocks are widespread 
on t.he Alaska. Peninsula, but Lower Cretaceous rocks 
n.re scarce n.nd are well known only in the Port Moller 
area in the western part of the ·Peninsula.. Parkinson's 
brief report ( 1960) citing the presence of Lower Cre­
taceous strn.ta in the l(amishn.k I-Iills nen.r Cape Douglas 
n.t the e·a.stern end of the Peninsula. encoura.ged us to 
visit that area. to establish a. more definitive age for 
these strn.ta and to further extend our scanty knowl­
edge of the E~rly Creta.ceous history of this important 
petroliferous region. 

The weather was poor during the tim_e in which a 
helicopter was available to carry us into the relatively 
inaccessible l(amishak Hills, and we were able to study 
only hurriedly two partial stratigraphic sections. 
T'ime did not permit •thorough fossil collecting or 
tracing out of the beds, but the few fossils found are 
sufficient to date most of the rocks a.nd to establish cor­
relations with stratigraphic sequences elsewhere in 
southern Aln,slnt. Consequently, these data are pub-
1 ished even though a more thorough study of the 
area is w1trranted and more accurate stratigraphic 
measurements are needed. 

Two partial stratigraphic sections were exn.mined in 
t-he ICamishak I-Iills east of the South Fork of the 
ICamishak River in the Mt. ICatmai (D-1) quadrangle 

(fig. 1). Section 1 is on the headwaters of an unnamed 
tributary of the South Fork J(amishak River, and sec­
tion 2 is on the J1eadwaters of an unnamed western 
tributary of the Douglas River. 

STRATIGRAPHY 

Lower Cretaceous rocks 

Very gently dipping Lower Cretaceous stra,ta rest 
with apparent conformity on sandstone and siltstone 
of the Upper Jurassic Naknek Formation (for a 

0 2 MILES 

FIGURE 1.-Index map of southern part of the Kamishak Hills, 
showing location of the two stratigraphic sections studied. 
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description of this unit, see Keller and Reiser, 1959, 
p. 269-273) and are overlain with very slight angular 
unconformity by Upper Cretaceous strata (Parkinson, 
.1960). 

In the l(amishak Hills, the Lower Cretaceous rocks 
are subdivided into two informal units (fig. 2). The 
upper unit in section 1 consists of 200-300 feet of 
rusty-weathering, brownish-gray, bentonitic shale and 
siltstone that bears fossiliferous calcareous concretions. 
Belemnites and ammonites were found in it· at several 
places in section 1, but no fossils were observed in 
section 2. Owing to lack of time, the base of this unit 
was not studied at section 1. In section 2, however, 
the rusty-weathering, brownish-gray shale unit if: 
thinner than in section 1 and grades down ward . into 
slahby-bedded, light-gray sandstone about 20 feet thick 
that contains grit beds near the base. The upper con­
tact of the upper unit is placed below massive. cliff-

Cll 
a. 
a. 
2 

Section 1 

--=: :.::_--::-::_: X USGS Mesozoic lac. M2925 
· · · · · · · · · · · · · · Neophyllocerus hetonaiense 

Inoceramus spp. 

M2926 
:- . --:.-: ~. / Nostoceras sp. 
. :. . . : : : ·: ·. X Diplomoceras hornbyense 

· · · Inoceramus sp. 
. · Goniomya sp. 

FEET 

[ 
VERTICAL 

SCALE 

EXPLANATION 
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FIGURE 2.-Schematic generalized columnar sections of Cretace­
ous rocks in the southern part of the Kamishak Hills. 

forming, dark-greenish-gray sandstone of the Kagu­
yak Formation that contains abundant ammonites of 
Late Cretaceous (Maestrichtian) age. Fossils (figs. 3 
and 4) · collected ·from 1 to 3 feet below this contact at 
section 1 consist of the ammonite Acrioceras cf. A. 
starrkingi Anderson ( 1938) and a belemnite, Acro­
teuthis sp., with a long and deep ventral furrow similar 
to, but more slender than, a new but unnamed species 
figured by J eletzky (1964, pl. 19, fig. la-c). 

These fossils indicate a late Neocomian (Barremian) 
age, and their position just below Upper Cretaceous 
(Maestrichtian) rocks shows that beds of Aptian 
through Campanian ages are missing. 

About 100 foot below the top of the upper unit in 
section 1 robust specimens of Acroteuthis sp. were 
found, as well as a fragment of an heteromorphic 
ammonite perhaps related to Hoplocrioceras 'remondi 
( Gabb). These fossils are probably Hauterivian or 
Barremian in age. 

The lower unit of the Lower Cretaceous rocks con­
sists of 200 foot or more of gray shale and siltstone 
with many calcarenite interbeds as much as 1 foot 
thick containing abundant, mostly fragmented, valves 
of Inoceramus (fig. 4e, /). The calcarenite itself con­
sists mainly of Inoceramus prisms and a little te·rri­
genous clastic material. The gr_ay shale and siltstone 
contain abundant thin layers of broken Inoceramus 
shell debris that probably makes up from 5 to 10 
percent of the section. 

Because the lower 100 feet or so of the lower unit 
was not studied, its total thickness and details of the 
contact with the Naknek Formation of Late ,T urassic 
a.ge are unknown. 

Fossils from the lower unit in section 2 consist of 
an unidentified belemnite and numerous specimens of 
Inoceramus ovatoides Anderson. In California this 
pelecypod is most abundant in the late Hauterivian 
zone of Hertleinites aquila and ranges up into the early 

FIGURE 3.-Specimens of Acrioceras, Hoplocrioceras(?), and 
A.croteuthis collected from USGS Mesozoic localities M2930 
and M2931. All specimens natural size. 

a-d. Acrioceras cf. A. starrkingi Anderson. 
a, d. Lateral views. 
b, c. Dorsal and ventral views. 
Specimen from USGS Mesozoic loc. M2930, in the upper­

most part of Lower Cretaceous strata in the Kam1shak 
Hills. USNM 153996. 

e-f. Hoplocrioceras(?) sp., perhaps related to H. remondi 
(Gabb). Lateral and ventral views. From USGS 
Mesozoic loc. M2931, about 100 feet below top of the 
Lower Cretaceous strata. USNM 153997. 

g-i. Acroteuthis sp. A. 
g, i. Ventral and lateral views; note very shallow depression 

on flattened ventral side. 
h. End view; note alveolus displaced toward flattened 

ventral side. 
From USGS Mesozoic loc. M2931, about 100 feet below 

top of Lower Cretaceous strata. USNM 153998. 
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Barremian zone of S hasticrioceras poniente (Imlay, 
1960, p. 179-180) . 

Correlation of Lower Cretaceous rocks in the Kamishak 
Hills 

The rocks of the upper unit are the first of definite 
Barremian age to be recognized anywhere in Alaska 
and are possibly the only deposits of that age present 
in the State. 

The lower unit is similar lithologically and faunally 
to the N elchina Limestone and the Herendeen Lime­
stone, although it contains a greater percentage of shale 
and siltstone than is typical for those units. The 
Nelchina Limestone in the Kotsina"'l(uskulana area of 
the lower Chitina Valley, over 400 miles to the north­
east, consists of a massive lnocenrlrnrus-prism calcarenite 
that contains well~preserved specimens of I. ovatoides 
and overlies sandstone and siltstone of Hauterivian age 
(Grantz and others, 1966). The Nelchina Limestone 
at its type locality in the N elchina area is likewise 
an Inoceramus-prism calcarenite and has yielded 
Foraminifera of Hauterivian age (Bergquist, 1961, p. 
D236). 

The Herendeen Limestone of the Port l\ioller area 
(Atwood, 1911, p. 39) also consists of an Inoc~ran~us­
prism ca:lcarenite similar to the Nelchina Limestone 
and to the thin calcarenite beds of the J(amishak Hills. 
Atwood ( 1911, p. 40) reports that the Herendeen Lime­
stone contains Buchia ( =Aucella) crassicollis of 
Valanginian age, but according to Burk (in press) 
these ·fossils came from the underlying Staniukovich 
Shale, and only fragments of lnoceran~us are known 
from the Herendeen. Burk believes that this forma­
tion can be only slightly. younger than the Staniuko­
vich and suggests a latest Valanginian or younger age. 
The Herendeen Limestone and the lower m1it in the 
J(amishak Hills are probably equivalent in age, with 
the latter representing a finer grained, less calcareous 
correlative of the former. 

Upper Cretaceous rocks 

Upper Cretaceous rocks in the Cape Douglas area 
were named the I\:aguyak Formation by J(eller and 
Reiser (1959), with the type locality designated as the 
rocks exposed along the northern shore of l(aguyak 
Bay. On the basis of photogeologic interpretation~ 
these rocks were traced inland to the Kam ishak Hills 
and are shown on their geologic map (pl. 29) in 
approximately their correct position. Fossils in the 
U.S. Geological Survey collections from the l(aguyak 
Formation of the Kamishak Hills were. collected some 
years ago by oil company geologists before accurate 
maps of the area were available. Some of these fossils 

were described and illustrated by Jones (1963), and 
the position of the fossil localities, as nearly as could 
be reconstructed, was shown on his plate 3 (Jones; 
1963). During our brief visit to the I\:amishak Hills, 
it was apparent that a few localities had been incor­
rectly located and that no Cretaceous rocks are present 
in the indicated places. In particular, USGS Mesozoic 
localities 25855 and 25856 are misplaced, and the fossils 
undoubtedly came from a patch of fossiliferous 
I\:aguyak Formation lying a few miles to the east. 

In the type section of the Kaguyak Formation, 
Keller and Reiser (1959, p. 275-276) report 4,550 feet 
of interbedded sandstone, siltstone, and siltshale. In 
section 1 in the Kamishak Hills, only about 600 feet 
of strata representing the lower part of the formation 
is preserved. These beds dip about 5° to the east and 
locally overlie the Lower Cretaceous beds with very 
slight angular unconformity. The uppermost part of 
the J(aguyak Formation consists of a basal massive 
sandstone that grades up into thin-bedded fine-grained 
sandstone and sandy siltstone, contains abundant fos­
siliferous calcareous concretions, and is estimated to 
be about 300 feet thick. Siltstone and shale, about 150 
feet thick, appear to underlie the upper unit, but the 
eon tact is obscured by' minor faulting. The upper 60-
80 feet of this siltstone and shale unit consists of gray 
siltstone that has fossiliferous sandy calcareous con­
cretions. This siltstone grades down into rusty­
weathering brownish-gray siltstone that also contains 
abundant fossiliferous concretions. The base of the 
Kaguyak Formation consists of massive silty saridstone 
that eontains abundant specimens of ammonites and 
lnocera1n1ts. In section 1 this basal unit is estimated 
to be about 100 feet thick. In section 2, the basal unit, 
also about 100 feet thick, is tripartite. It has a massive 
basal sandstone that is overlain by gray siltstone con­
taining many large calcareous concretions. This silt­
st.one is, in turn, overlain by rubbly-bedded sandstone. 
Ammonites are very abundant and well preserved in 
the .lower third of the basal unit and are present, but. 
poorly preserved, in its upper third. 

FIGURE 4.-Specimens of Acroteuthis and Inoceramus collected 
from USGS Mesozoic localities M2930, M2932, and M2935. 
All specimens natural size. 
a, b. Acroteuthis sp. B. Ventral and lateral views of poorly 

·preserved and distorted specimens from USGS Mesozoic 
loc. M2930, about 3 feet below top of the Lower Cretaceous 
strata. USNM 153999. 

c, d. Acroteuthis sp.A . Ventral and lateral views of a poorly 
preserved specimen from USGS Mesozoic loc. M2932, 
about 100 feet below top of the Lower Cretaceous strata. 
USNM 154000. 

e, f. Inoceramus ovatoides Anderson. 
e. Left valve. USNM 154001. 
f. Slab of calcarenite with abundant shell fragments. Both 

from USGS Mesozoic loc. M2935, lower member of the 
Lower Cretaceous strata. USNM 154002. 
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The fossils found throughout the Kaguyak Forma­
tion ·are listed in section 1 of figure 2. Pachydiscus 
( Pachydiscus) kmnishakensis Jones is abundant in the 
ba:sal sandstone and overlying siltstone unit; this fossil 
is of probable early Maestrichtian age and is the index 
to the ammonite zone bearing its name in southern 
Alaska (Jones, 1963). 

SUMMARY OF GEOLOGIC HISTORY 

Following deposition of the Naknek Formation of 
Oxfordian and I(immeridgian age, marine deposition 
was apparently interrupted until late N eocomian time, 
on the basis of the apparent absence in the J(amishak 
Hills of Btwhia-bearing beds of latest tTurassic and 
early N eocomian ages. Only 1ninor uplift is indicated . 
by this break. This contrasts with many other places 
in southern Alaska where Upper Jurassic and Cre­
taceous beds are discordant. Marine deposition 
occurred throughout the latest N eocomian (late 
I-Iauterivian and Barremia1i), but the absence of any 
depositional record between the late Barremian and 
early ~laestrichtian precludes an understanding of the 
intervening history. The near concordance in attitude 
of the Lower Cretaceous and Upper Cretaceous beds 
suggests a p·eriod of structural stability in this area 
throughout Cretaceous time. Since the end of the Cre­
taceous, these beds have been uplifted a minimum of 
:-1,000 to 4,000 feet and have undergone only very minor 
tilting and faulting. 
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LITHOLOGY AND EASTWARD EXTENSION OF THE DALLES FORMATION, 

OREGON AND WASHINGTON 

By R. C. NEWCOMB, Portland, Oreg. 

A.1J8tmct.-The Dnlles Formation consists of the uneroded 
pnrt of n low cone of Yolcanic ngglomerate deposited north­
ward nnd northeastward and an interfingering sedimentary 
facies of tuff, siltstone, and conglomerate deposited by west­
wnrcl-tlowiug riYers. 'l'he sedimentary facies was mapped east­
wnrd to Rufus, Oreg., nnd similar deposits bearing other names 
were seen in an enstwarcl reconnaissance a's far as the vicinity 
of McKay Reservoir, Oreg., about 120 miles east of The Dalles. 
Name and nge chnuges may be necessary as this Pliocene stra· 
tigrnphy becomes clarified. 

The Dalles Formation was described by Condon 
(1902) as the horizontal strata of "gray sandstone~~ 
overlying the Columbia River Basalt at The Dalles. 
Subsequently, Buwalda and :Moore (1930), Piper 
(1932), and Chaney(1944) have described parts of the 
:forrnation; Piper and Chaney both noted that only a 
slight erosional unconformity characterizes the top of 
t·he nnde1rlying Columbia R.iver Basalt beneath the 
otherwise conformable Dalles Formation. Piper (1932, 
p. 120-127) gave a comparatively full account of the 
volcanic-sedimentary nature of the main body of the 
:formation near The Dalles. I-Iis sections (Piper, 1932, 
p. 121-124) contain much the same obse,rvations as the 
writer's but. give the name of "sandstone" to more of 
the water-laid sandy tuffs. 

Some basic aspects of the Da11es Formation were 
observed in recent years during structural and hydro­
logic mapping by the writer in the area covered by the 
''Thite Salmon, The Dalles, and vVishram 15-minute. 
quadrangles, west of Rufus, and during reconnaissance 
east.wn,rd to the UmatiUa R.iver (fig. 1). This paper 
describes generally the two facies of the Dalles For­
maJion, indicates the, continuation of one of these facies 
enstward to R.ufus, Oreg., and points out a possible 
discrepancy between the early Pliocene age assigned 
to the Dalles Formation and the middle Pliocene age 
assigned to sedimentary deposits in a similar position 
farther east, to where the Dalles Formation may 
extend. 

LOCATION AND COMPOSitTION OF THE DALLES 
FOR'MATION 

"Tithin the mapped area to the west, the Dalles For­
mation was conformably· deposited as thickly bedded 
units bl a shallow (upland n basin and on slopes lead­
ing into it. The' formation was deformed in two 
uplifts of the Cascade Range and in the broad folds 
which curve away from the east side of the range. The 
formation has been eroded from the crests of some 
of the anticlines and, in places, has been covered by 
later volcanic materials in the Cascade R.ange and by 
volcanic and sedimentary n~!tterials in low~r areas like 
the Hood R.iver Valley. As a result of the second 
and principal deformation and of the subsequent can­
yon cutting, most of the Dalles Formation now lies 
beneath plateaus. The bulk of the formation occurs 
west, south, and east of The Dalles-in the Dalles and 
Mosier synclines. The formation is about 1,800 feet 
thick in the Mill Creek valley, but thins eastward and 
northward so that it is only 500 feet thick near The 
Dalles, near Mosier Creek valley, and in the lower 
valley of Fifteenmile Creek. The thickness is 400 feet 
northwest of Lyle, 250 feet at the east side of the 
Deschutes River canyon, and only 160 feet at a locality 
farther east, near Rufus. 

The formation consists of two deposits, or facies, 
which interfinger: the volcanic-debris facies, a large, 
low cone of volcanic tuff and agglomerate, much· of 
which was water deposited as debris flmvs moving 
north and east; and the sedimentary facies, a train of 
clastic sedimentary materials deposited by westward­
flowing rivers. One lava flow was i:qterlayered high 
in the sedimentary faGies. 

The most common rock of the volcanic-debris facies 
is a gray agglomerate composed of a matrix of shards 
of pumiceous, partly altered, volcanic glass and min­
eral grains, with included pieces of dark and light 
scoria, pumice, and andesite. About 20 percent of the 
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mass is made up of andesite clasts, which range in size 
from pebbles to boulders. They consist largely of one 
type of andesite. The coarseness of the fragments 
decreases northward and eastward. The size of the 
largest andesite clasts ranges from great angular 
blocks 5 to 10 feet across, in the upper parts of the 
l\1i ll Creek and Mosier Creek areas, to cobble and 
pebble sizes at the Columbia River on the north and 
at lower Fifteenmile Creek on the east. Minor 
amounts of coarse sandstone, siltstone, and conglom­
erate occur sporadically. 

The most common rock of the volcanic-debris facies 
is modet:ately strong, but the degree of consolidation 
and induration vnries considerably from layer to layer 
n.nd from place to place. The agglomerate stands in 
steep walls of young canyons, but sloughs and slides 
to gentler slopes benenth the older surfaces. It has 
much nonconnected pore space nnd is a comparatively 
lightweight rock. 

A representntive section of the volcanic-debris facies, 
1,100 feet thick, is exposed in the north side of the 
canyon nt the junction of the North and South Forks 
of l\1ill Creek. Near this section, wells were drilled 
about 700 feet through additional and similar strata. 
below the creek level, before reaching the underlying 
basalt. The exposed strata of the volcanic-debris facies 
consist of. tuffaceous agglomerate, tuffaceous sandstone, 
tuff breccia, and tuff. The bedding dips 1° to 2° 
northeast. The master layers are rather uniformly and 
conformably bedded, but subunits contain irregular 
and even crossbedded strata and lenticular segregations 
of coarse rock clasts and smaller grains. No signifioant 
change in coarseness of the debris from top to bottom 
is evident in either the exposed or subsurface sections. 
During deposition, much of the tuffaceous agglomerate 
must have been moved as sheets of thick slurry, in 
mudflow or debris-flow manner. Materials in the 
coarse agglomerate layers are similar in grain size and 
size distribution to the material in the debris flow 
which moved 4 miles down Ladd Creek from the slopes 
of Mount Hood on September 1, 1961 (Birch, 1963). 

East from The Dalles and north of the Columbia 
River, the material of the Dalles Formation is finer; 
fine-grained tuff, along with fine sand and silt, are pro­
gressively more common, and the sedimentary facies 
interfingers in the distal end of the fan of volcanic 
debris. East and north of lower Fifteenmile Creek, 
fine-grained tuff is the predominant representative of 
the volcanic-debris facies; it contains diatomite, sand~ 
and silt. Of the materials of the volcanic-debris facies; 
only the impure fine-grained tuff, derived from air-

. borne ash, was seen east of the Deschutes River. 

In the sedimentary facies the strata of fine-grained 
tuff, silt, and sand are interbedded with layers of 
river-laid conglomerate. Individual conglomerate 
layers are generally 10 to 50 feet thick, broadly lenticu­
lar in transverse section, and, apparently, many miles 
in length. Collectively, the conglomerate layers form 
about half the deposit. The conglomemte is composed 
of rounded pebbles and cobbles with some small 
boulders, and has interstices partly filled by a loosely 
consolidated matrix of earthy sand and granular 
gravel. The particles are entirely different from those 
of the volcanic conglomerate in the volcanic-debris 
facies to the southwest; they consist of dense andesitic 
lavas, ·silicified tuff, basalt (all three types generally 
associated with the Clarno and John Day Formations), 
much .cryptocrystalline silica, and basalt of the Colum­
bia River Group. These rocks are similar to those 
occurring in much of the present tTohn Day River 
basin. Most of the cobbles from the basalt of the 
Columbia River Group have thick decomposition 
rinds; some crumbly rinds are as much as 1;8 inch 
thick. No quartzite or other rocks indicative of origin 
in the northern Rocky Mountains were obse•rved. 

The sedimentary facies, consisting of conglomerate 
and fine-grained sediments, prevails east of lower 
Fifteenmile Creek and north of the lowest parts of that 
creek. It forms the remnants of the Dalles Formation 
north of the Columbia River (fig. 1) and in the M.osier 
syncline west of Lyle. A 55-foot thick flow of porphy­
ritic andesitic basalt is interlayered in the upper part 
and forms the rimrock of the ridge between Fifteen­
mile Creek and the Deschutes River. At sever-al places 
east of the Deschutes River, the fine-grained earthy 
tuffs and tuffaceous siltstones, which are typical of the 
Dalles Formation east of The Dalles, form the top part 
of the sedimentary facies. The ash content of these 
siltstones indicates that the effusion of volcanic dust 
from eruptive centers, like those that were feeding 
materials to the volcanic-debris facies, probably con­
tinued to the end of the deposition of the sedimentary 
facies. 

An example of the eastward change in lithology is 
obtained by comparing the 1,100-foot section at the 
forks of Mill Creek (where the formation is all 
agglomerate, tuff, and tuffaceous sandstone) with the 
section (table 1) on Fifteenmile Creek, near \vhere the 
volcanic-debris and sedimentary facies interfinger. 

East of the Deschutes River, full sections of the 
Dalles Formation and other materials are difficult to 
find. A part of the existing section, usually a few tens 
of feet at the most, is all that can be examined at one 
place, without extensive excavations . 
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TABLE I.-Section measured in Fifteenmile Creek valley south­
westward down ravine in northern part of sec. 33, T. 2 N., R. 
15 E., above Pet1·ojf farmhouse 

[Hand-level control based on contour altitude of road at farmhouse) 

Thickness Altitude 
~ .J!!!Q_ 

Covered; loess soil. (Several miles to 
the south this zone consists of finely 
bedded soft buff tuffaceous siltstone.) 

Basalt, andesitic, porphyritic; a single 
flow. 

Conglomerate, semicompact, weakly 
cemented; cobbles at top grade to 
pebbles near base; 2-foot thick lentic­
ular bed of tuffaceous sand in top 
part. Pebbles and cobbles are 
mostly hard felsite porphyries, basalt, · 
hardened tuffs, and cryptocrystalline 
silica. Particles are well rounded 
and polished, but those of basalt have 
crumbly rinds. 

Covered (deep slough over zone indi­
cates a weak layer.) 

Conglomerate; pebble and granular 
gravel in tuffaceous matrix, whitish­
tan. .Ha~ cemented stratum at the 
top. 

Covered, probably conglomeratic. 
Conglomerate; much like 275-285-foot 

zone. 
Tuff, sandy, buff-pink; compact but 

clayey content causes it to loosen and 
slough on outer surfaces. 

Covered (tuffaceous breccia rubble). 
Conglomerate; pebble and granular 

gravel with sandy tuffaceous matrix. 
Covered. Soil and extent of sloughing 

indicate that this zone contains tuff 
or siltstone. 

Top of Columbia River Group, pillow 
lava. 

Q-150 1,· 230-1, 080 

15Q-205 1,080-1,025 

205-240 1,025-990 

24Q-275 99Q-955 

275-285 955-945 

285-300 945-930 
30Q-335 93Q-895 

335-370 895-860 

37Q-400 86Q-830 
40Q-405 83Q-825 

405--"445 825-785 

785 

EXTENSION OF THE DALLES FORMATION TO THE EAST 

The sedimentary facies of the .. Dalles Formation was 
mapped as far east as Rufus by the writer (fig. 1). By 
reconnaissance inspection, simil.ar materials were found 
for 28 miles to the east from Rufus, on the plateau 
top, to where they are part qf the deposits that Hodge 
called "Arlington Lake beds" (Hodge, 1932, map) and 
"Shutler Formation" (Hodge, 1932, p. 6), and to the 
fossil locality of Shotwell's Arlington beds (Shotwell~ 
1956, p. 717). The horizontal continuation of this 
material is shown on figure 1. 

Thirty-two miles east of Shutler, similar but more 
basaltic conglomerate and interbedded sandy siltstone 
in the same stratigraphic position were mapped as 
"Pliocene fanglomerate" by Hogenson ( 1964, pl. 1), 
who said (p. 24 and 31) that it contained the gravels 
in the vicinity of McKay Reservoir. These beds at the 

reservoir are informally called the "McKay beds," but 
they have not been formally designated except by 
inclusion in Hogenson's "Pliocene fanglomerate." Silt­
stone and weak sandstone below a conglomerate yielded 
the fossils described by Shotwell (1956, p. 717) ·as 
coming from the "sediments * * * on the east bank of 
McKay Reservoir." Hogenson (1964, p. 24) also said 
that his Pliocene fanglomerate included the deposit 
that had been designated as the lower Shutler Forma­
tion by Hodge (1942, p. 19). 

Hodge· (1942, p. 19) had noted that the "Shutler 
Formation interfringes [sic] to the west with the 
Dalles Formation. " Hodge (1942, map) used the 
Deschutes River canyon as an arbitrary boundary 
between the Dalles Formation and his Shutler 
Formation. 

A reconnaissance of the tuffaceous siltstone and vol­
canic-ash beds high in the section just west of Shutler 
indicates that some have originated from sources other 
than the eruptive centers of the volcanic-debris facies 
of the Dalles Formation. For example, the clean, 
glassy volcanic ash that is being quarried for poz­
zuolana in the northwest corner of sec. 31, T. 2 N.~ 
R. 21 E. ( 4 miles southwest of Shutler), is cleaner, 
less pumiceous, and less altered than the tuffs typical 
of the Dalles Formation. In addition to small amounts 
of sediments of probable post-Dalles age·, the "Arling­
ton Lake beds" are overlain to an altitude of about 
1,100 feet by proglacial lacustrine and fluvial materials, 
partly described by Allison (1933, p. 690-701). These 
Pleistocene materials are thin and spotty at places, 
especially at altitudes above 900 feet, but are as much 
as 150 feet thick and are extensive in the :um·atilla 
River basin, where Hogenson (1964) mapped them as 
"glacial-lake sediments" and "glaciofluvial deposits." 

AGE DETERMINATION.$ REPORTED FOR THE DALLES 
FO,RMATION AND OTHER DEPOSITS 

On the basis of . the ·ages assigned to two vertebrate 
fossils collected southeast of The Dalles from the east­
ern part of the volcanic-debris facies, and to one col-

. lect.ed west of Lyle from the sedimentary facies, 
Buwalda and Moore (1930, p. 17) determined a late 
Miocene or early Pliocene age for the Dalles Forma­
tion. By fossil le-aves from two localities, a few hun­
dred feet. apart stratigraphically in the outer part of 
the volcanic-debris facies, Chaney (1944, p. 307) deter­
mined an early Pliocene age. From a few vertebrates 
collected near the lower of the two leaf localities of 
Chaney (a locality that is near the base of the forma­
tion) , an early Pliocene age has been determined (A. 
,J. Shotwell, written commun., 1965). 
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From vertebrate collections, Shotwell ( 1958, p. 276) 
det.e·rmined the beds about 3 miles southeast of Arling­
ton and the "Mcl\:ay beds" ( 1956, p. 717) to be of 
Hemphillian, middle Pliocene, age. 

The Pliocene age of Hogenson~s fanglomerate 
(Hogenson, 1964, p. 25) was determined on the basis 
of two vertebrate fossils. Hogenson ( 1964, p. 34) 
also found that the deposition of the conglomerate took 
place between the initial and the main uplifts of the 
basalt. of the Columbia River Group in the Blue 
1\1ountains anticline. 

Two potassium-argon age determinations on the 
lava flow in the sedimentary facies of the Dalles For­
mat.ion between Fifteenmile Creek and the Deschutes 
River ga,ve 10.6 million years (Geochron R0420) and 
15.2 m.y. (Geochron R0419), a spread that, alone. 
renders the effort indeterminate. 

CONCLUSIONS 

The Dalles Formation is a composite of two facies, 
a,t; least partly contemporaneous. The volcanic-debris 
facies forms the southwestern and thicker part of the 
formation, and the sedimentary facies forms the east­
ern and northern thinner part. The sedimentary facies 
represents a true part of the Dalles Formation east to 
H.ufus, Oreg. It is believed to continue several tens of 
miles fn.rther east. If these reconnaissance continua­
tions n.re correct, either the middle Pliocene strata to 
the east overlap the Dalles Formation, or the assigned 
early Pliocene age of the Dalles F9rmation is too old. 
Lithologic similarity, stratigraphic position, and 
paleontologic data now indicate an early and mid­
cUe ( ~) Pliocene age foi· the Dalles Formation. 

The a.ppn.rent continuation eastward of the sedi­
mentn.ry fn.cies of the Dalles Formation may necessitate 
some restriction of that name or a revision of the 

present names Arlington Lake beds, Arlington beds, 
lower Shutle·r Formation, and Pliocene fanglomerate, 
as well as a definition of "McKay beds." 

No materials from the northern Rocky l\{ountains 
are }rnown to have been laid down in the ancestral 
drainageway now forming part of the present Dalles­
Umatilla syncline during the time of the deposition of 
the sedimentary deposits that have been determined 
as of middle Pliocene age. 
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PERMIAN-TRIASSIC BOUNDARY IN EASTERN UINTAH COUNTY, UTAH, 

AND WESTERN MOFFAT COUNTY, COLORADO 

By ELMER M. SCHELL and ELLIS L. YOCHELSON, 
Denver, Colo., Washington, D.C. 

Abstract.-The Permian Park City Formation exposed along 
the south flank of the Uinta Mountains near the Utah-Colorado 
State line is redefined to include 25 to 67 feet of tawny beds at 
the top. Previously, these beds were included in the overlying 
Triassic Moenkopi Formation. The tawny beds consist mainly 
of silty limestone and dolomite but contain a cherty zon.e and a 
phosphatic-dolomite marker bed near the top. A limestone con­
taining a Permian fauna underlies the marker bed. The tawny 
beds are correlated with the upper unit of the Franson Member 
of the Park City Formation in the Ashley Creek-Brush Creek 
area, north of Vernal, Utah. 

The separation of the Permian Park City Forn1ation 
and the Triassic Moenkopi Formation is difficult in 
northeastern Utah and northwestern Colorado owing 
to facies change. Kinney ( 1955, p. 53), in the Ashley 
Creek-Brush Creek area (figs. 1 and 2) and westward, 

· used the top of the highest slabby, light-gray, cherty 
limestone· or limy sandstone as the top bed of the Park 
City. In the Ashley Creek-Brush Creek area, the 
cherty limestone is overlain by as much as 25 feet of 
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County, Colo. 

tawny beds that Kinney placed in tl~e Moenkopi 
Formation of Triassic age. Between Brush Creek and 
the Colorado border as much as 67 feet of tawny beds 
overlying the cherty limestone was included in the 
lVIoenkopi Formation (Thomas and others, 1945; 
Untermann and Untermann, 1954, p. 101-102). The 
tawny beds include soft, light-gray, sparsely phos­
phatic limestone, dolomite, mudstone, chert, and a dolo­
mite marker bed. Fossils collected from 5 to 10 feet 
below the marker bed by Schell and identified by 
Yochelson are indicative of Permian age. Therefore, 
the Park City is here redefined to include the tawny 
beds (fig. 3). 

CHARACTER AND' AGE OF THE TAWNY BEDS 

During 1964 and 1965 the redefined Park City For­
mation was mapped frorri Ashley Creek to the Split 
Mountain and Jones Hole areas, a linear distance of 
about 40 miles. Sections measured at several other 
localities in the eastern part of the Uinta Mountains 
in Colorado indicate that this is a mappable unit as far 
east as Cross Mountain in Colorado, 30 miles east of 
the Red Rock Canyon section. 

The ta-\vny beds of the Park City are 05 to 67 feet 
thick, east and southeast of Little Brush Creek :in 
northeastern Utah and northwestern Colorado. Gell­
erally, these beds are poorly exposed. In the Split 
Mountain-Jones Hole area and eastward, the tawny 
beds are predominantly carbonate rocks-silty lime­
stone and dolomite-and for the most part are only 
slightly argillaceous. A soft unit of argillaceous lime­
stone interbedded with calcareous mudstone and silt­
stone, about 13 feet thick, is near the middle of the 
tawny beds. This unit at Split Mountain may be cor­
relative with a zone about 25 feet thick in the Franson 
MembeT at Little Brush Creek. A zone of carbonate 
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rock about 4 feet thick, that contains thin chert beds, 
occurs in the upper part of the tawny beds in the Split 
:.Mountain area. 

A marker bed as much as 4 feet thick overlies the 
cherty carbonate-rock zone; it consists of very fine 
grained hard ledge-forming dolomite or limestone. It 
is from 10 to 30 feet below the top of the tawny beds. 
This bed is shown on figure 2 as the dolomite marker 
bed. It contains phosphatic bioclastic debris, abundant 
fine to very coarse phosphorite pellets, glauconite, sand, 
si H, and sparse chert beds less than 1 inch thick. The 
marker bed has been traced as far west as· about 11/:2 
miles west of Ashley Creek; east of Red Rock Canyon 
it was noted in measured sections in the Skull Creek 
anticline, Section Ridge anticline, Cross Mountain, and 
Vermilion Creek areas. In western Colorado this 

marker bed is within 10 feet of the top of the taw·ny 
beds; at Red Mountain it is 23 feet below the top. 

On the north and west slopes of Split Mountain the 
tawny beds contain a fossiliferous limestone unit that 
is 0.5 to 3.5 feet thick and 5 to 10 feet. stratigraphically 
below the dolomite marker bed. A collection of silici­
fied fossils (U.S. Geol. Survey collection 21603-PC) 
from this unit in the NW1,4 sec. 11, T. 4 S., R. 23 E., 
Salt Lake meridian, was identified by Y ochelson. The 
faunal list includes the following: 

small ramose bryozoans (abundant), undet. 
fenestrate bryozoans, undet. 
0 mnposita sp. 
8eecheria cf. B. bovidens (Morton) 
Spiriferina cf. S. pulchra (Meek) (abundant) 
Polidevcia sp. indet. 
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FIGURE 3.-Gereralized section of rocks in the upper part of the 
Park City Formation in eastern Uintah County, Utah, and 
western Moffat County, Colo. · 

.if Permophorous sp. indet. 
? parallelodont pelecypod, indet. 
Myalina (Myalinella) cf. M. (1Jf.) meeki Dunbar 
Schizodus sp. indet. 
Aviculopecten sp. indet. 
bellerophontacean gastropod, indet. 
?pleurotomariacean gastropod, indet. 
N aticopsis ( N aticopsis) sp. indet. 
murchisoniid gastropod, indet. 
nautiloid cephalopod, undet. 
ammonoid cephalopod, undet. 
ammonoid fragment cf. Pseudogastrioceras 
spindle-shaped borings in shells, undet. 

Y ochelson believes that this collection indicates a 
Permian age. In the abundance of bryozoans and 
Spiriferina the collection is similar to collections from 
near the top of Permian rocks at Tosi Creek, Wyo. 

DISCUSSION O·F THE PARK CITY FORMATION 

In the Ashley Creek-Brush Creek area, the Park 
City Formation as now defined consists of three 
mappable units (fig. 2). In ascending order these 
units are: ( 1) about 25 feet of phosphorite, phosphatic · 
mudstone, carbonate rock, and chert; ( 2) 30 to 35 feet 
of light-gray cherty limestone, sandstone,_ and dolo­
mite; and ·(3) 85 to 145 feet of light-gray phosph3Atic 
cherty limestone, dolomite, mudstone, and chert, and 
reddish-brown and grayish-orange limestone, siltstone, 
and sandstone. The upper 25 feet of unit 3 comprisef; 
the tawny beds. Following the nomenclature proposed 
by McKelvey and others (1959, p. 9), unit 1 should be 

\ 

termed a tongue of the Meade Peak Phosphatic Shale 
Member of the Phosphoria Forma:tion. Unit 2 forms 
the lower part of the Franson Member. of the Park 
City Formation, and unit 3, including the tawny beds, 
forms the upper part of the Franson Member. 

J. Stewart Williams (1939, p. 91-93, 98) proposed 
the name "Mackentire 'red beds' tongue" of the Phos­
phoria Formation for rocks included in unit 3 and an 
overlying 75 feet of siltstone. McKelvey and others 
(1959) assigned these light-gray carbonate rocks of unit 
3 to the Franson Member of the Park City Formation 
and the tawny beds and the upper 75 feet of siltstone 
to the lower part of· the Woodside Formation (now 
known as the Moenkopi Formation) in the Ashley 
Creek area.' H. D. Thomas (1939) and Thomas and 
Krueger (1946, p. 1263-1270) considered the reddish­
brown and grayish-orange rocks to be the Mackentire 
Tongue of the Woodside Formation (fig. 3). Kinney 
(1955, p. 170) and Smith and others (1960) divided 
the Park City Formation into 3 units but included the 
upper 25 feet of the tawny beds (here redefined as part. 
of tlie upper unit of the Franson Member) in the 
Moenkopi Formation (fig. 3). 

The Park City Formation is concealed by Tertiary 
deposits for about 10 miles east and southeast of Little 
Brush Creek. Where it is exposed in the Split Moun-· 
tain-Jo:ries Hole area (fig. 2) the Park City Formation 
differs considerably from its western counterpart. The 
rocks immedia;tely above the Permian and Pennsyl­
vanian Weber Sandstone are light-gray, cherty, sandy, 
partly phosphatic carbonate rock,. sandstone, chert, 
mudstone, and thin phosphorite beds. These rocks 
are 33 to 46 feet thick and are equivalent to the tongue 
of the Meade Peak Phosphatic Shale Member of the 
Phosphoria Formation ·and the lower unit of the 
Franson Member of the Park City Formation. East­
ward from Little Brush Creek, the Meade Peak 
changes laterally into a predominantly che·rty car­
bonate-rock facies containing a few thin phosphorite 
beds in the Split Mountain-Jones Hole area. 
McKelvey and others (1959, p. 23) found a similar 
west-to-east change in equivalent ·strata in central 
Wyoming. 

The top of the lower unit of the Franson Member 
in the Ashley Creek-Brush Creek area is well marked 
by a sandstone, conglomeratic and fossiliferous in 
places, which is underlain by fossiliferous sandy lime­
st.one beds. These beds are recognizable in the Split 
Mount"ain-J ones Hole area and as far east as Cross 
Mountain in northwestern Colorado. 

In the Split Mountain-Jones Hole area, and east­
ward, the lower unit of the Franson Member is over­
lain by the tawny beds, which are 35 to 67 feet thick 
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and consist chiefly of argillaceous silty limestone and 
dolomite with sparse thinly bedded chert layers; these 
are equivalent to the upper unit of the Franson 
~1ember. The tawny beds also include the reddish­
brown beds of the Macken tire Tongue in the .Jones 
I-Iole area, but these reddish-brown beds are absent at 
Split 1\1ountain and farther to the east. The contact 
with the overlying 1\1oenkopi Formation is placed at 
the top of these tawny beds. 

The basal beds of the overlying 1\1oenkopi Formation 
generally are interbedded reddish-brown and yellow­
ish-grn.y calcareous siltstones which, because of the 
distinctive lithologic break and their mappable bound­
ltry, are distinct from the· m~derlying tawny beds. 
Ripple tnarks and gypsum vein lets are common in the 
1\foenkopi but are absent in the tawny beds of the Park 
City Formation. The contact of the Park City and 
1\1oenkopi Formations appears to be conformable, and 
fossils have not been found in the basal1\1oenkopi beds 
Therefore, it is possible that part of the basal Moen­
kopi as here redefined is also Permian in age. 

In the Split 1\1ountain area, the top of the Park 
City Formation has been picked at various places by 
previous workers (fig. 3). Schultz ( 1918, p. 4 7-54) 
tneasured the Park City Formation near Red :Mountain 
and placed the boundary between the Park City and 
the Triassic rocks at the base of the continuous red­
shale series. He included about 350 feet that he called 
tawny beds in the Pa.rk City Formation. This boundary 
is seemingly not ma.ppable, as the red color is not per­
sistent and rises stratigraphically eastward. Also, 
most of these tawny beds are lithologically more 
similar to the Moenkopi than to the Park City Forma­
tion. Thomas and others ( ~945) measured 69 feet of 
Park City at Split Mountaii1, but they did not include 
the tawny beds referred by Schultz to •the Park City. 
Thomas and J(rueger (1946, p. 1268-12n9) suggested 
that. the lower part of the tawny beds is Permian in 
age, but. they did not sta:te the evidence for this con­
clusion. Untermann and Untermann (1954, p. 101-102, 
117, 125; oral commun., 1964) measured several Pn.rk 
City sections in the Split l\fountain-J ones Hole area 
n.1'd included the ta,,rny beds with the overlying 
MoenkOJ)i Formation. Cheney (1955 fio· 3 · 1957n 

' o' ' ' 
fig. 1; 1957b, p. 24) measured 39 feet of the lower unit 
of· the Franson l\fember of the Park City Formation 
at. Split l\1ountain and stated that the upper unit of 
the Franson 1\1ember in the Little Brush Creek aren 
presumably grades into the ]ower beds of the Moenkopi 
Formation at Split l\1ountain. .J. Steele "'\Villiams (in 
l\1cl\:elvey n.nd others, 1959, p. 39) stated that the lmYe-t' 
part of the overlying formation at the east end of the 
Uinta Mountains is of Permian age; however, 

Mcl(elvey and others (1959) included the tawny beds 
in the "'\Voodside Formation of H. D. Thomas (1939) 
(now considered part of the Moenkopi Formation) . 

CONC'LUSIONS 

"'\Ve conclude that the ·tawny beds of westernmost 
Colorado and easternmost Utah are correlatives of the 
upper unit of the Franson Member farther to the· west 
in the Uinta region (figs. 2 and 3) . In western 
Wyoming, Sheldon (1963, p. 124) informally divided 
the Franson Member into a lower and an upper cycle; 
these are not to be equated with the informal lower and 
upper units used here. In many parts of the western 
phosphate field, the younger Retort Phosphatic Shale 
Member of the Phosphoria Formation is overlain by 
the Ervay Carbonate Rock 1\1ember of the Park City 
Formation (Mcl(elvey and others, 1959). In the 
Uinta 1\1ountains and eastward, the Retort Member is 
absent and the Franson Member includes all limestone 
of Permian age above the tongue of the :Meade Peak 
Phosphatic Shale l\1ember of the Phosphoria Forma­
tion. It is possible, though not. yet conclusively demon­
strable from the available stratigraphic and fossil 
evidence, that the upper unit of the Fi'anson Member 
as used here may be partly or entirely equivn.lent to the 
Ervay Member occurring to the northwest. 
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ERECT PLANTS IN THE EARLY SILURIAN OF MAINE 

By JAMES M. SCHOPF, ELY MENCHER/ ARTHUR j. BOUCOT,2 and HENRY N. ANDREWS,3 

Columbus, Ohio, Cambridge, Mass., Pasadena, Calif., Storrs, Conn. 

A.bstract.-Small, erect plant axes, referred to llJohostimeZla 
Schopf, n. gen., occur in a Lower Silurian deposit in northern 
Maine. Surfaces are spinulate, and the cortical outer layer 
is persistent and generally coalified. This outer layer evidently 
consists of mechanical tissue to account for the erect posture 
of the axes. No trace of vascular tissue has been observed in 
a large suite of material, suggesting that any possible conduct­
ing strand was delicate and simple. These fossils may repre­
sent a primitive type of land vegetation in which the mechanical 
function of cortical tissue was more advanced than the con­
ductive, or vascular, specialization. Other plant remains in 
the deposit are not erect and probably represent foliose algae. 

In recent years a persistent search has been carried 
on for pre-Devonian plants that represent ancestral 
vascular plants or plants from which vascular plants 
may have arisen (see Obrhel, 1959, 1962; Roselt, 1962; 
Leclercq, 1956; Senkevich, 1959, 1963). At the same 
time, further investigation has shown ·that fairly 
advanced types of vascular plants, formerly regarded 
as Late Silurian (Lang and Cookson, 1930, 1935; 
Cookson, 19·3'5), probably are in reality assignable to the 
Early Devonian (Jaeger, 1962, 1964; Berry, 1964). The 
diversity of the Early Devonian flora has emphasized 
the possibility that psilophytes, commonly regarded as 
representing primitive land plants, 1nay not be truly 
primitive. Their simple structures can also be explained 
as a result of reduction and swamp xerophytism or, at 
most, simply as persistent little-changed derivatives 
from those of considerably earlier forms that first lived 
on land. This latter alternative was discussed by Scott 
( 1924, p. 192, 206-207, 223) , Eames ( 1936, p. 327-329) , 
Berry (1945, p. 46), and, more recently, by Leclercq 
(1954}. A truly primitive land flo.ra is not well known, 
but it seems to be clearly es~ablished that the best 
known examples of psilophytes occur too late in the 
geologic record to have been in direct ancestral aline­
ment with any vascular groups other than modern 
Psilotales. 

Along with these considerations of phyletic botany 
are those regarding the more accurate and e:ffecti ve 
use of early plant fossils as indexes to geologic time 
and theoretical discussion concerning the monophyletic 
or the polyphyletic origin of vascular plants. Vascular 
plants are generally presumed to be members of the 
primitive terrestrial flora, but detailed information is 
lacking. Possibly one should inquire whether primi­
tive transmigrants were actually vascular, or whether 
xylem originated as a conductive specialization that 
developed a little later. Regardless of the answer to 
this question, there is considerable probability that a 
transitional series of transmigrant forms will eventu­
ally be discovered. One possible representative of an 
early transmigrant form is described in this paper. 

Field work for this study has been supported by 
National Science Foundation research grant GP-1547 
to Massachusetts Institute of Technology under direc­
tion of Ely Mencher, .and by N.S.F. research grant 
B-16793 to Henry N. Andrews of the University of 
Connecticut. New taxa are ascribed solely to J. M .. 
Schopf in order to assign his primary responsibility 
for laboratory study of the plant material. A. J. 
Boucot is principally responsible for age determination. 

GEOLOGIC OCCURRENCE 

In August 1964, Stanley A. Heath and William A. 
Brown, students at the Massachuse-tts Institute of 
Technology, mapping in northern ,Maine under the 
direction of Mencher, discovered carbonaceous plant 
remains in ~thin, laminated, coarse siltstone beds, inter­
bedded with thicker bedded coarse and conglomeratic 
sandstones containing marine i~vertebrate fossils. 
These original plant collections were submitted to the 

1 Massachusetts Institute of Technology. 
2 California Institute of Technology. 
3 University of Connecticut. 
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senior author for examination, and at the same time 
examples of the invertebrates were examined by 
Boucot. Lithologically the coarse sandstones are typi­
cal of the Frenchville Formation (Boucot and others, 
1964, p. 31-33) of northern Aroostook County, l\1aine, 
and appear to bear the sarrie Early Silurian (late 
Llandovery, Zone CcC5) fauna as found in the type 
area at the Frenchville Church (now destroyed) 5 
miles northeast of the town of Ashland. 

The fossil locality is in a railroad cut on the main 
line of the Bangor and Aroostook Railroad 2.1 miles 
north of the station at Stockholm, Aroostook County, 
Maine (fig. 1). Both the plant and invertebrate fossils 
come from the e~nst side of the cut. At this place the 
Frenchville beds are exposed in a low anticlinal flexure~ 
the axis of which strikes N. 30° toN. 35° E. 

The plant fossils (fig. 2) have been found near the 
axis of the fold. Two distinct plant-bearing beds are 
present, separated· from each other by about 1.5 feet of 
sandstone. The lower bed, 2 to 6 inches thick, has 
yielded the majority of the specimens described be]my 
as Eohostinwlla; the upper bed, which varies from a 
thin parting at the fold axis to a layer about 7 ·inches 
thick on the south flank, contains the foliose algal ( ? ) 
material, although E oho8tin~ella cross sections are also 
present. The invertebrate-bearing conglomeratic sand-

0 1 MILE 

I 

FIGURE 1.-Map showing location of plant fossils in the report 
area (from USGS 15-minute Stockholm quadrangle, Maine). 

stone is seen best near the south end of the cut and 
lies approximately 15 feet stratigraphically above the 
upper plant layer. 

The following invertebrate fossils have been identi­
fied by. Boucot from ~the conglomeratic sandstone : 
orthotetacids, Atrypa.tt sp., Pentamerus.tt sp., rostrospi­
roid, Eocoelia sp. (coarse-ribbed), "Dolerorthis" flabel­
lites, rhynchonellids, Stricklandia lens cf. 'ttltima~ 

OyPtia sp., Plectodonta sp., Resserella sp., Leptaena 
"rhmnboidalis", Paleocycl!us .tt sp., F avosites, uni.denti­
tied brachiopods, and a poleumitid gastropod. This 
fauna suggests an age of about Ca to c5 in the upper 
Llandovery Stage of the Early Silurian. 

The occurrence of a coarse-ribbed form of Eocoelia 
is of primary importance. This form cannot be identi­
fied specifically, owing to the fragmentary nature of the 
material, but it is certainly a n1ore advanced type than 
E ocoelia hen~isphaerica and has not nearly reached the 
stage of development of E ocoelia sulcata. The latter 
two forms occur respectively in the CcC2 and C6-,Ven­
lock portions of the Llandovery and Wenlock. . 

The occurrence of Stricklandia lens cf. ultin~a is con­
sistent with a CcC5 age or possibly even a Ca age. 
Ho,Yever, it should be pointed out that all these speci­
mens are relatively fragmentary and were badly broken 
np prior to final deposition. Fragmentary specimens 
of Oo8tistricklandia can easily be confused with Strick­
landia lens cf. 'ultima. If the coral listed as Paleocy­
(Jltt8? is, indeed, truly a Paleocyclus, it could be taken 
to suggest that this collection contains specimens that 
were derived partly by reworking from beds of C3 to 
C6 to early Wenlock age, since true Paleocyclus, as well 
as Oostistricklandia, is restricted to beds of C6 to 
early Wenlock age in this part of North America. 
However, at the present time, it seems most likely that 
the beds belong in the Ca to C5 range of age in the 
Early Silurian and, in any event, cannot be much 
younger. 

Further confirmation of the Llandovery age of the 
strata is found in beds carrying 11/ onograJJtus 1narrri 
Perner, as determined by W. B. N. Berry (writJten 
commun. to Mencher Dec. 22, 1964), which occur in 
another railroad cut 1.4 miles to the south of the plant­
fossil locality (see fig. 1). Dr. Berry states that ill. 
1narri is restricted in its range to the interval of Elles 
and Wood's Zones 22 to 25 of the late Llandovery, 
which correspond to the interval Ca-CG in terms of 
brachiopod stages. As all outcrops between Stockholm, 
Maine, and the plant locality dip steeply to the south­
east, the graptolite beds are estimated to overlie the 
plant. beds by about 3,000 feet. 

The known distribution of the Frenchville Forma­
tion, a near-shore deposit, has been summarized by 
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Boucot and others ( 1964, p. 70-72) , and the present 
locality falls within that area. Since it is inferred 
that a major landmass lay immediately to the west of 
this region, the occurrence of interbedded plant-bearing 
layers is consistent with the regional setting. 

COL'LECTIONS 

In ,June 1965, a. more thorough search for better 
preserved plant material was carried out by Schopf 
and Andrews and members of the M.I.T. group, with 
the assistance and very generous cooperation of the 
employees and administration of the Bangor and 
Aroostook Railroad Co., Mr. ''T· Jerome Strout, Presi­
dent, and Mr. Palmer H. Swales, Chief Engineer. At 
that time, overburden and covering· rock were removed 
by bulldozer from an area sufficient to provide more 
than 200 specimens. Results, therefore, are based on a 
reasonable sampling of ·the material provided by this 
locality. 

Scattered examples of similar fossils (fig. 2, l) also 
have been recently discovered in the Frenchville For­
mation at a new locality about a mile east of Ashland 
Maine, by David C. Roy, also engaged in the M.I.T. 
project in northern Maine. This locality is about 30 
miles southwest of the Stockholm occurrence and sug­
gests that the plant-bearing facies, although probably 
intermittent, may still have been persistent. 

Some of the fossils appear to be advanced algal 
types, but others have an erect habit, are dichotomously 
branching, and have a minutely spiny cortex very 
suggestive of subaerial types of plants. It is tempting 
to think of the erect plant fossils as representatives of 
n. primitively emergent vegetation. The erect mode of 
growth and general habit of these forms is suggestive 
of the Psilophytes. Whether or not the erect forms 
belong to the Psilopsida must remain undecided m1til 
some fe1~tile structures are discovered. There is no 
evidence that vascular tissues were differentiated ; 
if present, the conductive tissues certainly were 
i m persistent. 

The plants are described as a new genus for which 
the ref~rence name of Eohostintella is proposed. For 
the most part, the plants seem to be erect. They con­
sist of tubular axes 1 to 2 millimeters in diameter with 
n. thin, coaly, cortical zone bearing minute spinu les, 
and internal sedimentary filling. Axes of otherwise 
similar n.ppearance are associated in the deposit parallel 
or inclined to the bedding and show regular dichotomy 
n.t a narrow angle. If these remains had been present 
in Devonian or Upper Silurian, rather than in Lower 
Silurian deposits, they would probably have been 
assigned without hesitation to a spinose small species 

of H ostimella. Their unusual stratigraphic position 
seems to preclude this determination and has prompted 
more critical study. In any event, these plants show 
a vegetative habit that seems to correspond with that 
of psilophytes, and they probably are old enough 
geologically that they could represent ancestors of the 
different phyla of land plants (see recent discussion by 
Banks, 1965) . 

The siltstone in which these forms occur lacks other 
recognizable fossils and is thinly laminated and car­
bonaceous (fig. 2, a and b). Larger carbonaceous frag­
ments are hard and fragile and have yielded no his­
tologic information by maceration. The coaly frag­
ments appear to be anthracitic. The finer texture of 
the siltstone matrix contrasts with that of the normal 
Frenchville lithology. The lithology and fossil axes in 
the parting are suggestive of original deposition in a 
near-shore environment that was temporarily sheltered 
from the wave action and admixture with coarser sedi­
ment. The erect plant axes penetrate bedding planes 
and seem to be in situ. A temporarily sheltered flooded 
coastal flat which. was slowly accumulating winnowed 
sediment would seem a plausible site for preservation 
of traces of incipient land vegetation. 

DESCR'IPTION OF FOSSILS 

Eohoslimella Schopf, n. gen. 

Description.-Small plants, axes 1-2mm in diameter: 
of creeping and ascendant or erect habit, horizontal 
axes dichotomously branching at an angle less ·than 
45 °. Outer cortex persistent, stereomic, commonly rep­
resented by a coalified crust 100-300 microns thick; 
dermal surfaces roughened by minute and spinose 
appendages irregularly arranged. Mode of reproduc­
tion and internal anatomy unknown. 

Eohoslimella healhana Schopf, n. sp. 

Figure 2, c--1· 

Description as given for the genus. Holotype speci­
men illustrated in figure 2, p-r. The species is named 
for., Stanley A. Heath of the Geology Department, 
Massachusetts Institute of Technology, who made the 
initial discovery of fossil plants at this locality. 

Di8cussion.-The suggestion that E ohostimella may 
represent an incipient type of land plant depends on 
the nature of the persistent outer cortex and on its 
erect habit. Both features are uncommon for even 
higher algae. · General agreement with H ostimella­
type of axes, commonly noted in Devonian terrigenous 
deposits and also regarded as a generalized representa­
tive of primitive land plants, is noteworthy. Hos­
timella axes, however, generally are larger, have a 
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smoother surface and probably are vascular. The 
occurrence of E. heathana in Lower Silurian deposits, 
before vascular plants are known to have been present, 
suggests that the lack of vascular preservation in 
E olwstimella may not be wholly accidental. 

Except for lack of evidence of vascular tissues, axes 
of Eohostinwlla correspond fairly well with some of the 
minute shoots sometimes associated with Psilophyton. 
P8ilophyton represents a relatively primitive type of 
vascular plant, although not all fossils refe·rred to the 
genus bear any more evidence of vascular tissue than 
t heEe of E ohostini-ella in which no trace is preserved. One 
might suggest a close alliance between E ohostimella anfl 
some of the P8ilophyton varieties, particularly with P. 
(?) hedei Halle from the Late Silurian (Ludlow) on the 
island of Gotland (see Halle, 1920). The original 
specimen on which this species is based was reexamined 
by Andrews in 1964. As Halle points out, one cannot 
be absolutely sure that P. ( n hedei was a vascular 
plant. Halle's species is no larger than E. heathama. 
but it has longer, more regular, spiny emergences, and 
some of the emergences can be followed within the 
axis for 2 or 3 mm. Although the spinules and spines 
of Eohostimella invite comparison with longer and 
more prominent glandular spines of PsilozJhyton~ they 
are sporadic and many are much shorter. Few of the 
spinules are as long as 0.3 mm (fig. 2, d, 't, and r~ and 
other photographs). The axes of Eohostinwlla show 
much less regularity of outer surfaces than one 
associates with either H ostimella or Psilophyton. 

If Eohostim~ella from the Stockholm, Maine, locality 
actually represents a group of incipient land plants, 
the age relationship of primitive· land plants would 
assume more logical order. Possibly E olwstimella is 
old enough to occupy an ancestral position for both 
Baragwanathia and Psilophyton, both of which should 
now be regarded as contemporary members of Early 
Devonian assemblages. 4 Although B aragrwanathia is 
much larger and has a central woody cylinder, likP 
P8ilophyton and E ohostimella, it depended on its thick 
specialized outer cortex for mechanical support. 

In view of the consistent coaly preservation of the 
outer cortex in Eohostimella, we may at least conclude 
that any central conductive strand was less durable 
than cortical tissues. The likelihood is that a stereomic 

4 The best known psilophytes from Rhynie, Aberdeenshire, Scotland, 
also are now regarded as probably Early Devonian (Westoll, 1951). 
The Rhynie Chert beds are strongly inclined and evidently were affected 
by Caledonian (?=Acadian) folding. Although some Middle Devonian 
plant beds are affected by similar folding-the "flat-lying" beds with 
Givetian-age plant fossils near Presque Isle, Maine (Schopf, 1964), are 
"flat" only because they are so near the center of a structural basin 
(see map by Boucot and others, 1964)-the deformation in different 

places no doubt extended over a considerable interval. Lacking other 
significant evidence, beds that are folded, as at Rhynie, are more likely 
to be somewhat older. 

outer layer represents a more primitive (and more effi­
cient) type of mechanical support than any vascular 
strand whose initial function was specifically related to 
diffusion control and conduction. The functions of 
support and of ·conduction probably were served by 

FIGURE 2.-Fossils of erect plants from the Lower Silurian of 
Maine. All specimens, except that shown in l, are from the 
Frenchville Formation at a rock cut 2.1 miles north of Stock­
holm, Aroostook County, Maine, along the Bangor and 
Aroostook Railroad. Massachusetts Institute of Technology 
locality SH-124. 

a. Thinly laminated, carbonaceous coarse siltstone (X 1). 
Surface prepared by smoothing and etching in HF. [neg­
ative 2475 b] 

b. Surface section, HF etched, showing texture of sediment 
enclosing a compressed carbonaceous structure indicative of 
an unidentified plant fossil (X 50). Ultropak photo (inci­
dent light) corresponding to one of the larger black specks 
on the surface illustrated at natural size in a. [neg. 2475-32] 

c. Cross section of erect axis (X 5) with fine-textured sedi­
mentary filling. Surrounding fracture surface is nearly 
horizontal, but it crosses a bedding plane and shows both 
coarse and fine texture of adjacent beds. Coarse dark 
granules are carbonaceous. Specimen cleaned with hot 
HCl, surface etched in HF. [neg. 2309] 

d. Cross section of erect axis (X 5) showing three spinose 
appendages. The black circle represents coalified cortical 
tissues; sediment occurs inside. Nat ural horizon tal frac­
ture surface cleaned with hot HCI. [neg. 2311] 

e. Cross section of .erect axis (X 5), coaly cortex fragmented. 
Specimen cleaned with hot HCl, surface etched in HF. 
[neg. 2308] 

j, g. Cross sections of erect axes (X 5) showing variation in 
cortical preservation. Preparation as above. [negs. 2305, 
2301] 

h. Oblique cross section of an erect axis (X 5) that intersects 
bedding at a steep angle. Preparation as above. [neg. 
2304] 

i. Cross section of erect axis (X 5) showing coalified cortical 
structures, bottom coarser part of bedding shown on the 
right. Specimen cleaned with hot HCI, surface etched in 
HF. [neg. 2302] 

j, k. Cross sections of erect axes (X 5) as exposed on bedding 
planes, showing varying degrees of preservation of coalified 
cortex. Preparation as above. [neg. 2307, 2303] 

l. Obliquely vertical axis (X 4) in fine sandy matrix. Speci- · 
men obtained from a different locality (DR 815, about 1 
mile east of Ashland). Note rugose outer surface of thin 
coaly layer and the fine silt filling inside. Cleaned with hot 
HCL [neg. 2488] 

m. Oblique cross section of erect axis (X 5) which intersects 
bedding at an angle. Preparation as above. [neg. 2310] 

n, o. As above, but showing cortical thickenings (X 5) which 
may be related to branching. [negs. 2306, 2300] 

p. Counterpart.of specimen (X 1.8) shown in q photographed 
without chemical treatment; surfaces dark brown. [neg. 
2267] 

q, r. Segment of subhorizontal axis (X 1.8; X 5) showing 
branching, exposed along a bedding plane. Note small 
spinose appendages and rugose surface best shown in r. 
Axis "plunges" below the exposed surface at the bottom 
of the pictures. Surface cleaned with hot HCl and etched 
in HF. Note that texture of matrix appears much finer 
than in p [negs. 2267, 2312] 

s. Coherent film of carbonaceous material (X 4); granulose 
texture probably induced by compression in silty matrix. 
Similar flakes are common along some bedding planes and 
suggest debris from thallose algae. [neg. 2487] 

t, u. Part and counterpart of a curved "frondose" algal tip 
(X 1.5) from which the axis appears to be lacking. Surface 
cleaned with hot HCI. [neg. 2541] . 

v. Association of laminar fragments with thick axes of Taenio­
crada type (X 0.8). Thin carbonaceous films are detectable 
on most fragments, but no suggestion of cuticle or vascular 
tissues has been noted. [neg. 2266] 
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entirely different tissue systems and adaptations in the 
really primitive transmigrants to the land. 

Foliose(?) algae 

Figure 2, s-v 

Larger and more obviously plantlike fossils occur in 
the upper of the two silty, carbonaceous layers. They 
are normally arranged parallel to the bedding and 
show axes as much as 8 em long and 8 mm "·ide, 
with laminar appendages 1 to 2 mm wide and as much 
as 8 mm long, spaced every 3 or 4 mm in either a pin­
nate or possibly lax spiral arrangement (see fig. 2, t 
and 1t). Coarser axes show fewer and less regular 
appendages. The best arrangements of appendages 
occur on smaller specimens in which axes are less 
evident or wanting. Yet the association is convinc­
ingly intimate so that we suspect that all represeilt 
the same type of plant, probably the same species. 

"'\Vhen collected, the specimens were generally brown 
as a result of limonitic iron stain. After treatment 
with hot dilute HCl to remove the iron, surfaces of 
fossils commonly show a tenuous and sometimes per­
forate oi· exfoliated carbonaceous film. Occasionn.lly a 
faint trace of striation may appear in the coaly film, 
but the matrix is silty and irreguhlr enough to render 
questionable any detailed botanical interpretation. 
The coarse axes shown in figure 2, v resemble some of 
the smooth ambiguous Devonian forms which have 
commonly been assigned 'to Taeniocrada~ but "·e are 
not aware of species of that genus which show small 
laminate appendages. Pinnate trace fossils, probably 
the tracks of ancient invertebrates, are fairly common 
(see Hantzschel, 1962, p. "'\V177-"'\V222), but the "pin­
llation" of trace fossils, is usually more closely spaced, 
and they lack the carbonaceous films. The carbonace­
ous films remaining on the surfaces of {he Maine 
material indicate that these probably do represent 
remains of plants. Something of the nature of algae 
assigned to Letterstedtia (as illustrated by Fritsch, 
1935) is suggested. They probably represent a reln­
tively advanced foliose or possibly tubular parenchy­
matous type of alga which grew in $hallow water along 
the seashore. It is very likely that ·the siltstone rep­
resents a slack-water estuarine deposit in which algal 
debris was occasionally preserved. 

SUMMA·RY 

Two plant types are represented in finer texture(] 
layers intercalated in marine sandstone of the French­
ville Formation assigned to the Llandovery Stage of 
the Early Silurian. Both layers with plant fossils 
appear to represent shallow-water, local deposits. The 

larger fossils may represent debris from parenchy­
matous algae deposited in near-shore beds during 
periods of fairly quiet, slack wa•ter. The smaller and 
more obscure type includes many axes which are erect 
and probably in the position in which they grew, pos­
sibly as land plants when temporary nonmarine con­
ditions prevailed. They resemble some of the primitive 
types of land plants chiefly known from Devonian 
deposits. However, no trace of a conducting strand 
characteristic of Devonian land plants is preserved. 
"'\Vhether or not these plants had advanced to an evolu­
tionary stage beyond range of permissible reference to 
algae, they ·apparently possessed a stereomic outer cor­
tex which supported them in an erect position. In these 
respects, at least, the fossils resemble land plants more 
than they do ~lgae. Development of erect axes. with 
cortical stereomic tissue suggests a type of organizatim1 
essential to growth in a subaerial environment. 
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ASSOCIATED MEGASPORES AND MICROSPORES OF THE CRETACEOUS GENUS 

ARIADNAESPORITES POTONIE, 1956, EMEND. 

By ROBERT H. TSCHUDY, Denver~ Colo. 

Abstract.-A sample from the Tuscaloosa Formation of Ala­
bama yielded many specimens of a new species of A 1'iadnac­
sporites Potonie, 1956. Morphologically similar large and small 
spores, found in masses, were joined by intertwined long dis­
tal hairlike appendages. As these two spore types probably 
represent megaspores and microspores of the same species, they 
are both described under the name Ariadnaesporites cristatus, 
n. sp. The presence of lea:fiike extensions (here named aero­
lamellae) of the lips of the laesurae on the first-described 
member of the genus, Ariadnaesporites ariadnae, had not been 
noted previously. Emendation of the genus is presented. 

Several hundred specimens of a distinctive mega­
spore, accompanied by thousands of microspores, have 
been recove•red from a sample of dark-gray-brown 
organic clay from the Upper Cretaceous Tuscaloosa 
Formation. The sample is from an outcrop at an 
altitude of 510 feet, on the south side of U.S. Highway 
78, NWl;i sec. 34 , T. 3 S., R. 15 W., Colbert County, 
Ala. The sample was collected by W. W. Olive, of the 
U.S. Geological Survey (his sample Ala-2), who stated 
(written commun., 1964) that it probably is from unit 
4 described by Stephenson and Monroe (1940, p. 46). 
The locality of the sample has been designated as 
USGS paleobotanicalloc. D3415. 

The spores are characterized by three prominent 
leaflike outgrowths of the lips of the trilete suture, 
hereafter referred to as acrolamellae,I and by many 
long hairlike appendages, which ar,e primarily con­
fined to the distal part of ·the spore body. These spores 
represent a new species of the genus Ariadnaesporites 
Potonie, 1956. 

The association of abundant disseminated large and 
small spores joined by intertwined distal hairlike 
appendages is unique. Such intimate association and 

1 For the leafllke extensions of the leasurae, I am proposhig the term 
"acrolamella," taken from the Greek akros, pertaining to the tip, and 
the Latin lamella, a plate, leaf, or layer. This term is intended to 
distinguish these structures from gula and "apical prominences" found 
in some Paleozoic spores. 

the morphological similarity of the two spore types 
indicate that both belong to the same species. 

Miner (1932) described and illustrated six specimens 
of an Upper Cretaceous megaspore from the east coast 
of Disko Island, Greenland, under the name Selaginel­
lites ariadnae. He failed, however, to designate a 
holotype. Potonie ( 1956) recognized that the spores 
described by Miner were distinctly different from any 
known Selaginella spores and believed that the name 
8elaginellites should be used only for compressed plant 
remains; he therefore erected the new genus A riadnae­
sporites to accommodate the distinctive spores. He 
chose as the lectotype the specimen shown on figure 1., 
b (from Miner, 1932, fig. 28). Neither Miner nor 
Potonie noted the leaflike extensions of the lips of the 
trilete suture, although this feature is visible on at 
least one of Miner's original photomicrographs (fig. 1, 
f, of this report). Because of this oversight, emenda­
tion of the genus is desirable. 

Acknmvledgments.-I thank Professor C. A. Arnold 
of the University of Michigan for making available 
Miner's original slides, and Helen Pakiser for assist­
ance in isolation and photography of specimens. 

MORPHOLOGY OF AR·IADNAESPORITES 

All specimens of A riadnaesporites used by Miner 
(1932) to represent the species Selaginellites ariadnae 
possess long, contorted, hairlike outgrowths o.f the 
outer \Vall layer. These are chiefly confined to the 
distal hemispheres of the megaspores. A simple trilete 
suture is present on the inner layer of the spore wall. 
A trilete suture, located just above that of the inner 
wall layer, is also present on the outer layer of the 
spore wall. The lips of this suture are greatly modified 
to form, at the proximal pole, prominent leaflike 
structures, the acrolamellae. The height of most aero­
lamellae is at least equal to the axial diameter of the 
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spore. Most of Miner's specimens possess at least torn 
remnants of these membranous structures. All speci­
mens of the new species described in this paper also 
possess the above characteristics. 

OTHER GENERA OF SOMEWHAT SIMILAR 
MORPHOLOGY 

In. the palynoiogical literature, comparatively few 
genera are described that possess distinctive, enlarged~ 
proximal leaflike extensions of the lips of the trilete 
sutures. Only six Mesozoic genera are known to 
possess this type of proximal structure. These include 
A.1·cellites (Miner) Ellis and Tschudy, 1964, with six 
large twisted acrolamellae; jJf olaspora Schemel, 1950, 
wi-th very short leaflike segments; and B al?JteiszJorites 
Cookson and Dettman, 1958, with three large acro­
lame.llae. Systematic relationship of these 3 genera 
has been expressed by the suggestion that all 3 are 
representatives of the Hydropteridae (Cookson and 
Dettmann, 1958; Hall, 1963). Other less well defined 
genera possessing possible acrolamellae are Glom­
e?·iszJo?·ites Potonie, 1956; Oapulisporites Potonie, 1956; 
and R'l.tgot'riletes (van der Hammen) ex Potonie, 1956. 
These three geneta originally were described by 
Dijkstra (1949; 1951) under Triletes. 

Several Paleozoic spore genera possess somewhat 
similar leaflike structures; a few of the better examples 
are mentioned here. Triletes globosus Arnold var C . ' . ' 
a ~ennsylvanian lycopsid megaspore, was reported by 
Winslow (1959) to possess an "apical prominence" 
with a height of 115 to 165 microns. This type of 
prominence is distinctly different from that in the 
lagen~culate types of megaspores in which the apical 
prommences are enlargements of the pyramic areas 
(gul.a). The prominence in Triletes globosus is pro­
P?rtwnately of significant size, inasmuch as the spore 
d1am~ters range from 480p. to 770p., and the apical 
pronunences are about a four.th the axiallenoth of the b 

spore body. 
Apical prominences are present in some other Penn­

sylvanian members of the genus Triletes~ notably 
Triletes i'fldianensis Chaloner, and Triletes szJlendid'l.t8 
(Zerndt) Schopf, Wilson, and Bentall. "\Vinslow (1959, 
p. 26) noted that 
the three segments of the prominence, proiJably a hyper­
development of the lip at the proximal pole, show a fan-like 
grain radi.ating from the center of each apical segment. The 
segments are joined only along the outer edges, forming a 
hollow central cavity which is enclosed at its base by an inner 
membrane. Therefore, the apical prominence is identical in 
its morphology to that on spores of Triletes splendidus (Zerndt) 
Schopf, Wilson, and Bentall as originally described by Zerndt. 
He postulated that this upper, completely enclosed cavity was 

not a microspore receptacle but rather served as a float mech­
anisn;r aiding in the dispersal of the megaspores. 

Al.though the apical prominences described by 
Winslow are superficially similar to those found in 
A.ri~esporites,. they are extensions of only .the apical 
~ortwns of the hps, whereas in Ariadnaesporites the 
h ps are extended into a leaflike membrane around the 
entire periphery of the laesurae. 

. Felix and Burbridge (1961) described a Mississip­
pian spore having six prominent membranous "wings.~' 
The~e structures, however, are expansions of the peri­
sporml membrane and are not extensions of the lips of 
the .trilete suture. 

In the Lower Mississippian and the Devonian of 
Ohi?, Winslow (1962) described Dicrospora porc~ta as 
having membranous lips 30p.-55p. in height on spores 
125p.-250p. in axial length. These spores also possess 
coarse distal spines :terminated by bifurcate O'rapnel­
like .tips w.itl~ recurved hooks. Chalon~r 

0 

(1959) 
described a similar spore from the Devonian of Canada 
(Nikitinsporites canadensis) with "triradiate lips 
gready. extended to form an apical prominence up to 
195p. .lilgh . . . ," on spores ranging from 390p. to 
710~ In axial length. These spores also possess grap­
nelhke hooks on the coarse distal projections which 
are about 200p. long and 30p. in diameter. 

Thus it is seen that the development of membranous 
extensions of the lips of the laesurae is rare in Pale­
ozoic genera, and it is present in only a few Mesozoic 
genera. Extreme development is observed only in the 
Mesozoic genera Ariadnaesporites. A.rcellites. and 
B al?neisporites. , , 

Long, hairlike, distal extensions of the outer wall 
layer are known in no genus other than A.riadnae­
sz:orites. The Devonian and Mississippian spores men­
~.loned above, Oapulisporites, and some species belong­
Jug to the genus Arcellites, do possess distal extensions. 
but none of these· types of extensions are hairlike oi: 
~la~ento~s. In this respect the genus A.riadn.aespo'r­
~tes IS unique. 

ASSOCIATION OF MEGASPORES AND MICROSPORES 

Relationship between megaspores and microspores 
can be established in several ways. These include the 
isolation of megaspores and microspores frmn within 
a single strobilus; the constant association of the two 
types of spores either stratigraphically or within ·the 
mi~ropylar areas of seeds; and the morphologic simi­
lanty of the two spore types. The intimate association 
of fossil megaspores and microspores described by 
Sahni· ( 1941) is outstanding. Megaspores and micro­
spores of Azolla intertrappea Sahni and Rao, 1941, 
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were found in thin sections of chert. The microspore­
bearing massulae were- attached to the megaspore by 
means of specialized hooked structures known as 
glochidia. Azolla is an extant genus of water ferns 
and is known to possess reproductive structures that 
are almost identical with those found in the silicified 
Tertiary material. Such union, although not within 
a fructification, is convincing evidence that both the 
megaspore and the massulae ( bP.aring the micros pores) 
belong to the same species of fossil Azolla. 

In Ariadmaesporites cristatus, n. sp., there are two 
spore types, differing in size and in some other features. 
Although it has not been demonstrated that the large 
and small spores were derived from a single plant 
species, and in spite of the f·act that no sporocarp or 
other evidence of the morphology or structure of the 
parent plant or plants was seen, I beli~ve, princip'ally 
on the basis of their morphologic similarity, that the 
two types of spores are megaspores and microspores of 
the same plant species. They both possess prominent 
acrolamellae (an uncommon feature) which have 
similar surface ornamentation, and they both have long 
hairlike distal extensions of the outer wall (known 
only in this genus). 

The intimate association of these two spore types. 
also implies that they are of the same species. Not only 
were they found in the same preparation, but also the 
distal hairs of the two types were so intertwined that 
separation of individual spores from the tangled mass 
was difficult or impossible to accomplish without break­
ing some of the hairs. Such intimate association is 
similar to that in the fossil Azolla intertrappea in 
which the microspores in massulae are attached to the 
megaspore by hooked glochidia. Intertwining of distal 
hairs, I believe, is but a step removed from organic 
union-the development of long, contorted distal hairs 
on both the large and small spores is an adaptation 
to promote the entanglement of the two types of 
spores, thus providing greater probability of insuring · 
the fertilization · of the female gametophyte in the 
developing megaspore. 

AFFINITY 

The morphology of Ariadnaesporites is somewhat 
similar t() that of a few other Mesozoic spores, and it 
is strikingly similar to the morphology of some species 
of Arcellites. For example, both Arcellites disciformi8 
and Ariadnaesporites possess unusu~l lip extensions, 
distal ornamentation in the form of clavate or thread­
like appendages, and an inner arid an outer wall layer. 
These spores with "delicate and elaborate appendages" 
have been attributed to the Hydropteridae or water 

ferns by Dijkstra (1951) and by Hughes (1955). I 
believe that in all likelihood A riad71;aesporites also is 
an extinct member of the -Hydropteridae. 

. SYSTEMATIC DESCRIPTIONS 

Miner's ( 1932) ~pecimens figured in this report were 
all seen on his original slide, No. 15498. This slide is 
deposited in the collections of the Museum of Paleon­
tology, University of Michigan. 

All photographed specimens of the new species 
described herein are on slides deposited in the U.S. 
National Museum, Washington, D. C. All illustrated 
specimens of the new species have been circled on the 
slides in black ink ; mechanical-stage coordinaJtes for 
each of these specimens are also given. In order that 
others may correlate their mechanical-stage coordinates 
with those given here, our coordinates of the center,. 
point of a 1 X 3-inch standard microscope slide are 
given, as follows: 108.0 mm and 12.3 mm.1 

Color photographs of Miner's spe.cimens and of the 
new species described in this paper are available from 
the U.S. Geological Survey pollen laboratory, Denver, 
Colo., on a limited loan basis. 

Genus Ariadnaesporites Potonh!, 1956, emend. 

Figure 1, a-i ; 2, a-j 

Ariadnaesporites Potonie, 1956, Beih. zum Geol. 
Jahrb., v. 23, p. 37. 
Emended diagnosis.-Megapores or microspores, out­

line circular, spore body originally spherical or nearly 
so; triradiate laesurae extending more than half the 

1 The center of a 1 X 3-inch microscope slide may be obtained by draw­
ing diagonal lines on the slide. To test the accuracy of the diagonal 
lines locating the center point, the intersection of the lines is placed 
in the center of a micro-scope field, then the slide is reversed. If the 
lines are accurately drawn, the intersection will still be in the center 
of the field. 

FIGURE 1-:'---Ariadnaesporites ariadnae and A. cristatus. Parts 
a, c, d, e, and f are shown at about X 100; part b at about 
X 200, and parts g-i at about X 1,000. 

a-f. Ariadnaesporites ariadnae, rephotographed from Miner's 
(1932) original slide 15498, Museum of Paleontology, 
University of Michigan. 

a. Coordinates 106.4 X 8.9, 220 microns. 
b. Lectotype, coord. 95.2 X 13.7, 290~£ (Miner's fig. 28). 
c. Coord. 105.0 X 5.7, 240~£; this specimen clearly shows the 

acrolamellae. 
d. Coord. 98.9 X 11.0, 270~£. 
e. Coord. 95.4 X 12.3, 240~£ (Miner's fig. 27). 
f. Coord. 92.8 X 15.9, 316~' (Miner's fig. 31). 

g-i. Ariadnaesporites cristatus, USGS paleobot. loc. D3415. 
g. Base of hollow hairlike extension (mega 12), coord. 

96.4 X 5.8. USNM 42570. · 
h. Section of inner and outer wall layers,· and vesicles and 

fine surface ornamentation of outer wall (mega 10), 
coord. 92.6 X 17.0. USNM 42571. 

i. Base of acrolamellae (mega 12), coord. 97.9 X 10.6. 
USNM 42572. 
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distance to the equator; lips of laesurae provided with 
prominent acrolamellae; wall at least two layered, the 
outer layer provided with long, primarily distal, 
threadlike extensions, few to many times as long as the 
diameter of the spore. 

Type species.-A riadnaesporites ariadnae (Miner) 
Potonie 1956. 

Discussion.-The acrolamellae, although visible, are 
not clearly evident in Miner's ( 1932) original photo­
micrographs. The lectotype chosen by Potonie, Miner's 
figure 28, here reproduced as figure 2b, possesses only 
remnants of the acrolamellae. The acrolamellae prob­
ably were torn during deposition or during preparation 
of the slides. 

Figure 1, c shows a specimen 'vith acrolamellae from 
the same slide that provided the lectotype. 

Ariadnaesporites ariadnae (Miner) Potonie, 1956, emend. 

Figure 1, a-f 

Selaginellites ariadnae Miner, 1932, Washington Acad. 
Sci. Jour., v. 22, nos. 18, 19, p. 505. 

Ariadnaesporites ariadnae (Miner) Potonie, 1956, Beih. 
zum Geol. Jahrb. v. 23, p. 37. 
Emended description.- The megaspores possess n. 

nearly spherical spore body. The diameter ranges 
from 150~ to 316~, the mean being 233~. The triradiate 
laesurae extend over half the distance to the equator. 
and are characterized by prominent, nearly smooth, 
membranous leaflike extensions. from the margins of 
the laesurae. These acrolamellae are usually more than 
200~ high. The spore wall is two layered, the inner 
layer about 1~ thick, and the outer layer 8~-10~ thick. 
The outer wall layer possesses 8-15 long threadlike 
extensions, about 3~-8J.L in diameter and a few to several 
times the diameter of the spore in length. The thread­
like extensions are tubular1 funnelform at their bases, 
and narrowing toward their tips. They are more 
numerous on the distal face of the spore than on the 
proximal face. 

Lectotype (selected by Potonie, 1956).-Miner's figure 
28, slide 15498, Museum of Paleontology, University 
of Michigan. Microscope coordinates 95.2 X 13.7. 
Rephotographed as figure 1; b. 

Discussion.-In most of the specimens photographed. 
by Miner ( 1932) .the acrolamellae are partly or almost 
completely torn off. However, remnants of acrola­
mellae can be seen, in the original slide material, on 
all but one of the specimens he photographed (~1iner 
1932, fig. 29). 

Additional specimens from Miner's original slide, 
which sho'v acrolamellae but which were not figured 
or discussed by him, are photographed here on figure 1, 

. a, c, and d. Figllre 1, a and d show torn acrolamellae, 

and figure 1, c shows almost entire folded membranous 
acrolamellae. These additional specimens are from the 
same slide as the lectotype. 

Miner stated that "the spores are usually entangled 
by the threadlike appendages, which sometimes com­
pletely hide the spore." This condition is shown on 
figure 1, e and f. (These are the same specimens photo­
graphed by Miner, 1932, figs. 27 and 31, respectively.) 

At the present time the species A riadnaesporites 
ariadnae is limited to megaspores. 

Occurrence.-Western Greenland. Age, Late Cre­
taceous. 

Ariadnaesporites cristatus, n. sp. 

Figures 1, u-i; 2, a-j 

Holotype.-USNM 42449, slide D3415 (mega 13), 
coordinates 99.6 X 5.5, figure 2, a. 

Paratype.-USNM 42453, slide D3415 (mega 8), 
coordinates 90.8 X 7.3, figure 2, d. 

Paratype.-USNM 42569, slide D3415 (mega 5), 
coordinates 91.6 X 21.0, figure 2, j. 

Species description, rnegaspores.-The megaspores 
possess nearly spherical spore bodies with diameters 
ranging from 180p, to more than 300p,. The triradiate 
laesurae extend over half the distance to the equator 
and are bordered by prominent acrolamellae approxi­
mately equal in height to the diameter of the spore. 
The outer surfaces of the acrolamellae are densely ver­
rucate. The projections are commonly fused at their 
bases, forming a finely rugulate surface ornamentation. 
The spore wall is made up of 2 layers, each about lOp, 
thick. In some specimens the outer wall layer is 
separated from the inner wall layer. The outer layer 
characteristically possesses many small vesicles which 

FIGURE 2.-Ariadnaesporites cristatus megaspores. and micro­
spores. Parts a-e are shown at about X 200; parts/, g, and 
j at about X 500; and parts h and i at about X 100. 
a, d-f, h-i. Ariadnaesporites cristatus megaspores, USGS 

paleobot. loc. D3415. 
a. Holotype (mega 13), coord. 99.6 X 5.5. USNM 42449. 
d. Paratype (mega 8), coord. 90.8 X 7.3. USNM 42453. 
e. (Mega 7), coord. 83.9 X 17.3; remnants of intine and 

protoplasm are present in lower part of spore body. 
USNM 42454. 

f. (Mega 9), coord. 85.9 X 18.2; shows separation of inner 
and outer wall layers. USNM 42455. 

h. (Mega 12), coord. 99.0 X 8.9; shows the common condition 
of microspores entangled in the hairs of a megaspore. 
USNM 42451. 

i. (Mega 2), coord. 92.8 X 10.8. USNM 42568. 
b, c, g, j. Ariadnaesporites cristatus microspores, USGS 

paleobot. loc. D3415. 
b. (Mega 6), coord. 87.2 X 15.6. USNM 42450. 
c. (Mega 12), coord. 99.0 X 8.9; shows trilete suture. This 

is the same microspore as uppermost specimen of figure 
17. USNM 42452. 

g. (Mega 1), coord. 88.5 X 17.3; shows reticulation and 
baculae ornamenting the outer wall. USNM 45267 . 

j. Paratype (mega 5), coord. 9.6 X 21. USNM 42569. 
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give it the appearance of being foveolate; a section of 
the wall clearly shows the vesicles within, although 
some extend to the surface, forming true foveolae. The 
outer wall layers possess about 12 long, intertwining, 
threadlike extensions, more numerous on the distal sur­
faces of the spores. The threadlike extensions are 
about 4f.L to Sf.L in diameter, and are several times as 
long as the diameter of the spore; they are smooth, 
hollow, funnelform at their bases, and narrow toward 
their tips. The outer wall layer and bases of "threads~~ 
are densely covered with short baculae. The inner wall 
layer is smooth, and it possesses simple laesurae 
immediately below the outer wall laesurae that possess 
acrolamellae. The ornamentation of the spore surface 
and the acrolamellae, the presence of vesicles in the 
outer wall layer, and the thickness of the inner wall 
layer distinguish the megaspores of this species from 
the megaspores of Ariadnaesporites ariadnae. 

ill icrospores .-The microspores possess nearly spheri­
cal bodies which range in diameter from 50f.L to 90f.L. 
The triradiate laesurae extend more than half the dis­
tance to the equator and are border.ed by aero lamellae 
approximately equal in height to the diam·eter of the 
spores. The outer surfaces of the acrolamellae possess 
short baculate, clavate, or verrucate projections. The 
spore wall is made up of two layers. The inner layer 
is about 4f.L thick and of fairly uniform diameter. The 
outer wall layer, which is about 3f.L thick, is coarsely 
rugulate to reticulate, apparently owing to the fact 
that it was too large to fit around the inner wall layer. 
The outer layer possesses baculate projections similar to 
those found on the· acrolamellae. It· possesses two to 
several long threadlike extensions, 2f.L to 5-f.L in diameter 
and several times as long as the diameter of the spore; 
they are smooth, tubular, funnelform at their bases, 
and narrow toward their tips. The smaller size and 
the coarsely rugulate outer wall distinguish the micro­
spores from the megaspores of A. cristatus. 

Discussion.-The threadlike megaspore hairs are 
hollow extensions of the outer wall, as shown on figure 
1 g. The hairs on megaspores and microspores are 
structurally the same with the exception of minor dif­
ferences. The microspore hairs are smaller in diam­
eter; they are shorter, and they lack vesicles such as 
are present at the bases of most megaspore hairs. 

Vesicles are also present in the outer wall layer, as 
shown on figures 2, a and d. The vesicles, when seen 
in surface view, may be large and somewhat irregular 
in shape or they may be smaller and more evenly dis­
tributed. In some specimens the vesicles are sparse 
and may be confined to only one part of the spore. Tlw 

thick solid inner wall layer, the vesicles within the 
outer wall layer, and the dense surface ornamentation 
are shown in detail on figure 1, h. 

The basal parts of the two appressed membranes 
surrounding the laesurae, which are in fact the basal 
parts of megaspore acrolamellae, are shown on figure 
1, i. A simple trilete laesura on the inner wall is 
shown on figure 2, d. In some megaspores the. inner 
and outer wall layers are partially separated as shown 
on figure 2, d, and to a greater degree on figure 2, f. 
In the microspores, however, the inner and outer wall 
layers are in contact, and the outer layer is strongly 
folded or wrinkled. The surface ornamentation ·of the 
microspore body and acrolamellae ( baculae or ver­
rucae) is shown on figures 2 g and j, respectively. 

Occurrence.-Tuscaloosa Formation of Alabama. 
Age, Late Cretaceous. 
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AN 800-YEAR HISTORY OF STREAM EROSION 

AS INDICA TED BY BOT ANI CAL EVIDENCE 

By V ALMORE C. LaMARCHE, JR., Menlo Park, Calif. 

Abstract.-Under certain conditions recent erosional events 
on small streams nre recorded in the histories of adjacent tree:o; 
-exposed roots can indicnte higher past levels of a streambed, 
and rapid unco,·ering of n tree's root system may result in 
growth suppression. According to this interpretation of ex­
ternal form .nnd internal growth features of two trees, degra­
dation by an ephemeral stream in southwestern Utah has 
totaled 10 feet since 1150 A.D. Erosion was apparently accel­
erated nbout 1700. lJ'entures of the nearby flood plain suggest 
that downcutting of this ephemeral tributary was triggered by 
n lnteral shift of the channel of the master stream. Thus, the 
downcutting may not be related to an erosional cycle of regional 
extent. 

The timing of epicycles of erosion and deposition on 
hu·ger streams in the southwestern United States has 
been established from archaeological and paleontologi­
cnJ evidence, from radiometric age determinations, and 
"from historical documentation. The erosional histories 
of small tributaries are not so well known, and con­
flicting views have been held on the relation of upland 
erosion to the behavior of ·the main stream channels 
(Schumm, 1965, p. 792; Antevs, 1955, p. 318; Leopold 
and :Miller, 1954, p. 83). As illustrated. here with an 
example from southwestern Utah, botanical evidence 
may be· uniquely suited to the study of recent erosional 
events on sma.ll streams. 

The stream investigated is a. very small ephemera 1 
tributary of Red Creek, located about 2.5 miles above 
the junctiqn of Red Creek with the Sevier River, on 
Utah Route 12, about· 10 miles southeast of Panquitch 
(fig. 1). In this reach, the course of Red Creek is an 
rtrroyo 10 feet deep cut into the allu\7ium along the 
southern edge of the floor of Red Canyon. Steep, 
rocky slopes underlain by marly limestone of the 
Eocene 'Vasatch Formation (Gregory, 1951) rise 
abruptly from the alluvial plain. They are barren 
except. for widely scattered trees of several coniferous 
species. 

EJ 
} 
~ 

38° 

Area of 
report 

0 5 10 MILES 

FIGURE 1.-Location map of area studied in southwestern Utah. 

The small, amphitheaterlike basin of the stream, 
earved into the north slope of the canyon (fig. 2), is 
similar to many in the highly dissected Red Canyon 
area but differs from all but a few nearby basins in 
having a deeply entrenched axial gully system. The 
channel gradients are steep, ranging from about 0.4 
foot per foot near the basin mouth to 0.6 ft. per ft at 
the heads of the smallest tributary channels near the 
drainage divide. The depth of entrenchment also 
varies with distance along the channel, increasing pro­
gressively downstream to the mouth of the basin. 
Here, the main channel is flanked by steep cut-banks 
that rise 15 feet above the streambed. The banks are 
at an angle of 35° to 40°, .whereas the slopes above 
have a t·elatively gentle angle of 25°. This "V-in-V" 
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FIGURE 2.--'--Sketch map of part of Red Canyon. Location 
shown on figure 1. 

cross profile is clearly due to accelerated downcutting 
of the stream channel. 

The progressive downcutting can be traced through 
the external growth characteristics of two trees flank­
ing the incised channel. The developing root system 
of a typical young pine tree in this· region is at shallo\v 
depth, and conforms closely to the shape of the con­
temporary ground surface. Where erosion later 
exposes these roots, the form of the original surface is 
preserved in the exposed root system. 

The younger of the trees (VL 346) is a limber pine 
( P.in?.ts flexilis James) that, according to the record of 
annual growth rings studied in cores taken with an 
increment borer, was established about 1550 A.D. The 
gully must have existed at that time because the 
exposed roots on the channel side of the tree slope 
steeply downward, parallel to the present cut-bank. 
However, as shown by the position of these roots, n 
feet above the present surface (fig. 30), the gully was 
neither as wide nor as deep as now (fig. 3B). The 
local erosional history can be extended to even earlier 
times from the evidence provided by a dead t.ree ( VL 
347) on the opposite bank. This tree, probably n 
limber pine, began growing about 1150 and died in 
1700. These dates are based on cross-dating of the 
growth record with those of nearby trees and with n 

Vl347 

A. 1200 A. D. 

B. 1600 A. D. 

C. 1965 A. D. 

FIGURE 3.-Diagram showing stages of gully erosion; 
view is downstream. 
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FIGURE 4.-Graph illustrating cross-dating between part of the growth record of tree VL 347 (curve A) and part of the 
compQsite record of 23 trees at 5localities in the region (curve B) given by Schulman (1956, p. 104, table 53). Dotted 
lines correlate important index rings. 

published chronology for the region (fig. 4). The 
deeply exposed roots of the older tree are parallel to 
the uppet•.slope and project nearly to the center of the 
incised channel, but are 13 feet above the streambed. 
\Vhen the root system developed, about 800 years ago, 
the gentle upper slope continued smoothly to the center 
of the valley (fig. 3A). ·At this time, the valley appar­
ently contained an alluvial-colluvial deposit, a remnant 
of which is still preserved on the gully 'vall (fig. 30). 
The gully and deposit, together, must represent an 
episode of channel incision followed by deposition at 
some time prior to 1150. 

A record of past erosional events may also be pre­
served in the growth histories of the trees. The root 
system of VL 346 is exposed around half the perimeter 
of the tree. That of VL 347 is about three-quarters 
~xposed. Suppression of growth would be an expected 
result of rapid exposure of a large portion of a -tree's 
root system. Therefore, the permanent decrease in the 
growth rate of VL 346 to a third of its former value 
in the period 1690-1700 (fig. 5) and the death of VL 
347 in 1700 ( + 5 years) strongly suggest that rapid 
channel downcutting and bank retreat occurred at this 
time. A bristlecone pine (P~nus ari:~tata Eng.) 100 
feet downstream has· a position, age, ai1d appearance 
similar to that of VL 346; it also shows a marked 
decrease in grm~th rate about 1700. ·The g~owth rec­
ords of nearby trees that are outside the gullied area 
do not show this -effect, however. Local erosion, rather 
than general climatic or other factors, is therefore 

probably responsible for this correlative growth 
suppresswn. 

The erosional history of this small epheme!al stream 
can be outlined from botanical evidence cited above. 
Prior to 1150, the .shallow channel was on alluvial fill 
that was continuous between the gentle valley side­
slopes. Downcutting began, probab~y .after 1200, and 
by· 1550 the bed had been incised about 5 feet below 
its original level. Rapid .enlargement of this gully 
took place about 1700, exposing the weak, friable bed­
rock that now· forms the streambed. There is nothing 
to indicate that the erosion was interrupted by a period 
ofdeposition. I~1 the southwest, periods of widespread 
arroyo cutting have been recognized in the 1200's and 
from the late 1800's to the present, but the intervening 
time was characterized by aggradation or comparative 
stability. Thus, there seems to be no direct relation 
between this record of progressive erosion and the 
general alluvial sequence common to many of the larger 
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streams in the southwest (Miller and Wendorf, 1958). 
Local hydrologic events rather than cyclic episodes of 
regional extent best explain the behavior of this upland 
stream. 

The immediate cause of the channel degradation is the 
low local base level of erosion. Incised channels and 
gully systems are common to the basin studied and to 
the adjacent small tributaries of Red· Creek. These 
streams are "hanging" with respect to the master 
stream-their courses pass through notches that have 
been cut into the upper part of a 10-foot bedrock scarp 
at the edge of the valley. At the base of the scarp is 
an old, abandoned channel of Red Creek (fig. 2). The 
early period of deposition in the tributary basins may 
have coincided with the spread of their alluvial fans 
upon the flood plain at a time when Red Creek flowed 
on the opposite side of the canyon. Slow lateral 
migration or an abrupt shift in the conrse of the 
master stream, and the consequent removal of alluvial­
fan deposits, could have triggered the downcutting of 

the tributaries to the new base level. If this interpre­
tation is correct, Red Creek has since reverted to its 
earlier location, and small alluvial cones are again 
being formed at the .mouths of the tributaries. 
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LAKE PADUCAH, OF LATE. PLEISTOCENE AGE, 

IN WESTERN KENTUCKY AND SOUTHERN ILLINOIS 

By WILDS W. OLIVE, Paducah, Ky. 

Work done in cooperation with the Kentucky Geological Survey 

Abstract.-A Pleistocene lake in western Kentucky and south-
. ern Illinois, herein named Lake Paducah, has been dated by 

the radiocarbon method ns late Pleistocene (Wisconsin). Th~ 

date, obtained from mollusk shells in a deposit of sandy silt, 
is 21,080±400 years B. ~· (sample W-1353) . 

. Finch, Olive, and Wolfe (1964) present evidence to 
show that a lake occupied the valleys of the Ohio, 
Tennessee, and Clarks Rivers in parts of Kentucky and 
Illinois near Paducah, l{y ., during Pleistocene time. 
The extent of the ancient lake, here named Lake 
Paducah, is indicated by elonga;te gravel ridges that 
were developed along the margins of the lake (Finch 
and others, 1964, fig. 1). The crests of the ridges are 
accordant and stand at an altitude of about 355 feet. 
Absence of loess on the ridges. is interpreted by Finch 
and others ( 1964, p. 0'133) as an indication of "a fairly 
young age, probably late Wisconsin." 

Geologic investigations by Olive after 1964 in the 
Paducah East 7¥2-minute quadrangle in l{entucky 
have led to the discovery of a fossiliferous deposit 
within the area of the lake. Carbon-14 dating of shell 
material from the deposit confirms the earlier interpre­
tation that Lake Paducah existed during late Pleisto­
cene time. The fossils provide paleontologic evidence 
which, though not adequate to·date the deposit firmly, 
is consistent with the carbon-14 date. The purpose of 
this report is to describe the deposit and to present 
information on the carbon-14 dating and paleontology 
of the fauna as evidence of the lake's age. 

The fossiliferous deposit (fig. 1) is exposed for a 
distance of a fourth of a mile between altitudes of 
320 nnd 330 feet, in the channel and along the south 
valley wall of an east-flowing tributary of Garrison 
Creek, 0.9 to 1.0 mile northeast of Reidland High 

. School. The exposure is near the margin of Lake 

0 2 MILES 

FIGURE I.-Location of fossiliferous deposit of ancient Lake 
Paducah, in the Paducah East 7~-minute quadrangle, western 
Kentucky.. · 

Paducah and is 25 to 30 feet below the old lake level. 
The deposit consists of light-gray, slightly sandy and 
pebbly, argillaceous silt. Near the west end of the 
exposure the silt intergrades with light-gray to brown­
ish-gray, nonfossiliferous gravelly silt which overlies· 
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reddish -orange, crossbedded, micaceous argillaceous 
fine sand of the Clayton and MeN airy Formations of 
Paleocene and Late Cretaceous ages, respectively. At 
the mouth of the tributary the silt overlies reddish­
orange sandy gravel of Pliocene( n and Pleistocene 
age. Throughout much of its exposed extent the 
fossiliferous deposit is overlain by yellowish-brown 
gravelly silt and silty gravel of alluvial origin. 

The fossils at this locality are very small and 
abundant. They consist predominantly of gastropod 
shells and a comparatively small number of pelecypod 
shells, ostracode tests, and fish remains. Most fossils 
are well preserved except the fish remains, which are 
fragmentary. 

Mollusk shells of the fossil assemblage we.re identi­
fied by J. P. E. ~tforrison (written commun., 1964) as 

. follows: 

IIigh spiral gastropods­
Awnicola lifosa (Say), 
A mnicola 1valkeri Pilsbry ( ~ ) , 
Oincinnatia cincinnatiensis (Anthony) , and 
Physa species (juvenile). 

Planispired gastropods-
V alvata tricarinata Say, and 
Gyraulus parvus (Say) . 

Pelecypods-
Pisidium species cf. variabile Prime, 
Pisidium compressum Prime, and 
Pisidium species. 

·Morison states that "all identifiable species of mol­
lusks are Recent; not assignable to any particular 
glacial time." 

Ostracodes were examined by I. G. Sohn (written 
commun., 1963 and 1964), who identified Lirnnocythere 
ornata 1vabashensis Staplin, a species of Oypridopsis?. 
and a species of the Oandona group. According to 
Sohn, "Li1nnocythere and the Oandona group live on 
mud in ponds and slow-moving streams. Oypridopsis 
is a swimmer, and lives on plants. This assemblage 
could have lived in a lake." With reference to the 
occurrence of Limnocythere ornata wabashensis 
Staplin in the Wabash-Ohio River watershed, Staplin 
(1963, p. 1195) states that "It appears to be an inhabi­
tant of cool slightly alkaline lakes in all cases. * * * 

[This] variety occurred in localities [that are] all 
'Visconsin in age (Tazewell-Mankato) . " 

D. H. Dunkle and L. P. Schultz (written commun.~ 
1964) examined fish fragments of the assemblage and 
report that "Teleostean fish remains are involved, but 
on the basis of our knowledge and available compara­
tive materials they cannot be precisely identified." 

The age of fossil mollusk shells from the deposit, as 
determined in the radiocarbon laboratory of the U.S. 
Geological Survey (sample W-1353; Meyer Rubin, 
written commun., 1964), is 21,080+400 years. 

Thus, on the basis of radiocarbon dating the fossil 
shells correspond to the early Woodfordian ( 22,000 to 
12,500 B.P.) of Frye and others ( 1962, p. 2) and to the 
Gardena Intraglacial (Iowan-Tazewell) interval of 
Leighton ( 1960, p. 549). This correlation 'vould 
remain unchanged even if as much as 2,000 years were 
subtracted from the radiocarbon date of the shell 
material in order ·to compensate for probable inert or 
dead carbonate (containing no carbon-14) in the shells. 
Inert carbon as a source of error in carbon-14 dating 
is discussed by Rubin and Taylor (1963). 

The absence of loess on the gravel ridges developed 
along the margins of the lake suggests that the lake 
existed at least until cessation of loess deposition, 
which was probably not until late Woodfordian time 
in the area of Lake Paducah. 
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A TWO-TILL LOCALITY IN NORTHEASTERN CONNECTICUT 

By FRED PESSL, JR., Boston, Mass. 

Work done in cooperation with the State ot Connecticut 

Geological and Natural History Survey 

Abstract.-Two tills are exposed in the Masbamoquet Brook 
valley, northeastern Oom:~:~~ti_c~t.. T:Q~ unoxidized, light-gray 
upper till is crudely stratified and bas a loose, sandy matrix. 
The oxidized, olive-brown lower till is very compact and bas 
a more silty matrix. The two tills are separated by fine­
grained, unoxidized, stratified sediments containing fragments 
of lower till; the stratified sediments are strongly folded and 
faulted. The oxidation of the lower till, the lack of significant 
oxidation in the upper till, and the intertlll. zone of deformed 
sediments indicate that the tills were deposited by different 
ndvances of glacier ice, and that a weathering interval pre­
ceded the last glacial advance. 

Two superposed tills are exposed in the M.ashamo­
quet Brook valley, in the town of Pomfret, Conn. An 
unoxidized upper till is separated from an oxidized 
lower till by a mixed zone of deformed, well-sorted, 
fine-grained, stratified sediments that contains frag­
ments of the lower till. The degree of oxidation in the 
lower till indicates that a weathering interval followed 
deposition o£ the lower till. The upper till was 
deposited by a later advance of glacier ice. 

The locality is in the southeast corner of the East­
ford quadrangle, approximately 1.4 miles northwest of 
Abington (fig. 1). The exposure in the southwest side 
of n broad, drumloidal hill shows the stratigraphic 
relationships described in table 1. 

LOWER TILL 

The matrix of the lower till is olive .brown (2.5Y5/ 
4-4/4, moist), very compact, and commonly regular in 
texture. It consists of 44 percent sand (2-0.062 mm), 
43 percent sil-t ( 0.062-0.005 mm) , and 5 percent clay 
( <0.005 mm) (fig. 2). Stones larger than 3fs inches in 
diameter constitute 20 percent of the sample by weight. 
Pebbles and cobbles up to 8 inches in diameter are 

sparsely scattered throughout. the matrix. Boulders 
are rare and small ; the largest observed was 24 inches 
in diameter. In 1965 the maximum exposed thickness 
of the lower till was approximately 5 feet. This thick­
ness was observed only in a small pit dug through 
slumped material at the base of the working face. 

FIGURE 1.-Index map showing till locality (arrow). 
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TABLE I.-Stratigraphic section near northern end of working face 
of pit 1.4 miles northwest of Abington, Conn. 

[Location shown on fig. 1. Working face trends N. 70° W.] 

!:!:!!:!!.. Thickness (feet) 

Undifferentiated mantle; frost-mixed till, eolian 
sand and silt ____________________ :_________ 1. 5 

Till, sandy, unoxidized, light-gray-olive (5Y6/1-
5/3) ; with friable matrix and lenses of strati-
fied sand and graveL ______________________ 8-10 

Mixed zone; stratified, well-sorted, light-gray 
(5Y6/1) to pale-yellow (5Y8/4) sand and silt 
with smears and fragments of till; bedding 
strongly deformed________________________ 15 (approx.) 

Till, sandy to silty, oxidized, olive-brown (2.5Y5/ 
4-4/4); with compact matrix; interbedded, 
discontinuous, oxidized sand layers__________ 5 (exposed) 

Interbedded, oxidized, medium-grained sand occurs in 
some parts of the lower till. Fissility is poorly devel­
oped at this exposure; however, other nearby exposures 
of texturally similar till exhibit moderate to strong 
fissility. The weathered surface is characterized by 
thin (3-5 mm), irregularly shaped plates, subparallel 
to the weathered face and bounded by arcuate fractures 
normal to the weathered face. The lower till is 
oxidized throughout the exposed thickness; in some 

portions of the matrix, iron staining is concentrated in 
small blebs, producing a faintly speckled weathered 
surface. Manganese staining is common on joint faces 
and in irregular pods throughout the matrix. The 
exposed till is noncalcareous and contains rotten gneiss 
and schist pebbles up to 3 inches in diameter. 

MIXED ZONE 

Stratified sediments of the mixed zone are chiefly silt 
and fine- to 1nedium-grained sand. 'Vhere undisturbed 
these sediments have thin, even bedding; small-scale 
crossbedding is present in a few of the sand layers. 
The sand and silt are well sorted (So= 1.5) and range 
from light gray (5Y/6/l) to pale yellow (5Y/8/4). 
Iron staining, attributed to ground-water circulation, 
is commonly restricted to coarse sand and along frac­
tures and faults in the finer sand and silt. Laminated 
clay irregularly interbedded with iron-stained sand is 
exposec;t near the base of the mixed zone at one place 
(sect. B, fig. 3). Inclusions of lower till are common 
in most parts of the mixed zone. These occur both as 
discrete masses of till, most commonly surrounded by 
deformed silt beds, and as smears, streaks, and indis­
tinct blebs within the sand and silt layers (fig. 4). 
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FIGURE 3.-Generalized stratigraphic column and geologic sections, Mashamoquet Brook valley, Pomfret, Conn. 

Irregular concentrations of small pebbles generally 
associated with till fragments are scattered throughout 
the mixed zone. 

Folding is the principal form of deformation in the 
sediments of the mixed zone, and is most strongly 
developed in the silt layers (fig. 3, sees. A and B). 
Individual beds within the larger silt layers are tightly 
folded and in many places overturned. Beds of fine­
to medium-grained sand are also folded but generally 
are not as tightly deformed as the silt. Faulting and 
thrusting are well developed in the southeastern por­
tion of the working face (fig. 3, sec. C). Stringers 
of lower till and clay are smeared along planes extend­
ing from some of the larger till inclusions (fig. H, sec. 
B; fig 4). 

UPPER TIL'L 

The matrix of the upper till is light gray to oliYc 
(5Y6/ 1-5/ 3, moist) and has a crude horizontal strati­
fication. It is noncalcareous, very friable, and contains 
62 percent sand (2-0.062 mm), 23 percent silt (0.06:2-
0.005 mm), and 2 percent clay ( <0.005 mm) (fig. 2). 
Stones greater than % inch in diameter constitute ;J8 
percent of the total mass. Angular to subrounded peb­
bles and cobbles as much as 6 inches in diameter are 

2214-352 0-6&--7 

common. Boulders are widely scattered throughout 
the upper till; the largest observed has a diameter of 
18 inches. Horizontal sandy partings are present in 
the siltier layers. Thin lenses, 1,4 inch to 1 inch thick, 

FIGUHE 4.-Detail of lower-ti ll fragments in stratified sand and 
silt. Knife point rests on large till fragment. Note elongate 
till stringers extending from lower right of till fragment. 
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of medium- to coarse-grained sand and granule- to 
small-pebble-size gravel, are common. Oxidation, 
attributed to local ground-water circulation, is gen­
erally limited to these coarse-grained sand and gravel 
lenses. 

DtRECTIONAL DATA 

Till fabric 

The orientations of the long axes of pebbles in the 
tills were measured to determine the direction of ice 
movement during deposition of the two tills. The fab­
ric of the lower till has a preferred orientation of S. 
5°-15° E.; the fabric of t:he upper till has a preferred 
orientation of S. 15°-35° W. (fig. 5). These data indi­
cate that the lower till was deposited by ice moving in a 
south-southeast direction, and the upper till by ice 
moving in a south-southwest ·direction. 

Deforma.tion of mixed.~zone sediments 

Neither folds nor faults present clear, consistent evi­
dence for the direction of forces responsible for· the 
deformation of the sediments in the mixed zone. 
Examples of deformation by forces from both the 
south and the north can be inferred from the details 
of the exposed sections. But, in general, the major 
deformation appears to be the result of forces acting 
in a southerly direction. This· is particularly evident 
in section B, figure 3. 

Striations 

Till was not observed in contact with striated bed-
.rock at the Mashamoquet Brook till locality. Stria­
tions do not, therefore, provide direct evidence for the 
direction of flow ·of tP-e g~.acier ice. that deposited the 
tills. Only' a few striatiori lomdities are kriown near the 
till exposure; at the nearest, ii1 the. Hampton quad­
rangle to the southeast (Dixon and J?essl, 1966), faint 
striae trend S. 0 o -3 o E. Striations trending S. 8 o E. 
are reported from the Eastford i.quadrangle, 8 miles 
north of the Mashamoquet Brook.till)ocality (M. H. 
Pease, oral com:rp.un., 1966). ·uncertainty of the nature 
of the till · '!tssoci~~ed . · wtth · the.Se striations and the 
similarity of trend of. the. striae prohibit their use as 
distinctive, iridependeJjt directional data. 

INTER·PRETATION 

The lower till is oxidized· throughout its exposed 
thickness ( 5 feet) at the Mashamoquet Brook locality; 
at other nearby exposures of texturally and struc­
turally similar till, oxidation is observed to a depth of 
about 10 feet. The base of the oxidized zone was not 
observed at any exposures in this area; however, the 
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FIGURE 5.-Fabric diagrams from upper and lower 
tills, Mashamoquet Brook valley, northeastern 
Connecticut. A, fabric diagram from upper till, 
based on 204 pebbles with long axes 7]-4 inches. 
B, fabric diagram from lower till, based on 102 
pebbles with long axes 7]-4 inches. In diagrams, 
azimuth data are grouped in 10° classes. 

exposed depth and thoroughness of oxidation in the 
lower till indicate that a period of weathering followed 
deposition of this till. 

The unoxidized upper till and the deformed, unoxi­
dized, stratified sand and silt of the mixed zone, with 
inclusions of oxidized lower till, are deposits of a later 
advance of glacier ice. 

The fine texture and thin, even stratification of the 
sediments in the mixed zone indicate deposition in 
quiet or slow-moving water. Deposition of these sedi­
ments may have occurred as proglacial outwash in 
front of the advancing ice, before being overridden; 
or deposition may have occurred subglacially, prior to 
stagnation of the ice. In either case, deformation of 
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the fine-grained sediments and m1x1ng of lower till 
fragments with the stratified sand and silt probably 
were caused by overriding glacier ice. 

The combination of the stratification in the upper 
till, the occurrence of well-sorted sand and gravel inter­
bedded with the upper till, and the relative thinne~s 
of the upper till (8 to 10 feet) suggests that the upper 
till is an ablation deposit. However, it seems unusual 
for an ablation till to have such a strongly oriented 
fabric ns indicated in figure 5. More detailed study 
of numerous exposures in the upper till is necessary 
to properly determine its precise mode of deposition. 

The nnture of these tills is in general similar to that 
shown by other reported observations of two tills in 
Connecticut. 'Vhite (1947) reported a sequence of two 
tills from the Strafford Springs area. A series of 
exposures there indicated a sequence of thick, compact, 
fissile, oxidized till overlain by a sandy, friable, unoxi­
dized till. In general this description resembles that 
of the Mashamoquet Brook sequence. These two local­
ities are less than 20 miles apart and at approximately 
the satne latitude. Correlation of the two tills in the 
Stafford Springs area with those of the Mashamoquet 
Brook locnlity, although based only on reported tex­
tural and stratigraphic similarity, seems reasonable. 

Flint ( 1961) described two tills exposed during con­
struction of a dam at Lake Chamberlin, northwest of 
New Haven, Conn. The lower till matrix (Lake 
Chamberlin till) is described as unoxidized, very com-

pact and regular in texture, containing 60 percent sand 
and 40 per cent silt-clay. The upper till matrix (Ham­
den till) is described as unoxidized and more friable, 
containing 58 percent sand and 42 percent silt-clay. 
Directional data from the Lake Chamberlin till indi­
cate deposition by ice moving toward the south or 
southeast; similar data from the Hamden till indicate 
deposition by ice moving toward the southwest. 

Despite striking sl.milarities in the stratigraphic, tex­
tural, and directional data from the Lake Chamberlin 
and Mashamoquet Brook till localities, the unoxidized 
nature of the Lake Chamberlin till makes correlation 
of this till with the lower Mashamoquet Brook till 
questionable. Flint suggests that perhaps an upper, 
oxidized portion of the Lake Chamberlin till was 
eroded by Hamden ice. It i~ also possible that both 
the Lake Chamberlin till and the Hamden till are 
younger than the lower Mashamoquet Brook till, and 
perhaps are to be correlated with the upper Mashamo­
quet Brook till. 
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SIGNIFICANCE OF CLIMBING-RIPPLE STRUCTURE 

By EDWIN D. McKEE, Denver, Colo. 

A.bstract.-Climbing-ripple lamination (ripple drift structure) 
forms only under the relatively weak hydrodynamic conditions 
suitable for the development of a rippled surface and where 
a Yery huge amount of sand or silt is aYailable for deposition. 
Probably not all situations haYe yet been recognized in which 
these two requirements are met; however, river flood plains and 
areas of overbank flmv are particularly favorable, as illustrated 
by examples along the Colorado, Mississippi, and Indus RiYers, 
where climbing-ripple lamination commonly is associated with 
horizontal lamination, with a limited amount of trough and 
planar types of cross stratification and with contorted bedding 
of convolute and recumbent types. Some places where ripple 
umrks are abundantly developed, such as the tidal flats of 
Cholla Bay, Mexico, and the tidal margins of the Ganges 
( Hooghly) estuary in India, are lal'gely devoid of climbing­
ripple structure because new sand is not being introduced rav­
iclly, whereas that on hand is constantly reworked and ripple 
marks are destroyed. 

The considerable and growing interest in sedimen­
tary structures is reflected in descriptions of structures 
characteristic of modern environments in numerous 
parts of the world, in recent experimental work in 
which structures are being reproduced, and in studies 
of the hydrodynamics involved in .forming such struc­
tures. Furthermore, field geologists attempting to 
describe and interpret the facies in ancient sedimentary 
rocks are finding an ever-increasing number of features 
that need explanation. 

Observations on the occurrence and distribution of 
the sedimentary structure known as "climbing-ripple 
lamination" or "ripple drift structure" have prompted 
the writer to summarize ideas concerning its signifi­
cance. Climbing-ripple lamination is a type of strati­
fication in which ripple crests of vertically succeeding 
ripple laminae, in sections parallel to the direction of 
current or wave movement, appear to be advancing 
upslope. 

Theoretical and experimental data indicate that its 
formation and distribution are controlled by two con­
comitant factors-velocity of water and sediment load. 
Field observations strongly suggest that it is limited· 

to a few specific environments and is rare or absent in 
others. Climbing-ripple structure thus seems to be a 
valuable aid in the interpretation of depositional 
environments. 

AcknowZedgnLe'nts.-'l'he assistance of Dr. B. R.ay­
chandhuri and Dr. Pamela Robinson of the Indian 
Statistical Institute, Calcutta, in arranging for the 
investigation on the Ganges estuary, and thrut of Dr. 
H. Rahman of the Pakistan Geological Survey for 
similar help on the Indus delta study, is gratefully 
acknowledged. Discussions of this study with Eleanor 
Crosby and Henry Berryhill of the U.S. Geological 
Survey and with James Coleman of the Coastal Studies 
Institute in Baton R.ouge were very helpful. Thanks 
are extended also to E. Tad Nichols of Tucson, Ariz., 
who made nearly all the photographic illustrations. 

FACTORS RESPONSIBLE FOR CLIMBING-RIPPLE 
STRUCTURE 

In the investigation of depositional environments, a 
distinction between the significance of ripple mark~ 
and that of climbing-ripple laminae (ripple drift) 
should be recognized. Ripple marks develop on a sand 
or silt surface whenever and wherever a particular 
stage of the lower flow regime, as described by Simons 
and R.ichardson ( 1961, p. 87), is attained by currents; 
li~ewise, ripple marks form under certain comparable 
conditions resulting from oscillatory wave movement. 
Climbing-ripple lamination (fig. lD), in contrast: 
although formed from superposed ripple marks, 
involves sand accretion as well as migration and does 
not necessarily develop each time ripple marks form. 
In a laboratory tank or flume, ripple marks that form 
and migrate downstream for hours may never develop 
the characteristic structure of climbing ripples (ripple 
drift). 

An essential element in the genesis of climbing-ripple 
lamination is the introduction of an abundance of sand 
or silt, so that the processes of sedimentation and ripple 
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FIGURE 1.-Recent deposits of fine sand on flood plain, west side of Indus River at Kotri, West Pakistan. Climbing-ripple laminae 
are in lower half of A and in D; convolute structure is in · upper half of A and in C; tabular planar structure (foresets) are in A 
and B; and horizontal laminae in A. Photographs by E. Tad Nichols. (4-inch knife handle in upper right of A gives the scale ; 
scales in B, C, and D, are in inches.) 
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migration can proceed simultaneously. This fact was 
recognized as long ago as 1859 when Sorby (1859, p. 
143) described "ripple drift" as developing where 
water was carrying heayi loads of sediment. It was 
referred to by Bu-cher. (1919, p. 155) and more recently 
has been stressed by 'Reineck (1961), Allen (1963, p. 
220) and Walker (1963). As expressed by Allen," ... 
the rate a moving rippled surface builds up is directly 
proportional to the rate at which sediment is deposited 
on it from an external source, thought to be the load of 
sediment in suspension." On the other hand, where 
sand is relatively sparse and is carried forward as fast 
as it is introduced, the only traces of ripple marks to 
be preserved as laminae are solitary profiles of individ­
ual ripple layers (1\fcl\:ee, 1957, fig. 7), and the struc­
tures referred to as both lenticular bedding (lenses of 
ripples) and flaser bedding (incomplete ripple lenses) 
(Reineck, 1962, p. 155). The latter types are recorded 
from the German tidal flats. 

Because a considerable supply of sediment is neces­
sary for the development of climbing ripples from 
ripple marks, the resulting structure can be expected 
in some sedimentary environments but not in others. 
Flood plains of rivers seem to be especially favorable 
sites for the forming of climbing ripples, as large 
quantities of sand and silt commonly are deposited by 
floods that overflow banks and spread rapidly across 
adjacent flats. Beaches and tidal flats, on the other 
hand, are not favorable for the development of climb­
ing-ripple structure, even though ripple marks com­
monly develop on their surfaces; new sand is intro­
duced sparingly and unevenly, and deposits are 
constantly reworked by waves and tidal currents. 

ENVIRONMENT CONTAINING ABUNDANT CLIMBIN·G­
RIPPLE LAMINAE 

Flood plains of the Colorado delta, Arizona 

Prior to construction of Hoover Dam the Colorado 
River delta extended from a little north of the inter­
national boundary between ~the Uiiited States- and 
Mexico southward to the Gulf of California. Usually 
twice each year (Sykes, 1937, p. 151) the overflow of 
the Colorado River covered extensive flood plains of 
the delta. Mostly sand and a little mud were deposited 
to the north, but proportionately less sand and more 
mud downstream. Stratification in the fine sand of 
this flood plain consists largely of climbing-ripple 
laminae and other small-scale structures (Mcl\:ee, 1939~ 
p. 71, pl.1c-e) ; locally medium-scale, moderately high 
angled foresets of small deltas are numerous (1.939, 
p. 77, 78; pl. 1!). 

Since construction of Hoover Dam, a new delta of the 
Colorado River has developed at the head of 1\{ead 
Lake, largely within the Grand Canyon of Arizona. 
This ynew delta has 1nuch 1nore restricted flood plains 
than' ··those of the older delta. This restriction makes 
relatively easy the examination and recording of 
deposits from individual floods. Each deposit consists 
of a layer of cross-stratified sand fr01n one to several 
feet thick, overlain by a layer of n1ud of comparable 
magnitude. As on the older delta, the relative thick­
ness of sand layers, in proportion to their companion 
mud layers, becomes progressively less in a. downstream 
direction. 

In an area near Columbine Falls, from 10 to 20 miles 
below the head of the delta, studies of primary struc­
tures in various parts of the flood plain were made 
during the spring of 1961. and of 1962, after the wa.ter 
level had dropped following floods (Mcl\:ee, 1965). 
Exposures along freshly cut· banks were numerous, and 
cross-stratification patterns were well displayed. Esti­
mates made at that time indicate that climbing-ripple 
laminae formed about 75 or 80 percent of the structures 
in the sand layers of the area. Other. structures 
included flat or horizontal laminae, medium-scale 
"delta. forsets" or tabular planar cross beds, and cross 
laminae of t.he scour-and-fill or trough type. 

Flood plain of the Indus River, West Pakistan 

A brief examination of sedimentary structures in the 
flood plain of the Indus River in southern West Pakis­
tan was made in November of 1964. This study, sup­
ported by the Pakistan Geological Survey and made 
with the assistance of Farhat Husein, was centered at 
two localities-at Kotri near Hyderabad, and near 
Tatta Ferry, about 50 miles downstream. At each 
place trenches were dug, at distances ranging from a 
·few feet to several hundred feet back from the present 
river banks, in fine sand and silt deposits of the flood 
plain or surface of overflow. The trenches were ori­
ented both parallel to and normal to the river course, 
and were made at several different flood levels. 

On a flood plain west of the Indus at I\:otri the 
uppermost sedimentary unit across a wide area con­
sists of fine to very fine sand (table 1) ranging in 
thickness from 1.8 to 24 inches and resting on beds of 
clay. In a trench that extended 280 feet normal to 
the river, climbing-ripple lamination in numerous inde­
pendent cosets (fig. lA, D) was the dominant structure. 
It was associated with sets of tabular planar cross 
strata, groups of horizontal or nearly horizontal 
laminae, and trough-type structures. In some places, 
cosets of climbing-ripple laminae formed discrete units, 

'\ 
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TABLE I.-Grade-size distribution, in percent, in detrital sediment 
from Indus River flood plain, at Kotri, West Pakistan 

[Samples were collected 15 feet above river surface] 

Very Coarse Medium Fine Very Silt 
Location coarse sand sand sand fine and 

sand sand clay 
---------------

15 ft from river 
0.0 bn.nk ___________ 0. 1 0. 1 51. 9 38.0 9.2 

85 ft from river bn.nk ___________ .0 . 1 .2 29.4 48.3 22.0 
150 ft from river bn.nk ___________ .0 .0 .5 47.9 43.·0 8.6 

TABLE 2.-Gmde-size di~tribution, in percent, of detrital sediment 
frmn IndHs River flood plain at Tatta Ferry, West Pakistan 

[Upper sand-silt bed Is 15 feet above river level; middle sand-silt bed is 9 feet above] 

Very Coarse Medium Fine Very 
Horizon coarse sand sand sand fine Silt Clay 

sand sand 

-- -----------------
Middle sn.nd-

silt bed _____ 0.0 0. 1 0.2 1.2 15.2 77.8 5.3 
Upper sn.nd-

silt bed _____ .0 .0 .0 4. 7 39.9 52.3 2.9 
.2 .6 .7 18.6 56.4 22.3 1.2 

separated by horizontal parting planes from other 
types of cross strata above or below; elsewhere they 
graded laterally into other types. 

In an 18-foot section exposed in the Indus River 
banks near Tatta Ferry, pairs of sandy silt beds (table 
2) -and clay layers are repeated five times (fig. 2). The 
beds of sandy silt are mostly ripple laminated, with 
a characteristic "cli1i1bing" structure; the clay beds are­
thin and fla.t but locally show much contortion. Each pair 
of ~silt and clay layers, ranging from 1 foot to several 
feet in .thickness, is believed to be the product of a 
single flood, with the finest sediment settling last. 

Natural levees on the delta of the Mississippi River 

Detailed studies of sedimentary structures on the 
~1ississippi deHa by Coleman and others (1964) have 
indicated the principal types of structures developed 
there and the combinations of these stnictures that are 
representative of various depositional environments. 
For exan1ple, at the mouth of Johnson's Pass, which 
is a prograding dis·tributary within the delta, climbing­
ripple laminae are abundant in the natural levees, rare 
in stream-channel deposits, n.nd unrecorded in four 
other sedimentary environments that do not involve 
overbank flow (Coleman and others, 1964, fig. 5). 
Samples more widely distributed across the delta: 
including some from the upper reaches where typical 
meanders ·and point bars occur, likewise indi<?ate a 
restriction of these structures htrgely to natural levees 

and, locally, to channel deposits (Coleman and Gagli­
ano, 1965, p. 145). 

Throughout the ~1ississippi delta complex, as in the 
other regions described, the abundance of climbing­
ripple laminae in areas of overbank flow, including 
both subaerial and submarine levees, shows that the 
d~velopment of climbing ripples is favored by rapid 
deposition from heavily laden floodwaters. In con­
trast, these structures do not characterize the sand and 
silt that were less rapidly accumulated or that were 
reworked by tides as illustrated by ~the deposits of bars, 
interdistributary bays, and various other environments 
(Coleman and Gagliano, 1965, table 1). 

Subaerial levees of the ~1ississippi are " ... usually 
covered with -a dense growth of woody plants" (Cole­
man and Gagliano, 1965, p. 146), the roots of which 
tend to obscure and commonly to interfere with the 
development of ripple laminae, the result being many 
irregular or wavy laminae associated with the climb­
ing-ripple ]nmination. Such structures" ... appear to 
be a 1narker of this and subaqueous levee environments 
within the delta" (Coleman and Gagliano, 1965, p. 
146). In contrast, flood-plain deposits bordering the 
Coloqtdo and Indus Rivers, developing in arid regions 
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FIGURE 2.-Section in upper part of flood 
plain at Tatta Ferry, on Indus River, West 
Pakistan, showing alternating units of sand 
n.nd mud. Sand units are largely ripple 
laminated but include convolute structures 
and local foresets. Mud units are thin 
horizontal beds with local convolute folds. 
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where dense vegetation is less common, probably con­
tain relatively more undisturbed climbing-ripple struc­
ture. Relatively few irregular or 'va vy laminae were 
noted in the deposits of those rivers. 

SEDIMENTARY STRUCTUR'ES COMMONLY ASSOCIATED 
WITH CLIMBING-RIPPLE LA'MINATION 

Structure assemblages 

Environments of deposition may be distinguished by 
definite and distinctive assemblages or suites of sedi­
mentary structures, as has been well demonstrated for 
the Mississippi River by Coleman 'and Gagliano (1965, 
p. 133). Each type of structure is the product of one 
or more hydrodynamic or other factors, ·and its distri­
bution is therefore restricted to theparticular environ­
ments in which these factors are operative. 

Climbing ripples, as described earlier, develop only 
where a heavy feeding of sediment occurs. Moreover~ 

as has been shown experimentally (McKee, 1965, p. 
79)' much of the sand must come from above by a 
settling of suspended load. The deposition of sediment 
from suspension may result in several types of struc­
ture, depending largely on the form of base upon 
which accumulation takes place but probably also on 
the amount of sediment being dropped, on the velocity 
of the transporting agent, and on other factors. In 
addition to forming a climbing-ripple structure, sedi­
ment dropping from suspension also commonly forms 
horizontal (parallel) bedding, and may be responsible 
for further development into convolute lamination. 

Convolute structure 

A type of contorted bedding commonly referred to 
as convolute structure, and described (Ten Haaf, 1956) 
as" ... sets of wavy or contorted laminae whose defor­
mation characteristically dies out both upward and 
downward within ,a given sedimentation unit," is asso­
ciated with climbing ripples in numerous places. It is 
represented by a variety of morphological forms, all 
of which consist basically of rela:tively thin, pointed 
anticlines separated by more rounded and wider syn­
clines (fig. 1A, 0 ;. 3A, B) ; and it occurs in fine sands, 
silts, and muds. Analyses shown in tables 1 and 2 
are typical of sediments that contain convolute lami­
nation. Furthermore, these structures may occur 
within a sand unit that grades laterally into climbing­
ripple laminae, in sand or silt layers immediately above 
a sequence of climbing ripples, or in mud layers over­
lying a climbing-ripple silt unit. 

The origin of convolute bedding has been much 
debated within recent years. The two principal 
theories attribute this structure to a lateral "gliding" 

or "laminar flow of liquefied, confined beds under the 
influence of gravity" (Rich, 1950; Williams, 1960) and 
to hydraulically induced deformation during deposi­
tion of fine sediment (Kuenen, 1953; Ten Haaf, 1956; 
Sanders, 1960). The structure may be formed in more 
than one way (Dzulynski and Smith, 1963), and very 
likely results from a combination of two or 1nore 
processes as suggested by Dott and Howard ( 1962, p. 
120). It is a common feature of both river flood-plain 
and point-bar environments, and has been formed (fig. 
30) in laboratory experiments (Mql(ee and others, 
1962a, p. D152) as a result of sand dropping out of 
suspension from above. 

Numerous illustrations of convolute structure were 
recorded during recent examination of overbank or 
flood-plain deposits along the Indus River. Scattered 
and isolated "·anticlines" in otherwise nearly horizontal 
sandbeds overlying climbing-ripple.· structures were 
observed at Kotri (fig. 1A, 0) and in horizontal mud 
beds within a mud-silt sequence at Tatta (fig. 3B, 
upper part). Groups of very irregular, tonguelike 
"anticlines" also are present in silt beds of the same 
sequence (fig. 3A, B); these silt beds elsewhere con­
tain either ripple laminatiO:n or foresets of compound 
cross bedding. 

On the delta of the Mississippi River also, beds with 
convolute structure are common, acc.~rding to Coleman 
and Gagliano ( 1965, p. 136). Tliey ( 1965, fig. 5) 
illustrate an intimate relationship between some con­
volute laminations and climbing-ripple structure, with 
the one grading upward into the other. Convolute 
structures are recorded by . them ( 1965, table 1) as 
common to abundant on subaqueous levees and as rare 
on subaerial levees and in distributary channels. 

Horizontal laminae 

Stratification that is horizontal or ne,arly so may be 
formed in at least two very different ways, and both 
types of horizontal strata are associated locally with 
climbing-ripple structures. Horizontal laminae of one 
type or another occur in nearly all environments, 
however; so by themselves they are not significant as 
environmental indicators. On the Mississippi delta~ 
for example, horizontal or "parallel" laminae are 
recorded as either common or abundant in all 12 
environments recognized (Coleman and Gagliano~ 

1965, table 1). 
One type of horizontal lamination is formed under 

conditions of upper flow regime in which currents are 
sufficiently strong to move sand in a streaming move­
ment with little turbulence. Evidence that this type 
of structure is sometimes preserved in association with 
climbing-ripple structure is furnished by experimental 
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FIGURE 3.-Bedding and structure in flood-plain deposits and laboratory model. A, B, flood-plain deposits, west side of Indus River at Tatta Ferry, West 
Pakistan, showing thin horizontal beds of mud overlying thick silt layer; an irregular variety of convolute structure occurs in the silt which elsewhere 
contains climbing-ripple laminae and delta foresets; in B, convolute structure also occurs in mud. C, convolute structure developed in laboratory from 
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sand falling vertically from suspension to a surface of horizontal laminae in mud. D, horizontal laminae of sand and fine gravel deposited by water in H 
upper stream regime overflowing banks of East Bijou Creek, Colo., during flood of 1965. Photographs A and B by E. Tad Nichols. Scales are in inches. ~ 
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models (McKee, 1965, figs. 4a, b) and by samples from 
the active Mississippi delta (Coleman and Gagliano, 
1965, p. 139). In both examples horizontal laminae 
of sand form the end product of a stn1eture sequence 
that begins with small climbing-ripple laminae and 
that is produced by a progressive increase in current 
velocity. Horizontal laminae caused by currents in the 
upper flow regime have been described as thin but 
widespread in channel sands of the Rio Grande (Harms 
and Fahnestock, 1965, p. 93, 97, 106); they are the 
dominant structure (fig. 3D) in extensive sand deposits 
that cover the banks to a thickness of several feet along 
East Bijou Creek, Colo. These deposits were laid down 
during the major flood of 1965. 

The second type of horizontal lamination associated 
with some climbing ripples is the result of deposition 
from suspension of detrital particles, especially silt 
and clay. This process involves very slow movement 
of water. It is formed on flood plains by the settling 
of mud or sand in ponded areas and in the bottomset 
deposits of delta cones. Its association with climbing­
ripple structure has been illustrated in laboratory 
experiments where it commonly accumulates in the 
relatively quiet water to the lee of a growing mound 
of climbing ripples in a water tank (Mcl{ee, 1965, fig. 
4c, d, 5d). This type of horizontal lamination, how­
ever, probably is best developed and most representa­
tive of lakes and other bodies of quiet water. 

Other structures 

Certain structures commonly associated with climb­
ing-ripple lamination are not largely dependent for 
growth upon sediment introduced out of suspension. 
These structures include various types of medium- to 
larO'e-scrale crossbedding, mostly developed by an 
inc~ease or decrease from the velocity responsible for 
forming ripple marks. Thus, increase in velocity may 
from trough-type cross strata, as when megaripples or 
aqueous dunes develop. Similarly, an abrupt change 
in depth or decrease in stream velocity may start 
deposition of foresets to make wedge or tabular cross 
strata. Although the trough structure seems to be 
especially typical of a stream-channel environment 
(Harms and Fahnestock, 1965, p. 109-110), and the 
wedge or ·tabular planar structure is characteristic of 
delta cones, these structures also form in a number of 
other environments and were observed in association 
with climbing-ripple lamination at various places, 
including the Colorado River (McKee, 1939, p. 78) 
and the Indus RiveT (fig. 1B) flood plains. 

Intraformational recumbent folds have been shown 
('Mcl{ee and others, 1962b, p. D155) to develop where 
sediment of heavily laden currents causes a.horizontal 

drag across the upper ends of foreset beds. They are 
found among climbing-ripple deposi~s, and small-scale 
varieties are reported to be common in bar, channel, 
and levee sedim~nts of the Mississippi delta (Coleman 
and Gagliano, 1965, p. 136). They have also been 
noted among ripple laminae on the flood plain of the 
Colorado River. 

SOME ENVIRON'MENTS OF ABUNDANT RIPPLE-MARK 
DEVELOPMENT LARGELY UNFAVORABLE TO CUMB­
ING-RI·PPLE STRUCTURE 

Environments are numerous in which climbing­
ripple lamination is scarce or absent. Many of these 
environments including swamps, playas, and marshes, 
need not be ~onsidered here as they obviously are not 
favorable for ripple development. Certain others, par­
ticularly tidal flats and some b.eaches, t~pically sl~mY 
abundant ripple marks. Despite the ripple-forming 
tendencies in ·such environments, only ripple lenses and 
incomplete ripple structures such as those recorded by 
Reineck ( 1962, p. 155), are preserved in appr~ciab~e 
amount in such places.1 Thus, the concluston IS 
reached that climbing-ripple structure is inhibited by 
a limited supply of new sand or silt and by the 
constant reworking of available sediment. 

Tidal flats of Cholla Bay, Mexico 

Tidal fla.ts composed entirely of sand form the floor 
of Cholla Bay bordering the Gulf of California _in 
Sonora, Mexico. During low tide, when these depo~Its 
are exposed to view for a distance of several miles 
along shor~ and to seaward, they are al~ost co~pletely 
covered with parallel-type ripple marks resulting from 
tidal currents and waves (Mcl{ee, 1957, p. 1740). 
Trenches cut into these deposits with various orienta­
tions however fail to show any climbing-ripple struc-

' ' . ture and give very little evidence of ripple form In 
the lamination. Latex peels of trench walls taken by 
the writer and X-ray photographs prepared by vV. IC 
Hamblin show laminae that are largely flat lying but 
generally irregular or uneven, interpreted as the result 
of constant reworking of the sediment. 

Delta tidal areas at mouth of Ganges (Hooghly) River, 
India • 

Primary structures of delta beaches and tidal flats 
at the mouth of the Ganges (Hooghly) River in India 
were e~amined early in the winter of 1965. Supriya 
Sen Gupta, S. l{. Baksi, and T. S. l{utty of the Indian 

1 Although climbing-ripple lamination is largely or entirely absent on 
tidal flats, it has been observed in Queensland, Australia, in tidal chan­
nels that drain the low. tide flats (J. l\1. Coleman, written commun., 
Feb. 1966). 
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Statistical II'1stitute, and Indranil Banarjee of the 
University of Calcutta, participated in the work, which 
was done by landings from a Forestry Service boat 
furnished for the project. 

A considerable amount of sand (table 3), apparently 

TABLE 3.-Grade-size distribution in detrital sediment from 
beaches and tidal flats at mouth of Ganges (Hooghly) River, in 
percent 

[Dominant grades in italic] 

Pitts Fraser-
Pitts Point, Point, Fraser~anj, ganj, New Moore 

estuary tidal Lacams c annel, Lacams Island, 
beach crest flat, backshore channel, Sager Sand, 

100yds foreshore tidal flat 
in 

-- ---
Very coarse sand •• 0.1 0.0 0. 0 0.0 0. 0 .. 0. 0 0. 0 0. 0 0.0 Coarse sand ____ . __ .1 .1 . 1 .1 1.1 .1 .0 . 1 .1 Medlwn sand _____ .6 . 4 . 5 1.4 15.8 . 5 .4 .6 .6 
Fine sand __ ------ 7B.B 46.6 22.8 27.5 40.8 35.7 50.9 67.6 78.S ery fine sand ____ 26.3 50.0 7B. 7 66.5 41.1 61.7 47.8 31.5 21.0 Clay and silt_ ____ . 7 2.8 3.9 4.3 1. 2 2.0 .9 .3 .1 
v 

introduced by marine longshore currents from the 
southwest and not from the river, has accumulated in 
lower parts of the estuary. Farther upstream toward 
Calcutta. only mud is present. A relatively small tide 
reworks the sand constantly, but apparently does not 
pile up new sediment at a rapid rate in many places. 
It maintains beaches and broad tidal flats of sand 
along the outer delta margins, adjacent to the Bay of 
Bengal. Although parts of the beaches and all of the 
n.djacent flats are covered with ripple marks (fig. 4B, 
p. D102), few traces of them were seen in exploratory 
cross sections. 

The delta beaches in general contain primary struc­
ttn·es much like those of normal beaches elsewhere. 
Foreshores consist of extensive even laminae in sets 
that dip seaward at various low angles (2°-8°) (fig. 
4A). Backshore laminae commonly are disrupted by 
minor scours, sags, and folds as illustrated at Fraser­
ganj beach (figs. 40, D); mid they include zones of 
brecciation and trash. In one backshore section at 

Fraserganj, however, well-developed climbing-ripple 
laminae with drift normal to the beach cr~t are inter­
preted as the result of ·rapid deposition in a sheltered 
area behind the berm. Probably they formed at time 
of high tide, large waves, or both, when an abundance 
of sand was introduced over the crest. 

s·andy tidal flats extending across wide areas border­
ing on the Bay of Bengal and a.t the mouths of dis­
tributaries are largely covered with parallel, asym­
metrical ripple marks (fig. 4B). Trenches dug in these 
flats, both at Pitts Point and at Sager Sand (New 
Moore Island), disclosed sections with weakly devel­
oped, irregular but nearly flat-lying beds (fig. 4B), 
and with no ripple lamination despite the abundance of 
ripple marks on the surface above. In contrast to 
these structures, flood-plain deposits at Halisahar, 30 
miles upstrea1n from Calcutta, are reported by Indranil 
Banerjee (written commun., May 21, 1965) to contain 
extensive climbing-ripple lamination, horizontal lami­
na:tion, and also convolute bedding. 

CONCLUSIONS 

Examination of sedimentary structures in a num­
ber of modern environments suggests that climbing­
ripple lamination is characteristic of certain fluvial 
deposits~pecially those of flood plains and natural 
levees-and is less common in river-channel deposits. 
Climbing-ripple structures are rare in areas where 
deposition is largely a result of tidal action, despite the 
common development of surficial ripple marks in such 
environments. 

F~ctors controlling the development of climbing 
ripples and, therefore, responsible for their restriction 
to a relatively few environments are (1) a compara­
tively wea~ current, favorable to the forming of ripple 
marks, and (2) a large supply of sand or silt that will 
permit an upward as well as a forward growth of the 
rippled surface. 
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FIGURE 4.-Sand deposits of tidal area at front of Ganges (Hooghly) delta, India. A, Fraserganj beach, section parallel to crest; B, t idal flat at Sager Sand, 
New Moor Island ; C, D, Fraserganj beach, deformation and scouring in backshore normal to crest (C) and parallel to crest (D). Photographs by E. T ad 
Nichols. Scales are in inches. 
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VOLCANIC ROCKS DREDGED SOUTHWEST OF THE HAWAIIAN ISLANDS 

By CELESTE G. ENGEL and A. E. j. ENGEL/ La Jolla, Calif. 

A.bstract.-Dredging in a seamount province southwest of the 
Hawaiian Islands confirms earlier conclusions concerning the 
association of tholeiitic and alkalic basalts on the ocean floor. 
Rocks dredged from a small volcano on a major geomorphic, 
structural, and magnetic lineament which separates contrasting 
oceanic provinces, consist of tholeiitic basalt related in compo­
sition to the Hawaiian tholeiites. Alkali-rich basalt, and other 
alkalic rocks, including hornblende-bearing varieties and a rare 
biotite trachyte, were dredged from adjacent and nearby large 
submarine volcanoes south of the lineament. Spatial relations 
of the rocks in this part of the Pacific Ocean substantiate the 
hypothesis that in the oceans, volcanic rocks of the alkali series 
are confined to, and are ideally developed on, large volcanoes. 

During Expedition Dodo of the Scripps Institution 
of Oceanography, University of California, under the 
direction ·of Victor Vacquier, dredge hauls of volcanic 
rocks were obtained by the research vessel Argo from 
7 localities: from the. tops -and flanks of 6 submarine 
volcanoes, and from an elongate volcanic ridge in the 
region southwest of the Hawaiian Islands (fig. 1). 
Fred Dixon, of the University of California, super­
vised dredging, and Dallas Peck, of the U.S. Geologi­
cal Survey, made shipboard petrographic studies of 
the hauls. The rocks dredged from 6 volcanoes belong 
to the alkali series; 5 are alkali-rich basalts, 2 of which 
contain hornblende. The sixth dredge haul from the 
top of a large volcano is a biotite trachyte of uncom­
mon composition. In contrast to these dredge hauls 
of alkali-rich volcanic rocks, a tholeiitic basalt (PV 
324 B) somewhat similar in composition to Hawaiian 
tholeiites was dredged from the low volcanic ridge 
(fig. 1). 

REGIONAL SETTING 

All the submarine volcanoes in the region are built 
either south of or along the well-defined geomorphic, 
structural, and geomagnetic lineament which trends 
west-southwest from a point south of the island of 
Molokai (see insert, fig. 1). The lineament probably 

1 University of California, San Diego. 

defines a major fracture zone, and the characteristics 
of the sea floor differ appreciably on either side of it 
(U.S. Naval Oceanographic Office, 1962, p. 7). This 
lineament probably represents a southwestern extension 
of the great Molokai fracture zone, which has been 
traced east-northeast of the Hawaiian Islands almost 
to the mainland of North America. The lineament has 
been traced as a broad depression southwest of the 
region shown in figure 1 from long 164° to 167° W. 
by the Six-Pac Expedition of the Scripps Institution 
of Oceanography, in April 1966 (Thom-as Chase, oral 
commun., May 1966). 

If these alined segments of fracture zones southwest 
of Hawaii are actually part of the Molokai fracture 
zone, the Hawaiian Islands are not obviously displaoed 
by it. Hence, either the Hawaiian Islands are younger 
than the Molokai fracture zone, or there is little 
geologically recent displacement along it. 

Geomorphically, the lineament includes -a series of 
alined, broad depressions with discontinuous, bordering 
ridges. These features lie along and just south of a 
well-defined, elongate, negative magnetic anomaly with 
residual values of about -300 gammas (fig. 1). 

Immediately north of the lineament the sea floor is 
almost 'featureless and slopes gently west~southwest. 
But the eastward prolongation of the lineament forms 
an angle of some 30° with the northwest trend of the 
great Hawaiian rift. Several smaller, elongate, nega­
tive anomalies exist north of the lineament and are 
parallel to it (U.S. Naval Oceanographic Office, 1962). 

The sea floor to the south of the lineament also 
slopes west-southwest, but more steeply than the sea 
floor to the north. In this southerly region, a swarm 
of more irregular, negative magnetic anomalies (not 
shown on fig. 1) extends southwest in crudely elongate 
subparallel patterns, at angles of some 25°to 40° to 
the major anomaly along the lineament. All the sub­
marine volcanoes except one occur within. these irregu-

. lar anomalies, and the largest negative anomalies 
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+ Dredge hauls by University of California 
research vessel fugQ. ( 1964) 

160° 

FIGURE I.-Bathymetric contour map of the region southwest of the Hawaiian Islands. The major geomorphic, structural, and 
magnetic lineament separates the volcano-studded province to the south from the relatively featureless ocean floor to the north. 

coincide with the volcanoes in the eastern part of 
figure 1. 

Several features of the volcanic rocks in this region 
are noteworthy. The one haul of tholeiitic basalt (PV 
324 B, fig. 1) was recovered from a low peak (a small 
volcanic cone, or deposits from a fissure eruption?) 
built along one of the volcanic ridges. The dredge 
haul (PV 322) made immediately to the west on a 
much larger volcano · recovered alkali-rich volcanic 
rocks. South of the lineament only alkali- and 
alumina-rich volcanic rocks were obtained from the 
large single and paired volcanoes. The data from 
these several hauls are consistent with previous infor­
mation; in more than 200 dredge hauls from the upper 
slopes of isolated and paired volcanoes of this type, 
only alkali-rich basalts have been obtained (Engel and 
Engel, 1964, p. 480) . Yet tholeiitic basalts dominate 
the rift volcanoes of Hawaii (Macdonald and Katsura, 
1964) and 'appear to the exclusion of alkali basalts on 
fault scarps, and submarine ridges of the ocean floor 
(Engel and others, 1965). We have suggested that 
this correlation of composition with volcanic structure 

and morphology may be due to differences in the rate 
and mode of construction of these different features. 
This interpretation is reviewed after a discussion of 
the petrologic and chemical features of the rocks from 
these contrasting, new occurrences. 

COMPOSITION OF THE ROCKS 

Rocks from 5 of the 7 dredge hauls have been 
chemically analyzed and studied in detail; those from 
the other two have not been studied in detail . A rock 
from one of these two hauls, PV 323, was dredged 
from the top and upper slopes of a submarine volcano 
at depths of from 1,800 to 2,500 fathoms (3,300 to 
4,500 meters) (fig. 1). It is a vesicular, porphyritic, 
alkali-rich basalt with approximately 30 percent plagi­
oclase phenocrysts and 5 percent green pyroxene in a 
fine-grained groundmass. Other rocks in this dredge 
haul were altered and encrusted with hydrated manga­
nese oxides. 

A sample from the other dredge haul, PV 326, was 
dredged from the top and upper slopes of a volcano at 
a depth of about 675 fathoms (1,235 m) (fig. 1). It is 
an amygdaloidal alkali basalt with small phenocrysts 
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of plagioclase. 
calcite. 

The vesicles are round and filled with· · TABLE 1.-'---Chemical composition of volcanic rocks dredged south 
and southwest of the Hawaiian Islands 

Sample PV 320 from the dredge haul of the same 
number was collected from a submarine mountain 
approximate~y· 150 riautioal miles south of ·Honolulu 
(fig. 1). The rock was dredged f~om the top of. the 
seamount at a depth of about 265 .·fathoms (500 m)· .. 
Rocks in the dredge haul consist of numerous boulders 
and several rounded cobbles. The _largest boulder, 
approximately 80 X 70 X 30 em is coated with a deep­
brown, Mn-rich stain. The rock is unaltered except 
for minor discoloration and oxidation along platy 
cleavage surfaces. On broken surfaces, the rock is light .. 
gray and contains scattered phenocrysts of plagioclase 
and biotite in a dense, fine.:grained trachytic ground­
mass. The groundmass consists of an alkali feldspar 
which exhibits undulatq_ry extinction, a plagioclase 
(oligoclase?)' and Iniilor opaque minerals. 'The i·are 
andesine phenocrysts ai·e as much as 3 mm in length, 
and the biotite phenocrysts are smaller, reddish brown, 
and rimmed with aggregates of magnetite. Apatite is 
an accessory mineral. The chemical composition of 
sample PV 320 is listed in table 1, and the modal 
analysis is given in table 2. 

Volcanic rocks of this composition are _rare in the 
oceans. Macdonald and l(atsura (1964, p. 117, table 3, 
column 18), report a similar "trachyte trending tmvard 
mugearite," from the Hawi Volcanic Series in an upper 
member of Kohala volcano, an9. . another rock of 
approximately the same com'j:>osition (1964, p. 121, 
table 6, c~lumn 27) from the Honolua Volcanic Series 
of West Maui volcano. The Hawaiian samples contain 
about 58 weight percent silica and similar amounts of 
sodium as sample PV 320. However, PV 320 has more 
potassium, thus raising its total alkali content (Na20 
+ 1(20) to 10.6 weight percent, which projects it out­
side the field of Hawaiian 1nugearites and trachytes as 
shown in figure 2. 

Le Maitre (1962, p. 1329, table 10, sample G-11) has 
called a rock sini.ilar in composition to PV 320 from 
Gough Island in the Atlantic Ocean a biotite trachyte. 
But these are among the very rare analogs of PV 320 
in recent analyses of oceanic volcanic rocks. 

Sample PV 321 was collected from a depth of about 
1,500 fathoms (2,700 m) on ~he upper slopes ·of a sub­
marine volcano in the sout: west part of the region 
studied (fig. 1). Rocks co]lected from this volcano 

• I 
cons1st of boulders and cobb[es of hornblende-bearing 
basalt. The rocks are gray,l porphyritic, and slightly 
vesicular. The most abunda~t phenocrysts are plagio­
clase, zoned from labradori~e to andesine. Many of 
them are of irregular shape and show skeletal and 

[Location of samples shown on figure 1] 

Sample No. (taken from No. of dredge haul) 
--------------:~---

PV 320 I PV 321 I PV 322 I PV 325 A I PV 324 B 

Oxides (weight percent) 1 

Si 02 ______ -- __ 56. 12 51. 64 50. 38 
Ti 02 _____ - ..:. ___ . 82 1. 37 1. 52 
Ab03---------- 18. 55 20. 19 19. 46 
Fe203- - - _--- __ 4. 00 4. 99 4. 37 
FeO __________ . 32 1. 36 1. 77 
MnO __________ . 16 . 10 . 25 
MgO _______ - __ .71 2. 34 1. 82 
CaO __________ 5. 43 6. 83 5. 71 
N a20 _________ 6. 00 4. 38 4.02 
K20 _____ --- __ 4. 63 2. 70 3. 60 
H20+ _________ . 72 1. 56 2. 71 
H2o- _________ . 35 1. 63 3. 38 
P20s_--------- 1. 83 . 86 . 81 
· ··TotaL ______ · · 99. 64 99. 95 99. 80 

Elements (parts per million) 2 

B _____________ 
<30 <30 100 

Ba __ .:. _________ 1, 500 400 1, 500 
Co ____________ <3 11 6 
Cr_----- ~----- 17 82 5 
Cu~----------- 5 32 41 
Ga ____________ 21 17 23 
La _____ ~ ______ 120 <SO 180 
Li ____________ 12 22 45 
Nb ________ - __ 130 42 150 
NL ________ - __ 16 30 32 
Rb ___________ 110 30 90 Sc ____________ <4 19 <4 Sr ____________ 500 370 1, 800 v _____________ 32 220 88 y _____________ 60 36 92 
Yb ___________ 4 4 6 Zr ____________ 580 240 480 

47. 71 
1. 55 

20. 36 
6. 00 
1. 27 
. 08 

2. 05 
4. 15 
3. 32 
1. 26 
5. 02 
6. 35 
. 69 

99. 81-

130 
270 

9 
14 

100 
19 

<SO 
51 
52 
25 
20 
20 

320 
190 
40 

4 
300 

49. 5 
1.8 

15. 5 
4. 4 
6. 7 
. 1 

6. 4 
8. 6 
2. 5 
.5 

2. 1 
1.0 
. 1 

2 
1 
1 
9 
0 
5 
3 
5 
8 
0 
1 
5 
8 
8 99 .. 6 

<30 
13 
2 

18 
8 
0 

97 
20 

<8 
1 

<3 
6 

0 
5 
0 
3 
0 
4 
6 
0 
8 

1 
5 
7 

26 
4 

5 
96 

Ag <3; Be <2, Mo <5. · · 
PV 320 (Dodo dredge haul 7-1, seamount 7-N), lat 18°45' N., 

long 158°15' W. . 
321 (Dodo dredge haul 9-2, seamount 1), lat 18°18' N., 

long 161 °46' W. 
322 (Dodo dredge haul 14-2, seamount 5-W), lat 19°22' N., 

long 162°19' W: 
325 A (Dodo dredge haul 11, seamount 2-N), lat 18°47' N., 

long 162°03' W. 
324 B (Dodo dredge haul15-2, seamount 5-E), lat 19°23' N., 

long 162°10' W. · 
I Analyses by c. a: Engel, u.s. Geol. Survey. 
2 Quantitative spectrographic analyses (±15 percent) by R. G Havens, U.S. 

Geol. Survey. 

composite growth ·patterns. Some of the labradorite 
contains large overgrowths of a feldspar which has a 
much lower index of refraction and which is probably 
alkali feldspar. The mafic phenocrysts are hornblende 
and augite. Some hornblende phenocrysts are as large 

·as 5'mm long, ·and most are rimmed with a sheath of 
magnetite. The' groundmass has a pronounced trachy­
tic texture·, and consists of fine-grained oligoclase ( ~), 
clinopyroxene, ·and minor opaque minerals. Pala­
gonite occurs in irregular patches in the groundmass. 
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TABLE 2.-Approximate percentages, in volume percent, of minerals 
in volcanic rocks dredged south and southwest of the Hawaiian 
Islands 

[Chemlenl composition ofsnmplesglvcn In table 1, and location on figure 1. Tr., trace] 

Sample No. (taken from No. of dredge haul) 

PV 320 PV 321 PV 322 PV325A PV324B 
---------·----1--- ------------
Groundmass 1

------------ 93 70 75 2 69 
Plagioclase _______________ 1 16 11 22 46 
Pyroxene ________________ ------ 2 2 4 43 
Olivine __________________ ------------______ ? 
Hornblende______________ _ _ _ _ _ _ 2 _ _ _ _ _ _ ? 
Biotite__________________ 2 _______________________ _ 
Vesicles _________________ 2 6 3 2 1 
Opaque minerals_________ Tr. 1 3 1 5 
Alteration a______________ 2 3 4 2 5 
Nepheline___________________________ 2 Tr. 
Apatite __________________ Tr. Tr. Tr. Tr. 

1 Includes crystallites of plagioclase nnd opaque minerals. 
2 Glass with crystallites of plagioclase nnd opaque minerals. 
3 Includ.cs palngonltc, cnlcltc, chlorite, nnd rare zeolites. 

Apatite is an abundant accessory mineral. Vesicles 
are .irregular in shape. 

Sample PV 325 A was dredged from the upper 
slopes and crest of a volcano at depths of 1,700 to 2,500 
fathoms (3,170 to 4,700 m). The dredge haul con­
sisted of extremely heavily weathered boulders and 
cobbles coated with manganese oxide. The freshest 
sample, PV 325 A (table 1), is a buff, porphyritic 
basalt with phenocrysts of labradorite and minor clino­
pyroxene. Other samples of what is probably the same 
rock type jn the dredge haul are altered to clay with 
a few fresh remnant plagioclase phenocrysts. The 
phenoc1~ysts in PV 325 A are of labradorite, pale-

0 
':t!.N 

+ 
o .. 4 
111 z 

2 

35 

··:·.: .. ·.·.'·· 

65 

Si02. IN PERCENT 

Fwumn 2.-Plot of total Na20+K20 against Si02, showing 
named fields of occurrence of the Hawaiian rock series 
(Macdonald and I<atsura, 1962), and the position (filled 
circles) of rocks analyzed from the region southwest of 
Hawaii. 

~24-352 0-GG-8 

green pyroxene, magnetite, altered hornblende or 
olivine, and rare nepheline. The groundmass consists 
of hydrated glass containing abundant feldspar crys­
tallites in subparallel alinement. Apatite is an acces­
sory n1ineral. Vesicles are rare, but are round or 
almond shaped and filled with aggregates ·0f a silica 
mineral which is probably chalcedony. The chemical 
analysis of this alkali basalt is given in table 1. A 
characteristic of this, and the other alkali-rich volcanic 
rocks from volcanoes south of the lineament, is ·their 
extremely high alumina content, which ranges from 
18.5 to 20.3 weight percent Al20a. 

Sample PV 322 is represenfative of the rocks col­
lected from the upper slopes of the largest volcano 
along the lineament. The haul was obtained at depths 
of 1,890 to 2,160 fathoms (3,400 to 3,900 m). The rock 
is--a fine-grained, .g1~ay, -ve.sicpla:r and sligh.tly, porphy­
ritic alkali basalt. It contains phenocrysts of andesine, 
light-tan clinopyroxene, nepheline, and magnetite set 
in a fine-grained trachytic groundmass of plagioclase 
a.nd pyroxenes. Most vesicles are elongated and alined 
along the flow surfaces in the basalt. Zeolites occur 
in some of these vesicles. 

Sample PV 324 B was dredged froin a point 12 
miles east. of PV 322 (fig. 1), but on a much smaller 
submarine peak, and at greater depths, 2,150 to 2,400 
fathoms ( 3,900 to 4,400 m) . The rock fragments are 
pale-gray, fine-grained basalt. In thin section, sub­
radiating and randomly oriented laths of plagioclase~ 
prismatic augite, and opaque oxides are scattered 
through a microcrystalline groundmass composed 
largely of these same minerals. 

The chemical composition of sample py·· 324 B is 
given in table 1. The analysis, coupled with the min­
eralogical data (table 2) , indicates that PV 324 B is 
a tholeiitic basalt similar in most respects to the 
average of Hawaiian tholeiitic basalt, but in other 
respects it is intermediate in composition between the 
alkali-rich basalts which cap the adjacent higher 
volcanoes and the typical tholeiites of the ocean floor. 
Hawaiian tholeiites contain more Ti, Fe, and K and 
less Al and N a than oceanic tholeiites. PV 324 B 
shows values of Al and N a intermediate between the 
average Hawaiian and oceanic tholeiites, but it contains 
more ferric iron, l(, and less Mg and Ca. In these 
respects it has a.flinities with the alkali-rich basalts. 
The tholeiitic basalt ( PV 324 B) contains less Ba, Nh, 
Rb, and Zr, and more Co, Cr, Ni, and Sc than do the 
alkali-rich basalts in table 1. These a.re characteristic 
differences 'between the tholeiitic basalts of the oceans 
and the alkali-rich varieties· (Engel and others, 1965, 
table 2). 



D108 MARINE GEOLOGY 

RELATION OF ROCK TYPE TO TYPE OF VOLCANO 

Volcanoes south of the lineament (fig. 1) have prob­
ably evolved much like those in the eastern Pacific 
Ocean. (Baja Seamount province) in a manner that 
may be -contrasted with the Hawaiian chain. The 
volcanoes .of figure 1 are of moderate size and occur 
singly and in pairs, but without marked connecting 
ridges, or large, fringing "archipelagic aprons" of 
lava. In these respects, the volcanoes appear to have 
been built over relatively confined, localized conduits, 
supplying limited volumes of lava, possibly at mod­
erate rates of extrusion. Under these circumstances, 
ideal conditions may exist for gravitative differentia­
tion, especially the aqueous transfer of alkalis upward 
in the elevated volcanic conduits (Engel and others, 
1965, p. 726-727). 

In contrast, the Hawaiian chain is constructed from 
extremely voluminous lava flows which emanated from 
a great rift zone in a relatively short period; the 
exposed parts of the Hawaiian chain have been built 
in less than 2 million years (McDougall, 1964, p. 107). 

Along the great Hawaiian rift the large volume and 
rapid extrusion of lava would have prevented appre­
ciable gravity differentiation and aqueous transfer of 
alkalis from occurring except during lulls and waning 
stages of the eruptive cycles (Macdonald and Katsura, 
1964, p. 82-92). It is largely during these lulls and 
late stages that the subordinate alkali-rich lavas 
appear in the Hawaiian Islands. 

The proximity of alkali-rich basalt PV 322 on the 
upper flanks of an elevated volcano and tholeiitic 
basalt PV 324 B on the smaller volcanic peak immedi­
ately to the east also suggests that ,many of the large 
volcanoes have been built upon tholeiitic roots. 

This suggestion also is implicit in the results of 
Moore's ( 1965) study of material dredged immediately 
to the northeast. He has dredged basalts from the 
submarine extension of the east rift zone of Kilauea 
volcano, and from the tops and upper slopes of sea­
mounts southwest of Hawaii. All the basalts from 
the rift zone are tholeiitic; but the single alkali-basalt 
·described by Moore~ is from the top of the l\1:cCall sea-

mount, a volcano which rises about 3,000 m above the 
surrounding sea floor. It contains, in weight percent, 
4.08 percent N a20, 2.11 percent K 20, and has an 
Fe20a/FeO ratio of 0.32. 

One other contrast between alkali-rich and tholeitic 
basalts is apparent from recent dredging work. Alkali 
basalts appear to vesiculate at higher hydrostatic pres­
sures than tholeiitic basalts. . This was suggested by 
earlier dredging and seems to be confirmed in our 
studies in the vicinity of Hawaii. The alkali-rich 
basalts that mantle the upper slopes of seamounts 
built upon the abyssal sea floor southwest of Hawaii 
are far more vesicular, and contain larger vesicles than 
tholeiitic basalts extruded at equivalent and much 
shallower depths along the Hawaiian rift. The. close 
proximity of the contrasting lava types, and crude 

·equivalence in age seems to preclude the possibility 
that the vesiculated, alkali-rich basalts also were 
extruded much nearer the surface and subsequently 
depressed by warping of the sea floor .. Very possibly 
the differenqe in vesicularity is due to a greater 
volatile content, including some sea and meteoric water, 
in alkali basalt magmas. 

REFE-RENCES 

Engel, A. E. J., and Engel, C. G., 1964, Igneous rocks of the East 
Pacific Rise: Science, Y. 146, p. 477-485. 

Engel, A. E. J., Engel, C. G., and Havens, R. G., 1965, Chemical 
characteristics of oceanic basalts and the upper mantle : 
Geol. S-oc. America Bull., v. 76, p. 719-734. 

Le Maitre, R. W., 1962, Petrology of volcanic rocks, Gough 
Island, South Atlantic: Geol. Soc. America Bull., v. 73, 
p. 1309-1340. 

Macdonald, G. A., and Katsura, T., 1962, Relationship of petro­
graphic suites in Hawaii ; The Crust of the Pacific Basin : 
Am. Geophys. Union Mon. 6, p. 187-195. 

-- 1964, Chemical composition of Hawaiian lavas: Jour. 
Petrology, v. 5, p. 82-133. 

McDougall, Ian, 1964, Potassium-argon ages from lavas of the 
Hawaiian Islands: Geol. Soc. America Bull., v. 75, p. 
107-128. 

Moore, J. G., 1965, Petrology of deep-sea basalt near Hawaii: 
Am. Jour. Science, v. 263, p. 40-52. 

U.S. Naval Oceanographic Office, 1962, A marine magnetic sur­
vey south of toe Hawaiian Ishmds: Tech. Rept. TR-137, 47 p. - .. · - - . - - . 



•, 

GEOLOGICAL SURVEY RESEARCH 1966 

THE . EFFECT OF MAGMATIC DIFFERENTIATION 

ON THE MAGNETIC PROPERTIES OF DIABASE SHEETS 

OF SOUTHEASTERN PENNSYLVANIA 

By MYRL E. BECK, JR., Silver Spring, Md. 

A.bstraot.-Specimens from 6 differentiated sheets of Triassic 
diabase from southeastern Pennsylvania show a marked in­
crease in remanent and induced magnetic intensity accompany­
ing crystal fractionation. This increase in magnetic moment 
probably reflects absolute enrichment in total iron, accompanied 
by a rise in the relative importance of ferric iron, in passing 
from mafic to felsic differentiates. In gently dipping sheets 
there is a tendency for residual fluids to concentrate near the 
top of the sheet, and this process may produce marked asym­
metry in aeromagnetic profiles across such sheets. Especially 
high stability of remanent magnetization seems to be associated 
with the mafic fraction. 

Differentiated sheets of tholeiitic diabase have been 
subject to intensive study by petrologists and mineral­
ogists for n1any years, and as a result their fractionation 
trends are comparatively well known. In recent years 
they have also claimed the attention of geophysicists 
because they are excellent subjects for paleomagnetic 

. investigations. Much of this work has tended to show 
that there is ·a strong correlation between the magnetic 
properties of n particular specimen of diabase and its 
state of differentiation (see, for instance, Bull and 
others, 1962 ; Jaeger and Joplin, 1955 ; Jaeger and 
Green, 1958). In view of this interest in diabase intru­
sions, it was decided to examine the relationship be­
tween lithology and certain magnetic properties in 
several thick sheets from the Triassic of southeastern 
Pennsylvania. The a.verage direction of remanent 
1nagnetization for these bodies has been determined 
previously (Beck, 1965), and ·aeromagnetic mapping 
shows that strong internal magnetic contrasts are pres­
ent (Bromery and Griscom, in press). The present. 
paper attempts to account for some of these contrasts 
in terms of magmatic differentiation. 

VARIATIONS IN TOTAL MAGNETIZATION AND 
LITHOLOGY 

A total of 219 specimens were collected from 6 hig4-
way and railroad cuts (fig. 1) which offered substan­
tially continuous sections through major portions of 
thick diabase sheets. The following properties were 
determined for each specimen : natural remanent mag­
netization ( J n) ; remanent magnetization after demag­
netization in an alternating field of 150 oersteds ( J 1so) ; 

apparent magnetic susceptibility (k); ·and density (p). 
In addition, 32 thin section were scanned to determine 
the following : color index and grain size; presence or 
absence of olivine and orthopyroxene; amount of mi­
cropegmatite; amount, grain size, and apparent mode 
of occurrence of opaque grains; and degree of altera­
tion of primary ferromagnesian minerals. 

Figure 2 shows variations in magnetization in 210 of 
these specimens - the remaining 9 are very strongly 
magnetized and fall outside the diagram. 

The total intensity of magnetization of a volume 
of rock in situ (J) is given by 

-:t =-:In+ icr, 
where Tis the total intensity of the earth's magnetic 
field and ln, the remanent intensity, can have any 
orientation, depending on: ( 1) the direction and polari­
ty of the earth's magnetic field at the time the rema­
nence was acquired, (2) the degree to which this rema­
nence originally paralleled the paleogeomagnetic field, 
( 3) the degree to which it retained its original direc­
tion (with respect to coordinates fixed in the rock), 
and ( 4) the tectonic history of the rock after it became 
magnetized. However, T is not a rock property, and 
neither are the more important factors (numbers 1 and 
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FIGURE 1.-Index map of southeastern Pennsylvania showing areas of outcrop of Triassic diabase (shaded) and sampled localities (X) 

4) controlling the direction of ln. A relationship of 
greater interest here is 

J = Jn + K, 
where K = 1 • k, (defining a standard induced inten­
sity of 1nagnetization as that induced in a unit mag­
netic field, and numerically equal to the apparent 
susceptibility). This function defines a magnetization 
which is independent of direction and of the inducing 
field. The remaining factors controlling the direction 
of Jn are related to lithology and n1ust be included in a 
cmnplete investigation of the effect of differentiation 
on rock magnetic properties. However, factor 2, mag­
netic anisotropy, probably is insignificant in homo­
geneous rocks containing unoriented grains of magnetic 
oxide. Factor 3, magnetic stability, is dealt with in a 
later section. 

The relationship J = J n + K is implicit in figure 2, 
in which remanent intensity is plotted against standard 
induced intensity. In this plot, specimens of equal 
magnetizatio!1 lie on straight lines with a slope_ of 
minus one. The loci of points J = 1.12 X 10~3 and J = 
2.52 X 10-3 electromagnetic units per cubic centimeter 
are indicated.. The median intensity for these 219 
specimens is approximately 1.75 X 10-3 emu cm-3

, and 
95 percent are included in the range 2.52 >Jn!K >0.37, 
'vhich for southeastern Pennsylvania is eqnivalent to a 
range in the r,atio for remane~t to induced magnetiza­
tion of 4.4 >Q >0.64, where Q, the ICoenigsberger 
ratio, represents the quantity J nl KT (Koenigsberger, 
1938). 

The three region.s of figure 2 defined by. the lines 
J = 1.12 X 10-3 and J = 2.52 X 10-3 emu cm-3 are 
used below to describe variations in lithology. 

( 1) Specimens for which J < 1.12 X 10-3 en1u cm-3 

tend to be conspicuously mafic, with color indices aver­
aging about 55. Most contain orthopyroxene, in ma.ny 
cases as phenocrysts, and very few contain large opaque 
grains. Interstitial 1nicropegmatite is very rare in 
these specimens, and pyroxene grains tend to be little 
altered. 

(2) Specimens with magnetization in the range 1.12 
X 10-3 < J < 2.52 X 10-3 emu cm-3 contain very little 
orthopyroxene (none was observed in the upper part 
of the range). Color indices average less than 50, and 
micropegmatite is present in most slides, ranging up to 
about 8 percent. Large opaque grains are rare, but 
they are slightly more common than in the weakly 
magnetized group, especially in the upper half of the 
range. Most pyroxene grains are not badly altered, 
but there is a definite increase in the number of grains 
surrounded and partially replaced by hydrous minerals 
(mainly chlorite and biotite) and by opaque material. 

( 3) In thin sections representative of the strongly 
magnetized specimens, in which J > 2.52 X 10-3 emu 
cm-3

, the proportion of micropegmatite shows a sharp 
increase, to a maximum observed abundance of 30 per­
cent. Largely as a result of this increase, the color 
index declines. No orthopyroxene was observed in 
this group, and clinopyroxene grains tend to be mod­
erately to strongly altered to hydrous silicates and 
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FIGURE 2.-Intensity of natural remanent magnetization (J n) and intensity of induced magnetization 
for a. field of 1 oersted (K), for 210 specimens of differentiated diabase. Large dots indicate speci­
mens for which J t5o/ J n 2:::0.70. 

opaque material. Large opaque grains are possibly a 
little more abundant than in the preceding groups 
but still are not com1non; their maximum dimensions, 
on the other hand, are slightly increased. There is a 
marked increase in the amount of opaque material asso­
ciated with alteration of ferromagnesian minerals. In 
overall appearance even the most felsic specimens in 
this group are "normal" diabase, although several 
approach the "schlieren" or "patch" varieties of diabase 
pegmatite described by vValker (1953). No attempt 
was made to include pegmatitic or gr·anophyric differ­
entiates in figure 2. 

To summn.rize, increase in magnetization is accom­
panied by n, growth in the proportion of late-stage, 
interstitial micropegmatite and by a general increase 
in the content of felsic material. Pyroxene alteration 
increases with magnetization, and orthopyroxene, prob­
ably an indicator of relatively early, high-temperature 
crystallization (Poldervaart and Hess, 1951), is found 
only in weakly 1nagnetized specimens. On the average 
there is an increase in grain size with increasing mag­
netization, but the range in grain size for the three 
groups is nearly identical. Also, there is little evidence 

of a strong correlation between the average opaque 
grain size and total magnetization, although specimens 
in the group J > 2.52 X 10-3 emu cm-3 h~ve more 
large ( > 0.5mm) opaque grains than do the other 
specimens. As might be expected, there is a strong 
correlation between J and the percentage of opaque 
grains in a given specimen. Olivine is almost entirely 
absent from these rocks. 

An attempt was made to detect systematic petro­
graphic differences in samples with similar magnetiz-a­
tion, but strong differences in the relative values of the 
remanent and induced components (the Jn/l{ ratio). 
If such differences exist they are too subtle to be 
detected by reconnaissance petrography. However, 
among weakly magnetized specimens there seems to be 
a, slight tendency for relatively high values of J nl K to 
be confined to particul·arly mafic, micropegmatite-free 
material. 

MAGNETIC STABILITY 

Figure 2 also has been used to indicate variations in 
coercive force, an intrinsic property closely related to 
stability of remanent magnetization (see, for instance, 
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Irving, 1964, p. 21-22). For all specimens the ratio 
J 15oi J n was determined; large values of this ratio show 
that the bulk. of J n was unaffected by alternating mag­
netic fields of 150 oersteds and thus is relatively "hard" 
and presumably stable. Values of J 15o/ J n >: 0.70 are 
shown as large dots on figure 2. There is a clear ten­
dency for specimens with high coercivity ratios to be 
concentrated in regions of low magnetization, and a 
l~ss obvious preference on the part of such specimens 
for the "high J~~_" side of the plot. All but a few spe­
cimens with coercivity ratios of 0.70 or more are 
clustered near the line Jn = 1.55K. The significance 
of this alinement is not clearly understood. 

The rehitionship between magnetization and mag-· 
netic stability is indicated more clearly in figure 3 
(A.) and (B), in which the 219 diabase specimens have 
been placed in 10 groups of approximately equal mag­
netization. The limits of these groups are indic~ted 
in table 1. From figure 3A it is apparent that the 

TABLE 1.-Upper and lower limits of magnetization for the 10 
groups of figure 3 

Interval 
Group JXloaemucm-a 
!________________ <O. 34 
2 ________________ 0.3&: .59 

3-------------~-- . 60-1. 12 
4---------~------ 1.13-1.55 
5 ________________ 1. 56-1.78 

Interval 
Group JX103 emu cm-3 
6 ________________ 1. 79-2.12 
7 ________________ 2.13-2.52 
8 ________________ 2. 53-3.11 
g __ c_ _____________ 3.12-4.48 
10 _______________ >4.48 

coercivity ratio, and presumably the stability, of these 
rocks declines steadily with increasing magnetization. 

For this suite of specimens it is also possible to test 
for magnetic stability directly, because the mean direc­
tion of remanent magnetization of Triassic diabase in 
Pennsylvania is known with considerable ·precision 
from previous studies (Opdyke, 1961 ; Beck, 1965) . 
Figure 3B provides such a test in the form of a tabu­
lation of the percentage of specimens in each group 
which differ by more than 36 ° from the true mean 
direction. The angle 36° was selected because it rep­
resents approximately twice the angular dispersion 
(8) shown by Creer (1962) to be inherent in modern 
geomagnetic secular variation at a latitude equal to the 
paleomagnetic· latitude of the Pennsylvania diabase 
intrusions. For certain distributions, 8 is the best esti­
mate of standard deviation, and by analogy with 
planar distributions 28 may be expected to include 
approximately 95 percent of the population.. Since 
geomagnetic secular variation may have been less in 
the Triassic than at present (Beck, 1965, p. 2850-2851), 
individual specimens which deviate by more than 28 
( 36 °) from the mean clearly may be classed as aber­
rant, and probably are unstable. Figure 3B shows that 
the frequency of such specimens generally increases 
with increasing magnetization from group 1 through 
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FIGURE 3.-Average values of the 

coercivity ratio (A) and density 
(C), with the proportion of speci­
mens with strongly deviating direc­
tions of remanent magnetization 
(B), for groups of specimens of 
nearly equal magnetization. Aver­
age magnetization increases from 
group 1 through 10 (see table 1 and 
text). 

group 7, but drops to moderately low levels in groups 
8 through 10. Evidently specimens with magnetization 
oTeater than about 2.50 X 10-3 emu cm-3 have fairly 
b 

high stability of. remanent directions even though a 
large fraction of their remanent moments are concen­
trated in domains of low coercivity. For reasons that 
are not clear, disturbing magnetic fields have been rela­
tively ineffective in producing a realinement of low-
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coercivity domains in these highly magnetized speci­
Inens. Extreme stability, however, seems to be a 
property of weakly magnetized diabase. 

Average densities for the 10 groups are shown in 
figure 30. The inverse correlation between density 
and magnetization is striking. 

Origin of magnetic variations 

According to Everitt ( 1961, p. 692), magnetic varia­
tions in differentiated diabase sheets may arise from 
differences in, (1) total iron content; (2) proportion 
of total iron occurring as magnetic oxides; and ( 3) 
kind of magnetic oxide, taking into consideration min­
eralogical factors which might affect saturation mag­
netization, such as crystal·structure and chemical com­
position. Everitt was concerned with remanent 
magnetic intensities only, and for these he suggested 
that differences in the amount of natural remanence 
acquired by a uniform magnetic mineral fraction also 
could be significant. The latter explanation could 
account for 3ome of the variation of J n observed in the 
present study, but it does not explain differences in 
magnetic susceptibility. However, the strong correla­
tion between Jn nnd [{ in these rocks suggests that 
processes which effect one without the other probably 
are of secondary importance. 

An important chemical trend in many differentiated 
basalt sequences is toward enrichment in total iron 
until late in the magmatic history of the rock, followed 
by an n.brupt decrease in iron in the final stages of 
crystallization. This differentiation sequence is best 
exemplified by layered plutonic bodies, but it also is 
recognizable in some thick diabase sills. The chemical 
data presented by IIotz ( 1953) and Walker ( 1940) 
show that this trend has been followed by represen­
tatives of the family of diabase intn1sions studied in 
this report. 

If a constant proportion of total iron in rocks of 
basaltic composition were to occur as magnetic oxides, 
iron enrichment would produce an increase in mag­
netization. :However, for the diabase bodies examined 
in :this report this process alone is quantitatively inade­
quate. As 'a .first approximation, magnetization should 
be roughly proportional to content of magnetic oxide, 
if all mineralogical· factors are constant, and under 
these circumstances .total iron content and total mag­
netization should show a similar i.·ange of variation. 
The ratio of the average magnetization of group 1, 
figure 3, to that of group 10 can be used as an index 
of 'the increase in magnetization accompanying the 
differuJ; tiation process in these diabase sheets; this 

. ;~.· 

ratio is 17/1 and is somewhat conservative because of 
the exclusion of diabase pegmatites. This is in distinct 
contrast to the ratio of maximum to minimum total 
iron in most suites of differentiated diabase, which 
rarely exceeds 3/1. Evidently other processes also 
contribute to the observed differences in magnetization. 

Besides producing an increase in total iron, differen­
tiation of diabase magma also might cause a sys­
tematic change in the proportion of total iron crystal­
lizing as magnetic oxides. Chemical analyses suggest 
that this is the case, since many suites of analyses indi­
cate that the ratio of ferric to total iron increases with 
increased differentiation. Analyses listed by Walker 
(1953, p. 50-51) for diabase pegmatities and associated 
nonpegmatitic diabase show the pegmatites with· 
higher ratios of ferric to :total iron in 7 of 9 cases; one 
pair, from the ICaroo dolerites, shows a sixfold in­
crease, and a search of the literat~re indicates that this 
value is not uncommon. This figure also may serve as 
a rough upper limit of the variation in the percentage 
of total iron crystallizing as magnetic oxides within a 
suite of differentiated diabase. Ferric iron is found in 
silicates as well as oxides, and further complications 
are introduced by the fact that there are wide varia­
tions in the ferric iron content of the several iron 
oxide minerals which may contribute to the magneti­
zation of a rock. However, it seems safe to assume 
that rarely does the proportion of total iron crystalliz­
ing as magnetic oxides increase within a single dif­
ferentiated diabase suite by a ratio of more than 6/1. 
This, combined with a 3/1 increase in total iron, shows 
that .the 17 -fold increase in magnetization of figure 2 
could be brought about by ordinary differentiation proc­
esses, without the aid of changes in mineralogy of the 
magnetic grains. 

No adequate study of the opaque minerals in these 
rocks has been attempted to date. Nevertheless, on 
theoretical grounds and by analogy with other bodies 
it seems safe to predict that systematic changes in 
opaque mineralogy are present. These changes might 
be of two types: ( 1) variations ·in the amount of tita­
nium, or other metallic ions, substituting for iron in 
the oxide lattice; (2) oxidation effects, involving crys­
tallization of magnetic oxides as cubic minerals with 
.lattice vacancies ( titanomaghemite and transitional 
types), as members of the hexagonal hematite-ilmenite 
series, or, in the case of very strong oxidation, as mem­
bers of the paramagnetic pseudobrookite series. 

The effect of mineralogical changes on total mag­
netization is not easy to predict. In the magnetite­
ulvospinel solid-solution series there is a steady de­
crease in saturation magnetization with increasing 
titanium content, and titanium content in turn is con-
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trolled to a great extent by temperature and oxygen 
r>ressure (Buddington and Lindsley, 1964). By this rea­
soning, magnetite with relatively low saturation mag­
netization should be found in mafic materia], and such 
a correlatjon has been observed in volcanic rocks (N a­
gata, 1961, p. 92). High oxygen pressure also can 
bring about the crystallization of oxidized iron-titan­
ium spinels intermediate in composition between mag-

. netite-ulvospinel and he1natite-ilmenite, and in ex­
treme cases titanomaghemite or minerals within the 
hematite-ilmenite-psuedobrookite field can develop 
(1\:atsura and Kushiro, 1961). Progressive oxidation 
of these spinel phases involves an increase in the num­
ber of vacancies in cation lattice sites, and this in turn 
seems certain to have an important effect on magne­
tite properties. Akimoto and others (1957, p. 177) 
have traced the change in saturation magnetization 
with oxidation over part of the compositional field 
lying ·between the magnetite-ulvospinel and the hema­
tite-ilmenite joins, and their data suggest that, depend­
ing on titanium content, moder,ate oxidation can either 
raise or lower saturation magnetization to a slight ex­
tent. Data for strongly oxidized spinels are lacking. 
However, extreme oxidation, resulting in the crystal­
lization of hematite-ilmenite or pseudobrookite at the 
e.xpense of a spinel phase, might be expected to lower 
total m,agnetization; if no other changes take place. 
In view of these uncertainties it seems unprofitable 
to speculate on the magnetic effects of changes in. 
opaque mineralogy which may accompany the dif­
ferentiation process in diabase sheets. Mineralogical 
chafiges lihdoubt~dly· occur; ·and, stud y-:of 'such changes 
should contribute to an understanding of basaltic dif­
ferentiation, especially as regards the role of oxygen 
pressure. However, changes in opaque mineralogy are 
not necessary to explain the pattern of magnetic va­
riation observed in differentiated diabase. 

Stability of remanent magnetization is another phy- _ 
sical property of diabase which clearly relates to dif­
ferentiation, and here it is likely that changes in 
opaque mi~eralogy play ,a dominant role. Figures 2 
and 3 show that high magnetic stability is an attribute 
of weakly magnetized material probably formed early 
in the cooling history of the diabase sheets, and figure 
3 A and 0 indicates that as the rock varies from 
mafic to felsic, coercivity decreases. This probably re­
flects systematic changes in the mineralogy of the 
magnetic oxides brought on by falling temperature 
and increasing volatile content; in particular, oxida­
tion probably plays an important role. For instance, 
Akimoto and Kushiro (1960) have shown that in-

. stability of remanent magnetization in a Miocene dia-

base is related to the presence of titanomaghemite, ap­
parently for1ned at the expense of titanomagnetite. 
Watkins and Haggerty ( 1965), in a detailed study of 
a single thin basalt flow, demonstrated a marked 
correlation between magnetic stability and oxidation 
state; in their specimens instability also correlated 
with the presence of maghemite, as an alteration prod"' 
uct of magnetite and ilmenite. However, in Watkins 
and Haggerty's study, the maghemite zone constituted 
the least oxidized part of the flow; as maghemite gave 
way to hematite and pseudobrookite, magnetic stabil­
ity rose. _ This change was accompanied by an incre;_ase 
in the intensity of remanent magnetization, which 
might have been caused by the effect of increasing 
oxidation on the proportion of total iron in the rock 
existing as magnetic oxides. In view of these observa­
tions it is tempting to suggest that the changes in mag­
netic stability observed in the present study also re­
flect the influence of oxidation. Thus, the steady de­
cline in magnetic stability from group 1 to group 7 
(figure 3 B) could represent a gradual oxidation of 
titanomagnetite toward titanomaghemite, while the 
sudden rise in stability in group 8 might reflect the 
appearance of members of the hematite-ilmenite series. 
However, this would not seem to explain the continued 
decline in coercivities. 

Variation in grain size of magnetic oxides also may 
contribute to differences in magnetic stability through 
the well-known inverse relationship between particle 
diameter and coercive force (Nagata, 1961, p. 27-29; 
99). Coercivity changes related to grain size also 

- might be expected to influence magnetic stisceptibliity. 
A general tendency for grain size to increase with total 
magnetization was noted above, and it is possible that 
this increase contributes to the gradual decline in 
coercivity shown in figure 3A. However, it seems 
unlikely that grain -size effects in the present study are 
significant, for the following reasons: ( 1) Above 100 
to 200 microns, particle size apparently has little effect 
on coercivity, and the bulk of the opaque grains in 
these rocks are considerably larger than this. ( 2) 
1Vithin each group of figure 3 there is a considerable 
range in grain size, but no within-group correlation 
between grain size and either susceptibility or coerciv­
ity could be detected. (3) High coercivity caused by 
very small magnetic particles might be expected to 
produce a noticeable increase in the ration J nl K, but no 
such increase was observed. 

Summary of the effects of magmatic differentiation on 
magnetic properties in diabase 

The following is a simple working hypothesis based 
on widely recognized chemical and petrological trends. 

\ 
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It can easily be tested against other examples of differ­
entiated tholeiitic basalt. In principle it is applicable 
to large intrusive bodies of any shape, but the follow­
ing sketch is aimed specifically at diabase sheets which 
were substantin.lly horizontal during crystallization. 

( 1) Fractional crystallization progressively enriches 
the melt in iron, as well as in water and other volatiles. 
Total iron enrichment may be of the order of threefold. 
Cooling proceeds from both top and bottom of the 
sheet, but gravity causes the residual liquid to accumu­
late substantially above the center (Hess, 1960 p. 187-
190) . This final liquid is very fluid and may be 
injected along fractures or 1nigrate upward through 
cracks developed during cooling. 

(2) Concentration of volatile material causes pro­
gressive oxidation. The ratio of ferric to total iron 
can increase by as much ·as sixfold. 

( 3) Primary magnetite, probably rich in titanium 
:tnd similar cations suitable as substitutes for iron, 
begins to form early and continues to form throughout 
much of the cycle. This high-temperature spinel is 
responsible for the high magnetic stability of groups 
1-3. Specimens with only primary magnetite tend to 
be weakly magnetized because: (1) they crystallize 
early, thus are low in iron, especially ferric iron, and 
hence contain little magnetic oxide; (2) their magnetic 
oxides may contain cornparatively large amounts of 
cation ".impurities" and thus have low values of 
saturation magnetization. 

( 4) As the temperature falls and iron and volatile 
mruter.in,l accumulate, the quantity of primary magne­
tite increases. These later spinels may have less tita­
nium and other "impurities" in solid solution, but they 
also may tend to crystallize with lattice vacancies and 
so approach maghemite in composition. 

( 5) Deuteric alteration produces a later generation 
of magnetic oxide at the expense of primary ferromag­
nesian grains, and iron oxide minerals formed earlier 
are partially or completely recrystallized. The amount 
of alteration in any one sample is proportional to its 
content of interstital volatile material. These deuteric 
oxides probably are highly oxidized forms and 1nay 
consist of titanomaghemite, members of the hematite­
ilmenite solid solution series, or even pseudobrookite. 

Application to magnetic surveys and paleomagnetism 

Figure 2 suggests that a common assumption of mag­
netic interpretation, uniform magnetization, is valid 
only for very small bodies of rock. For instance, mag­
netization contrasts of more than 3.50 X 10-3 emu 
cm-3 are present within 6 closely related diabase sheets 

of figure 2, and a large part of that contrast is present 
within several individual sheets, none of which attains 
an unusually high degree of differentiation. If, as is 
to be expected, the highly magnetic fraction accumu­
lates near the top of the sheet, there would be more 
magnetization contrast between the upper third and 
lower third of the sheet than between the lower third 
and the underlying "nonmagnetic" country rock. This 
explanation may account for the pattern observed in 
the Triassic of Pennsylvania (Bromery and Griscom, 
in press), where the peaks of aeromagnetic anomalies 
associated with gently dipping diabase sills almost 
invariably are located near the upper contact, regard­
less of the direction of dip. This may reflect the 
tendency for highly magnetic, relatively felsic residual 
material to accumulate near the top of the sheet, possi­
bly even penetrating the overlying solid diabase and 
baked country rock along joints or cooling fractures. 
By a similar process the peak magnetic anomaly over 
a thick differentiated dike should occur near its center. 

The amplitude of internal aeromagnetic anomalies 
which might be expected over differentiated diabase 
sheets can be estimated ·from the magnetic contrast 
between group 10 and the average magnetization of 
the 6 diabase sheets. For T = 0.6 oersted this can 
range from 0.15 to 2.35 X 10-3 cgs emu cm-3

, depending 
on the direction of remanence. A semi-infinite slab of 
material with this magnetization, 100 feet thick, would 
produce anomalies of up to 100 gammas at a distanee 
of 500 feet. Differentiation may produce rare accumu­
lations of highly magnetic material somewhat thicker 
than this, but only in structurally favorable portions 
of extremely thick sheets. For comparison, the mag­
netic anomalies over commercial magnetite deposits 
associated with diabase in southeastern Pennsylvania 
range from several hundred to more than 1,000 gammas 
at a flight elevation of 500 feet. 

The indication that high magnetic stability is associ­
ated with mafic differentiates of diabase sheets may be 
useful in paleomagnetism since it should enable investi­
gators to attain maximum precision with a minimum 
number of samples. In extreme cases, limited collec­
tions of mafic samples may give reliable paleomagnetic 
poles even without extensive magnetic "cleaning". For 
instance, the data presented below contrast the pre- · 
cision obtained with samples from groups 1-3 (table 1) 
with results for the entire collection. Increasing the 
number of samples by a factor of more than three has 
greatly lowered overall precision, as indicated by 8, 
and has tightened the circle of confidence by an insig­
nificant margin. Neither direction differs significantly 
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from the direction reported previously (Beck, 1965) 
after magnetic "cleaning". 

Group 
1-3 ___________ _ 

1-10----~-------

N 

65 
219 

N, number of samples. 
D, mean declination of remanent magnetization. 
I, mean inclination of remanent magnetization. 
o, angular standard deviation. 
a% semi-apical angle of the cone of confidence at the 95-percent 

confidence level. 
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MAGNETIZATION OF KEWEENAWAN GABBRO IN NORTHERN WISCONSIN 

AND ITS RELATION TO TIME OF INTRUSION 

By KENNETH G. BOOKS/ WALTER S. WHITE/ and MYRL E. BECK, JR./ 
1 Silver Spring, Md., 2 Beltsville, Md. 

Abstract.-The average direction of remanent magnetization 
for gabbro that is intrusive into steeply dipping middle Ke­
weenawan lavas in northern 'Visconsin is similar to qirections 
measured by P. M. DuBois, of the Canada Geological Survey, 
for the Portage Lake Lava Series, the Copper Harbor Conglom­
erate, and the Duluth Gabbro Complex in the Lake Superior 
region. If the direction of remnn~nt magnetization for the 
gabbro in Wisconsin is rotated to eliminate the effect of tilt in 
the enclosing lavas, the similarity is destroyed. This suggests 
that the gabbro intrusion occurred after tilting. Further analy­
sis of all signiftcnnt paleomagnetic data for the region appears 
to limit intrusion of the gabbro in northern Wisconsin to the 
late Keweenawan. 

Directions of remanent 1nagnetization have been 
applied by a number of investigators to problems of 
geologic structure and correlation (Blundell, 1961; 
Blundell and Read, 1958; and Tarling, 1962). Recently 
P. l\1:. DuBois ( 1962), of the Canada Geological Sur­
vey, has had smne success in applying remanent mag­
netization to the stratigraphic correlation of J(eweena­
wan rocks exposed in the Lake Superior area. In view 
of the encouraging results obtained by DuBois it was 
decided to apply paleomagnetic techniques to the ques­
tion of the age, correlation, and structural history of a 
l{eweenawan gabbro-granophyre complex located west 
of Mellen, in northern Wisconsin. 

Many of the available paleomagnetic data, how­
ever, have many uncertainties and low precision. The 
following data establish limits as to the possible intru­
sion times for the gabbro near Mellen and demonstrate 
the potential use of detailed paleomagnetic analysis in 
stratigraphic n.nd structural studies. 

GEOLOGIC SETTING 

·The gabbro-granophyre complex near Mellen was 
studied in considerable detail by Leighton (1954). In 
the area of the present work (figs. 1 and 2) it consists 

of at least two distinct bands of gabbro and grano­
·phyre that are intrusive into basaltic lava flows of mid­
dle Keweenawan age. The gabbro and granophyre 
probably are correlative with the .Portage Lake Lava 
Series of the J{eweena w Peninsula in l\1ichigan and the 
North Shore Volcanic Group of Gehman (1958) in the 
Duluth area, Minnesota. The Duluth Gabbro Complex 
and the gabbro-granophyre complex west of Mellen 
exhibit many similar petrologic and structural features~ 
and are intrusive into middle Keweenawan basalt 
exposed on opposite flanks of the Lake Superior geo­
syncline (fig. 1). Because of these similarities, they 
have been considered by some investigators as being of 
the same age (Grout, 1918, p. 445, 446). The Duluth 
Gabbro Complex has been called middle Keweenawan 
in age (Grout and others, 1951), whereas Leighton 
(1954, p. 406) concludes that the. gabbro in northern 
Wisconsin "cannot be dated more accurately than 
post-lower Keweenawan". 

The stratified rocks of J(eweenawan age in the vicin­
ity of Mellen have steep dips to the north; the average 
attitude of lava flows in the area is N 70° E., 63° N. 
(Leighton, 1954, p. 405); Bands of gabbro and grano­
phyre trend roughly parallel to the strike of the flows 
(fig.2). 

Internal structures of two types are fairly common 
within the gabbro of the complex near Mellen. The 
more prevalent is a fluxion structure, defined by paral­
lelism of platy feldspar grains, that have an average 

·"attitude nearly parallel to the layering of the flows, 
along which the gabbro was injected. Leighton (1954, 
p. 410) attributes fluxion structure in the gabbro to 
"orientation produced by· friction during magmatic 
movement". Banding, consisting of parallel layers of 
contrasting mineral proportions, was observed in only 
three gabbro outcrops. Leighton(1954) states that this 
banding, which he· interprets as being due to originally 
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FIGURE 2.-Geologic map of the area west of Mellen, Wis. Modified from Leighton (1954). 

subhorizontal crystal settling, has a dip that averages 
15 o - 20 o less than the fluxion structure, that is, about 
45° NW. He cites this difference in dip as evidence 
for folding of the Lake Superior geosyncline prior to 
intrusion of the gabbro (Leighton, 1954, p. 410, 411) ; 
according to this interpretation the volcanic rocks had 
acquired dips averaging 15° - 20° at the time the 
gabbro was intruded. 

The paleomagnetic geochronology developed by 
DuBois (1962) for the Keweenawan of the Lake 
Superior region provides background for an independ­
ent solution of the problem of the time relation between 
intrusion and tilting. Providing that the rocks 
acquired their magnetization during or immediately 
after their initial cooling, the mean directions of rema­
nent magnetism for various Keweenawan formations 
given by DuBois (1962, table XVIII) can be used to 
help define the time of intrusion of specific Keweena­
wan rocks. As part of a broader program of geo­
physical studies in the area, therefore, we have measured 
the direction of remanent magnetization of the gabbro 
west of Mellen, in the hope of determining ( 1) the 
amount of tilt in the lavas at the time of ip.trusion of 
the gabbro-granophyre complex and (2) the time of 
intrusion of the gabbro relative to the time of intrusion 
of other Keweenawan formations. 

FIELD AND LABORATO·RY METHODS 

A total of 80 drill-core samples were collected from 
12 sites in the gabbro, 3 sites in the granophyre, and 

2 sites in adjacent Keweenawan lava flows. The cores 
were drilled in situ using a water-cooled diamond­
impregnated bit powered by a modified chain-saw 
motor. Local declination anomalies required the use 
of a sun compass for orientation. 

Remanent magnetic moments were measured on a 
motor-driven "spinner" magnetometer (Doell and Cox, 
1965). To eliminate the effects of unstable magnetic 
moments, all samples were magnetically "washed" in 
alternating fields in steps up to 500 oersteds. Conven­
tional Fisher (1953) statistical analyses were applied 
to the directions of magnetization derived from these 
procedures; mean directions were computed for indi­
vidual sampling sites, and an overall site mean for the 
gabbro was calculated using means from 14 s~tes. 
Three site means (localities 137, 140, and 141) which 
included 13 samples were discarded from the final cal­
culations because the circle of confidence (a 95 ) 

exceeded 25 ° and thus did not meet Irving's ( 1964, p. 
102) minimum criteria of reliability. Data from two 
sites located in extrusive rock between the two main 
gabbro sheets (localities 82 and 83, fig. 2) were 
included in these calculations because : ( 1) the horn­
felsic textures of the rocks indicate that they were 
recrystallized and possibly reheated above their Curie 
temperature at the time of gabbro intrusion; (2) the 
direction of magnetization of these extrusive rocks is 
typical of the gabbro and is at least 50° different from 
any direction which might be expected from a middle 
Keweenawan lava flow after the effect of postmag-
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netiza.tion tilting is removed; and ( 3) the remanant 
magnetization directions show a relatively high within­
site scatter, which is more typical of the slowly cooled 
gabbro than of unmetamorphosed middle Keweenawan 
lava flows measured by the authors elsewhere in the 
Lake Superior area. If the two sites frolll these extru­
sive rocks were to be discarded, the average direction 
for the gabbro west of Mellen would be shifted an 
insignificant amount, but the statistical precision of 
the results would be decreased. 

Mean directions of magnetization for the 14 sites 
(fig. 2) and for the entire gabbro body, together with. 
pertinent statistical data, are presented in table 1. 
These directions have been recomputed to an equivalent 
dire·ction at lat. 45° N., long. 90° W., in conformity 
with the practice used by DuBois (1962, p. 56) to 
permit direct comparison of directions of magnetiza­
tion from sampling sites located at great distances 
from one another. The recomputed data are shown in 
figure 3 together with mean directions calculated by 
DuBois (1962, p. 57) for the Duluth Gabbro Complex~ 
the Portage Lake Lava Series, and the Copper Harbor 
Conglomerate. The data for the Duluth Gabbro Com­
plex are uncorrected for geologic dip, the Portage Lake 
data are corrected for dips of 39° NW. to 57° NW., 
and the Copper Harbor data are corrected for dips of 
29° NW. to 31 o NW. ' , .. 

DISCUSSION 

A summary of the paleomagnetic results of DuBois 
(1962, table XVIII) for the Keweenawan strati­
graphic units of the region around Mellen is given in 
table 2 and figure 4. The mean directions for individ-
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FIGURE 3.-Mean directions of magnetization for the gabbro near 
Mellen, Wis., the Duluth Gabbro Complex, the Portage 
Lake Lava Series, and the Copper Harbor Conglomerate. 
Directions are recalculated to values that the equivalent 
dipole would produce at lat 45° N., long 90° W; Numbers 
apply to corresponding sites in table 1. Equal-area projection. 

TABLE !.-Summary of paleomagnetic data for gabbro and intercalated lavas near Mellen, Wis. 

Location of collecting site Mean direCtion of magneti- Mean direction at lat 45° N., 
zation at collecting site Radius of Precision long 90° W. 

Site No. (fig. 1) confidence parameter Number of 
circle aus (K) samples (N) 

N.lat W.long Azimuth (D) Inclination Azimuth (D') Inclination 
(degrees) (degrees) (degr!Jes) (I) (degrees) (degrees) (I') (degrees) 

-------------- --------
78 ___________________ 46.4 90.9 283:0 48.5 19.3 16.6 5 284.0 48.5 79 ___________________ 46.3 90.9 283.5 23.5 19.9 15.7 5 285.0 23.5 80 ___________________ 46.3 90.9 255.0 46.5 8. 1 128.2 4 255.5 45.5 81 ___________________ 46.3 91.0 316.5 41.0 23.5 11.5 5 317.0 39.5 82 ___________________ 46.3 91.0 307.0 42.0 21.4 7.6 4 307.5 40.5 83 ___________________ 46.3 91.0 286.0 61.5 20.3 15. 1 5 287.5 60.5 84 ___________________ 46.3 91.0 338.5 67.0 19.2 13. 1 5 338.5 65.5 85 ___________________ 46.3 91. 1 341.0 55.5 5.0 339.9 4 341.0 54.0 134 __________________ 46.3 91.0 287.0 45.5 20.3 9.4 4 288.0 44.0 138 __________________ 46.3 91.0 300.5 47.5 10.9 50.6 4 301.0 46.0 139 __________________ 46.3 91.0 308.5 19.0 15.7 18.5 5 309.0 17.5 142 __________________ 46.3 90.9 293.0 65.5 21.5 13.6 5 294.0 64.5 143 __________________ 46.3 90.7 268.5 31.5 7.6 78.5 6 269.0 31.0 144 __________________ 46.4 90.6 265.5 39.5 23.9 8.8 6 266.5 39.0 
Mean of site means at 
A~----------------- ---------- ---------- 293.5 47.5. 11. 2 13.5 14 294.0 46.5 

I Mean of site means on figure 2. 
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TABLE 2.-Summary of paleomagnetic data for some Keweenawan 
formations of the Lake S1tperior region 

[Modified from DuBois (1962, table XVIII)] 

Moan direction at 
Stratigraphic sequence !at 45° N., long 90° W. Radius Preci- Num-
(letters In parentheses of con- sion ber of 

refer to points In 
-::muth I Inollnation 

fldence par am- sa~les 
fig. 4.) circle eter ( ') 

(D') (I') ag~ (K') 
(degrees) (degrees) 

Upper Keweenawan 

Bacfield Group: 
hequamegon 

15 Sandstone (S) 228.5 73.5 5.5 46.5 
Devils Island 

Sandstone -------- -------- ------ ------
Orienta Sandstone 

(R) 273.0 -6.0 22.0 6.5 8 
Eileen Sandstone (P) 300.5 -20.5 6.5 18.5 28 
Oronto Grou£: 

Freda San - } 
stone (O) 283.5 0.0 3.5 25.8 68 Nonesuch 
Shale 

co0per Harbor 
onglomerate (M) 293.5 33.0 6.5 20.2 25 

Middle Keweenawan 

Duluth Gabbro 
Complex (B) 287.5 30.0 8.5 17.0 18 

Portage Lake Lava 
47.2 31 Series (L) 282.5 45.0 4.0 

ual formations have been connected by solid lines for 
great-circle paths on the lower hemisphere and dashed 
lines for paths on the upper. Arrows indicate the 
progression from older to younger formations. 
Although the true course and nature of the path con­
necting these points are highly speculative, the dia­
grmn does suggest a fairly orderly shift in direction 
of remanent n1agnetism from the Portage Lake Lava 
Series to the Eileen Sandstone, possibly followed by 
a change in the opposite direction back to the Orienta 
Sandstone. 

Duluth Gabbro Complex 

The implications of the available paleomagnetic data 
for the gabbros near Duluth, Minn., and Mellen, Wis., 
respectively, are summarized in figure 4. Point B 
represents the present direction of remanent magnetism 
in the gabbro at Duluth, and point B'.represents what 
the direction would be if the gabbro were tilted 15 o 

toward ·the west to make the underlying lavas horizon­
tal; B', in other words, represents the direction of the 
earth's magnetic fie,ld at the time of intrusion of the 

gabbro, provided that the lavas were horizontal at that 
time. Because the actual attitude of the lavas at the 
time of intrusion is unknown, all that can be said is 
that within the limits of error of the actual measure­
ments, the direction of remanent magnetization at the 
time of intrusion apparently lies somewhere on the 
dotted line B-B'. 

If all the data in figure 4 were precise, including the 
path along which the direction of remanent magnetism 
changed between Portage Lake (L) and Copper Har­
bor (11/) time, the intersection of B-B' and L-11!' 
would represent the direction of remanent magnetism 
during intrusion and would suggest intrusion during 
the interval between Portage Lake and Copper Harbor 

A' 

w 

N 

s 
EXPLANATION 

• North pole on lower hemisphere 

0 
North pole on upper hemisphere 

Present dipole 

E 

FIGURE 4.-Synoptic diagram of mean directions of remanens 
magnetization, Keweenawan rocks, western Lake Superiot 
region, recomputed to lat 45° N., long 90° W. Geologic unitr 
are A, gabbro near Mellen, Wis., and B gabbro near Duluth, 
Minn., uncorrected for dip; A' and B' are, respectively, the 
same gabbros but corrected for dip of the underlying lava 
flows; A" represents a 20° dip correction from A; L, 'Portage 
Lake Lava Series; M, Copper Harbor Conglomerate; 0, Freda 
Sandstone and Nonesuch Shale; P, Eileen Sandstone, R, 
Orienta Sandstone; and S, Chequamegon Sandstone. Data 
from the gabbro near Mellen are new, the remainder are from 
DuBois (1962, table XVIII). Equal-area projection. 
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times. Considering all the uncertainties, however, it is 
probably safe to conclude only that the Duluth Gabbro 
Complex was intruded when the underlying rocks were 
somewhat flatter than .they are now, and during the 
general interval that includes Portage Lake and 
Copper Harbor time. 

Gabbro intrusion near Mellen 

There is a general agreement between the paleomag­
netic field directions for the Portage Lake Lava Series 
( L) and the Copper Harbor Conglomerate ( 111) , both 
corrected for geologic dip, and the two gabbros (A and 
B), both uncorrected for dip (fig. 4). In addition, the 
field directions for collection sirtes 82 and 83 agree (fig. 
3). These are from steeply dipping lava flows prob­
ably altered during the gabbro intrusion near Mellen. 

The grouping of all paleomagnetic field directions 
suggests emplacement during the same general time 
interval and seems to imply that the gabbros were 
intruded subsequent to Copper Harbor time after most 
of the tilting had been completed. Such a conclusion, 
however, ignores the fact that upper Keweenawan sedi­
mentary rocks overlying the Copper Harbor have been 
tilted along with the lavas and conglomerate but do 
not have similar paleomagnetic field directions. 
DuBois (1962) has calculated mean directions of mag­
netization for these sedimentary rocks which, after 
correction for dip, are significantly different from the 
means for the three igneous units (fig. 4 and .table 2). 
Thus, an apparent paradox exists, and alternative 
explanations must be ·considered. 

Three alternative possibilities are discussed below. 
(1) It is possible that directions of magnetization 

are here unreliable as stratigraphic indicators. This 
would occur, for instance, if the measured directions 
of magnetization for the various rock units did not 
reflect the ambient geomagnetic field at the time these 
rock units were formed. Alternatively, a rapidly fluc­
tuating, nonsystematic geomagnetic field would intro­
duce much scatter in remanence directions and lead to 
confusion in attempts to interpret the paleomagnetic 

·data. ·However; a preliminary compilation· indicates 
great consistency in direction of magnetization for the 
Portage Lake Lava Series and Copper Harbor Con­
glomerate throughout nearly 20,000 feet of strati­
graphic, and 130 miles of horizontal, extent, which 
strongly suggests a stable field (Books, unpub. data). 
DuBois ( 1962, p. 25) also cites evidence for magnetic 
stability in the Portage Lake Lava Series, and our 
results for the gabbro near 1\t[ellen are based on direc­
tions of magnetization freed of the effects of magne~ic 

instability by careful alternating-field "washing". As 
the igneous units in question are largely unaltered and 
effectively isotropic, there is little doubt that their 
directions of magnetiz&tion reflect the ambient mag­
netic field at the time of their formation. 

The origin of the directions of magnetization of the 
sedimentary units, however, is less ce,rtain. Irving 
(1964, p. 30-32, 96-99) has summarized .the special 
problems involved in the interpretation of direction 
of magnetization of sedimentary rocks, and an analysis 
of the problem is beyond the scope of this paper. It 
may be noted, however, that two commonly occurring 
interpretative problems involve (a) an inclination of 
remanent magnetization shallower than that of the 
paleomagnetic field, and (b) a direction of remanent 
magnetization acquired at some .time later than the 
time of accumulation of the clastic fraction of the rock, 
as, for example, during diagenesis. A direction of 
remanent magnetization that differs from that of the 
ambient field at the time of sedimentation, nevertheless, 
co~ld be highly stable and might well be accepted as a 
reliable indicator of paleomagnetic direction in the 
absence of careful analysis. It is noteworthy that 3 of 
DuBois' 5 directions of magnetization for upper 
Keweenawan sediment~ry units (fig. 4, table 2) have 
inclinations markedly flatter than the inclinations of 
the middle Keweenawan igneous rocks. Of the two 
remaining sedimentary units, the Copper Harbor field 
direction is based in large part on data from inter­
calated lava flows, while the Chequamegon Sandstone 
has a . direction of magnetization not much different 
from that of .the present dipole field. DuBois ( 1962, 
p. 11) believes that the magnetization of the Chequa­
megon is stable, but reports (1962, p. 39) sample collec­
tions from this unit as being too small in vertical extent 
and too restricted in areal extent to be completely satis­
factory. In effect, the sampling may be from too small 
a thickness to completely average out secular fluctua­
tions. Thus, sedimentary rocks may exhibit directions 
of remanent magnetization which are misleading as a 
record of the ambient field during sedimentation, and 
are utilized with reservation in a later section of the 
present report. 

(2) The effect of postintrusion tilt on the paleomag­
netic field direction is potentially much greater for the 
gabbro near Mellen than for the Duluth Gabbro Com­
plex, depending on the dip of underlying lava flows 
at the time of intrusion. The effect of postintrusion 
tilt can be studied by reference to dotted line A-A' 
(fig. 4). Point A represents the direction of mag­
netization if there has been no tilt of the underlying 



BOOKS, WHITE, AND BECK Dl23 

lavas since intrusion, and point .A' the di'rection of 
1nagnetization if the lavas were horizontal at the time 
of intrusion. The only part of the line .A-.A.' thak is 
close to the directions of magnetization represented 
by the Portage Lake (L) and Copper Harbor (111) 
rocks is t".lw part within 20° of point .A (.A.'-.A."). Pro­
·,riding that .the separations of points .A, L, and 11! of 
figure 4 are within the error due ·to all geologic and 
p:1lemnagnetic uncertainties, their similar orientation 
suggests (a) that 1the gabbro was intruded in Portage 
Lake or Copper Harbor time, and (b) that .there has 
been relatively little tilting (perhaps up to 10° to 20°) 
since intrusion of the gabbro. Inasmuch as the Copper 
I-Iarbor Conglomerate, wherever observed, is prac­
tically conformable with ~the Portage Lake Lava Series, 
and has shared in the same tilting, the observed rela­
tionships are best explained by intrusion of the gabbro 
late in Copper I-Iarbor time, when the underlying lavas 
were already dipping nearly 50°. This is geologically 
plausible, but does imply the existence of an angular 
unconformity between the Copper Harbor Conglom­
erate and the overlying Nonesuch Shale of a magnitude 

. that is not suggested by any other evidence presently 
available. 

(3) Assuming that the mean directions for upper 
l(eweenawan sedimentary rock units, represented by 
0, P, and Ron figure 4, are not misleading as previ­
ously discussed, one other possibility remains to be con­
sidered. If the gabbro ne'ar Mellen had been intruded 
during some episode of post-Orienta time, during 
which the geomagnetic field, quite fortuitously, had 
returned to the same direction and polarity as it had 
exhibited during Portage Lake time, the observed rela­
tionship would have resulted. This can be represented 
either by path R-S, which is defined by DuBois' aver­
age directions for the Orienta and Chequan1egon Sand­
stones, or by a path R-.A if the Chequamegon is suspect 
as a paleomagnetic indicator. The two paths would 
imply from nearly 40° (path R-.A ) to more than 70° 
(path R-S) of polar wandering during the interval 
between the· middle l{eweenawan and deposition of the 
upper l{eweenawan Chequamegon Sandstone. In addi­
tion, pruth R-A would imply a reversal in the orderly 
movement of the late Precambrian pole position shown 
by DuBois ( 1962, fig. 31, p. 69). Thus, although the 
Or.ienta-Chequamegon time interval cannot be elimi­
nated on this evidence alone it is nonetheless discounted 
rts a plausible time of intrusion for the gabbro near 
l\iellen. Irving (1964, p. 123-125) in his review of 
available paleomagnetic data, shows no pole position 

J224-352 ()-66-9 

for the lowe·r Paleozoic of North America having his 
minimum reliability criteria and lying within 30° of 
the mean pole position for Portage Lake time. 

Paleomagnetic evidence, then, does not favor intnl­
sion of the gabbro near Mellen in ve·ry late Keweena­
wan or later time. In this it concurs with the geologic 
evidence: volcanic and intrusive rocks younger than 
the Copper Harbor Conglomerate are rare, and none 
are known to cut rocks of the Bayfield Group. 

CON.CLUSIONS 

It is probable that the gabbro near l\fellen was 
intruded after much, if not all, of the tilting of tl~e 
invaded flows had been completed. The close agree­
ment between paleomagnetic field directions for the 
gabbro and adjacent steeply dipping altered lava flows 
(both uncorrected for tilt), and the Portage Lake 
Lava Series and Copper Harbor Conglomerate (both 
corrected for tilt), supports such a conclusion. Two 
possibilities as to the time of intrusion exist: ( 1) 
intrusion in late Copper Harbor time, in which case a 
considerable angular unconformity must exist closely 
overlying the Copper Harbor Conglomerate; or ( 2) 
intrusion during the late l{eweenawan after Copper 
Harbor time, indicating that the average directions 
given by DuBois ( 1962) for rocks of the Oronto and 
Bayfield Groups are not valid measurements of geo­
magnetic field directions during that time interval. 

Analysis of paleomagnetic data for the Lake 
Superior region apparently leads to equivocal results. 
It does, however, significantly restrict the span of time 
during which the intrusion near Mellen might conceiv­
ably have occurred, and indicates how additional paleo­
magnetic data, of increased precision, can be used to 
test explanations of regional geologic structure and 
history. 
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CRUSTAL STRUCTURE DETERMINED BY SEISMIC-REFRACTION MEASUREMENTS 

BETWEEN THE NEVADA TEST SITE AND LUDLOW, CALIFORNIA 1 

By J, F. GIBBS and J, C. ROLLER, Denver, Colo. 

A.bstract.-Seismic-refraction measurements from nuclear 
and chemical explosions were made to determine the crustal 
structure along a line from the Nevada Test Site (NTS) to 
I.Judlow, Calif. Additional recordings from nuclear explosions 
were made southward toward Calexico, Calif. The thicknesses 
of the successive crustal layers at NTS are ho=l.O km (vo=2.5 
km/sec), 7tu=13 Inn ('VI=6.1 km/sec), and h2=20 km (V2=6.8 
km/sec) ; the total crustal thickness is 34 km. The successiYe 
crustal layers at Ludlow have thiclmesses of ho=1.4 Inn, h~=13 
km, nnd h2 = 13 km; the total crustal thickness is 27 lnn. 

The U. S. Geological Survey recorded a reversed 
seismic-refraction profile between the Nevada Test 
Site (NTS) and Ludlow, Calif., in August 1962 (fig. 
1) . Recordings from the Ludlow shot point were 
made at 26 locations from 3 chemical explosions of 
4,000, 8,000, and 12,000 pounds.· The first charge was 
in a single drill hole; the two larger charges were 
distributed, respectively, in 3 and 4 drill holes 50 feet 
apart. The Ludlow shotpoint was located at lat 
34°49.36' N. and long 116°11.02' W. The reverse of 
this profile was obtained by recording seismic waves 
generated by five underground nuclear explosions at 
the Nevada Test Site. Recordings were made at 14 
locations between NTS and Ludlow, plus 12 locations 
beyond Ludlow southward towards Calexico, Calif. 
Ten seismic-recording units (Warrick and others, 1961) 
were used to make the recordings. Jackson and others 
(1963) have described the field procedures used in this 
study. 

GEOLOGY AND PHYSIOGRAPHY 

The seismic-refraction profile lies entirely within the 
Basin and Range province, starting at the south end of 
the Great Basin and terminating in the Sonoran Desert 
(Fenneman, 1946). The region is characterized by a 
series of basins, ranges, and faults that generally strike 

1 Work performed under Advanced Research Project Agency Order 
No. 103-64. 

northwest. All the major divisions of geologic time 
· are represented by the rocks exposed in this region 

(Nolan, 1943). The Precambrian rocks have been 
studied little, but several unconformable sequences have 
been distinguished. The Paleozoic and lower Mesozoic 
deposits suggest a persistent geosyncline, in which 
many thousands of feet of sediments were deposited. 
In mid-Mesozoic time, marine sedimentation ceased; 
later Mesozoic-and Cenozoic-deposits are composed of 
widely distributed local accumulations of nonmarine 
sedimentary beds and intrusive and igneous rocks 
(Nolan, 1943). The seismic profile traverses many of 
the northwestward-striking ranges. Some of the major 
topographic features include the Spectre Range, Spring 
Mountains, Pahrump Valley, Nopah Range, Silurian 
Hills, Shadow Range, Soda Mountains, Bristol Range, 
and the "Cody Mountains. The average altitude of the 
recording locations is 671 meters, with the highest sta­
tion at 1,524 1n in the San Jacinto Mountains, and the 
lowest 67 m below sea level near the Salton Sea. 

CHARACTERISTICS OF SEISMOGRAMS 

Ludlow 

The Ludlow shotpoint proved to be relatively effi­
cient in converting explosive ·energy to seismic energy. 
Seismograms recorded from Ludlow are of good quali­
ty out to a distance of about 175 kilometers; beyond 
175 km they are generdly usable, although they have 
higher background noise, and the first upward com­
pressional motion cannot be observed on all seis­
mograms. 

First arrivals for 11 seismograms recorded from 
Ludlow to a distance of 94 km are identified as P g, -a 
wave that travels in the upper crust. The first upward 
compressional motion can be observed on most of these 
recordings (fig. 2). First arrivals on 5 seismograms 
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FIGURE 2.-Selected seismograms from chemical explosions, illustrating phases used in interpretation. Amplitudes are in 
microvolts..i.. P 11, direct crustal wav,e; P*, wave critically refracted from an intermediate layer in the crust; Pn, mantle-refracted 
wave; PM.I:" reflection from the lVlohorovicic discontinuity, P', a guided wave in the crust. The exact nature of 'P is not 
known (Ryall and Stuart, 1963). 

recorded at distances ranging from 106 to 150 km are 
tentatively identified as P*, a wave that is critically 
refracted from an intermediate layer in the crust. First 
arrivals on 8 seismograms recorded in the distance 
range from 150 to 203 lnn are identified as P n, a wave 
that is critically refracted from the upper mantle below 
the Mohorovicic discontinuity. A large-amplitude 
wave train that follows Pn by several seconds is identi­
fied as P (fig. 2). This event has an apparent velocity 
of 6.1 km/sec. The nature of P has been discussed by_ 

Ryall and Stuart ( 1963), Roller and Healy ( 1963), 
and others. 

Six seismograms in the distance range 67 to 112 km 
show a group of strong secondary arrivals which are 
tentatively identified as reflections from the Mohoro­
vicic discontinuity. This event, PMP, is shown on the 
reduced traveltime curve (fig. 3) between P* and the 
backward extension of P n· It is not observed beyond 
the crossover point of P g and P*. These events occur 
earlier· than the ·backward extension of the P n line, 
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time-distance plots for individual recorders of the various seismic waves. P*, wave critically refracted from an intermediate 
layer in the crust; P 0 , mantle-refracted wave; PMP, reflection from the Mohorovicic discontinuity; P g, direct crustal wave. 

which suggests that the Mohorovicic discontinuity is 
not a flat surface but changes dip along the profile. 

Nevada Test Site (NTS) 

The reverse of this profile was made by recording 
seiS'mic waves gener·ated by five underground nuclear 
explosions at the Nevada Test Site. The maximum 
distance between shotpoints at the Test Site was 9.7 
km between shots 3 and 4. Shots 1, 2, 4, and 5 are all 
within a radius of less than 1 km. Despite the scatter 
of shotpoints, the traveltimes show a systematic agree­
ment. Seismogr·ams from the nuclear explosions are 
of good quality ·with a high signal-to-noise ratio. 

The phase P,; can be identified on 3 seismogralns at 
distances less than 105 km. Beyond 105 km, P g was 
not observed as a distinguishable arrival. The phase 
P n is observed as a first arriv.al on 21 seismograms in 
the distance range from 140 to 490 km. 

The phase PMP was tentatively identified on 6 seis-

mograms in the distance range from 100 to 175 km. 
A very large amplitude event which follows an exten­
sion of the P,; traveltime line (fig. 4) by approximately 
2 seconds was observed and tentatively identified as P. 

TIME OF FIRST ARRIVALS 

The first waves from NTS to reach recording loca­
tions to a distance of 155 km are P g and fit the line 
which can be expressed mathematically as t1 = 0.74 + 
~/6.10 where t is the ·arrival time and A the distance 
from the shot point (fig. 4). Frmn 135 km to the 
P g-P 11 crossover, at 155 km, the true first arrivals on 3 
recordings are not distinguishable from the noise. In 
the range 155 to 265 km from NTS, first arrivals fit 
the line ta = 6.70 + A/8.04 (P n). 'Vith the exception 
of the arri ,.a ls on one :::eismogran1, they a lt are "·ithin 
0.1 sec of this line. The exception deviates from the 
line by less than 0.3 sec. In the distance range 315 Inn 
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to 490 km, the first arrivals :from 8 seismograms fit the 
line t ... = 5.83 + .6./7.75 (P n). The group o:f secondary 
arrivals shown between 125 and 250 km could not be 
identified with any particular wave group. They are 
shown only to indicate that the records do contain sec­
ondary arrivals. 

The first waves from Ludlow shotpoint to reach 
recording locations to a distance of 95 km fit the line 
t1 = 1.00 + 6/6.10 (P~:) with a maximum deviation of 
0.1 seconds. The first arrivals in the distance range 103 
to 152 km fit the line t2 = 2.81 + .6./6.80 (P*). Again 
in this range, all the first arrivals fit this line within 
0.1 sec. The first arrivals in the distance range 152 to 
215 km fit the line ts = 5.48 + .6./7. 76 ( P n). The larg­
est deviation frmn this line is less than 0.2 sec. 

DEPTH CALCULATIONS 

Using the zero-intercept times and the apparent ve­
locities of only the first ·arrivals (Mota, 1954) depth 
calculations were made for two crustal models~ (table 
1). Disregarding the evidence for an intermediate 
layer, the depth to the crust-mantle interface was cal­
culated to be 30 km at NT'S and 22 km at Ludlow 
(table 1, model I)... The depth of 30 km in the area of 
the N ev·ada Test Site agrees well with other authors. 
Diment and others (1961) report a depth, using a one­
layer crustal model, of 28 km to the Mohorovicic dis­
continuity from recordings southeast of the Nevada 
Test Site. Pakiser and Hill ( 1963) report a one-layer 
crustal thickness of 28 km along an unreversed profile 
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TABLE 1.-Computed crustal models 

Layer 

ho--------------------­
hl--------------------­
~---------------------

Total depth to 
Mohorovicic 

discontinuity. 

ho--------------------­
hl--------------------­
h2--------------------­
ha-----------~---------

Total depth to 
Mohorovicic 

discontinuity. 

1 Assumed. 

From Ludlow, Calif. 

Velocity I Thickness 
(km/sec) (km) 

Modell 

2. 50 
6. 10 
7. 76 

22 km 

Model II 

2. 50 
6. 10 
6. 80 
7. 76 

27 km 

1.4 
21 

1.4 
13 
13 

From Nevada 
Test Site 

Velocity I Thickness 
(km/sec) (km.) 

2. 50 
6. 10 
8. 04 

30 km 

2.50 
6. 10 

1 6. 80 
8. 04 

34 km 

1.0 
29 

1.0 
1 13 

20 

north of the Nevada Test Site. However, it is some­
what deeper than the 24.3 km reported by Ryall and 
Stuart ( 1963) from an unreversed profile extending 
eastward from the Nevada Test Site, using a one­
layer crust. 

Model I was computed only to show the extent of 
agreement. The preferred model using the strong 
evidence for an intermediate layer is shown in model 
II (table 1) . A depth to the Mohorovicic discon­
tinuity of 27 km was calculated ·at Ludlow by using 
a two-layer crust and assuming that the apparent ve­
locity of 6.8 km/ sec recorded from Ludlow is the true 
velocity of the intermediate layer. If we assume that 
the thickness of the upper layer in the crust is the same 
at NTS as it is at Ludlow, a depth to the Mohorovicic 
discontinuity of 34 km oan be calculated at NTS. This 
would make the thickness of the intermediate layer 
13 km at Ludlow and 20 km at NTS. The crustal 
thickness at NTS was calculated on the assumption of 
constant dip on the upp~r-mantle surface. 

By using the reflected events identified as PMP, the 
depth of the reflecting surface was computed to be 
approximately 23 km immediately north of Ludlow. 
Three seismograms recorded in the Imperial Valley 
area have P n arrivals which are 1.1 sec, 0.6 sec, and 0.6 
sec earlier than an extension of the P n line. These 
stations have altitudes of -67 m, 335 m, and 366 m, and 
are located· on alluvium, Tertiary volcanic rock, and a 
Precambrian outcrop, respectively. These early arriv-

als do not seem to be caused entirely by local geology 
or altitude and may suggest a thinning of the crust in 
the area of the Salton Trough. If we assume that all 
of this time difference is due to thinning of the crust and 
not to velocity changes, the depth to the Mohorovicic 
discontinuity would be 7 km shallower near the Salton 
Sea than at Ludlow, or about 20 km. 

AMPLITUDES 

, Because of the difficulty of observing the first upward 
dompressional motion on seismograms at large dis­
tances, amplitudes were scaled from the first trough to 
the second peak (fig. 5). A charge size of 4,000 pounds 
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was used to normalize the amplitudes, on the assump­
tion that a linear function exists between charge size 
and amplitude. The amplitudes of the reverse profile 
from NTS are not plotted. Only relative amplitudes 
will be discussed for this half of the profile. The phase 
P g attenuates very rapidly to a distance of 110 km 
from the Ludlow shotpoint. Beyond this distance P g 

arrivals cannot be positively identified. On 7 seismo­
grams large-an1plitude events identified as reflections 
from the Mohorovicic discontinuity occur as secondary 
arrivals in the distance range 67 to 121 km. 

The phase P* appears as a secondary arrival from 
65 to 105 km and as a first arrival from 110 to 155 km; 
it has approximately the same attenuation with dis­
tance as Pg (fig. 5). 

The phase P n is. weak; it appears as a first arrival at 
150 km and disappears into the noise at 215 km. The 
largest amplitude arrivals in the distance range 140 to 
250 km are identified as P. 

Amplitudes from the nuclear explosions are very 
much like those observed from the Ludlow shotpoint. 
The phase P~: drops off very rapidly with distance and 
is not distinguisha:ble from the noise at 135 km. Large­
amplitude events arriving at a time appropriate for 
reflections from the Mohorovicic discontinuity are ob­
served on 6 recordings in the distance range 105 to 170 
km. A very large amplitude event is observed on 5 
seismograms in the distance range 135 to 190 km. This 
event has approximately three times the amplitude of 
PM1? and has the largest amplitude on the seismogram. 
It has not yet been identified. 

CONCLUSIONS 

A Pg velocity of 6.10 km/sec was recorded from both 
directions. The velocity of P n from Ludlow to NTS is 
7.76 km/sec and from NTS to Ludlow is 8.04 km/sec. 
A dip of 1.7° in the Mohorovicic discontinuity would 
account for this difference in the apparent velocities. 

Using a one-way refraction profile from Ludlow 
southward the velocity of P n decreases to 7.75 km/sec. 

This would indicate that the Mohorovicic discontinuity. 
begins to flatten out at a distance of 315 km south of 
NTS. An intermediate-layer velocity of 6.80 km/sec 
was determined from first arrivals from the Ludlow 
shotpoint. No evidence for an intermediate layer was 
observed from the NTS ; however, the separation be­
tween recording locations from NTS may have been 
too great to establish the presence of an intermediate 
layer. 

The thickness of the crust was computed to be 27 
km at Ludlow and 34 km at NTS. Evidence was found 
that indicates the crust may be as thin as 20 km in the 
Salton Sea area. 
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SEISMIC-REFRACTION MEASUREMENTS AT SUNNYSIDE, UTAH 

By BENTON L. TIBBETTS, C. RICHARD DUNRUD, 
and FRANK W. OSTERWALD, Denver, Colo. 

Abstraot.-Three reversed seismic-refraction profiles were re­
corded in the Stinnyside, Utah, area in August 1965. The aver­
age Yelocity of the seismic waves is 4.3 km/sec through the 
Mesozoic .and lower Tertiary sedimentary rocks and an average. 
of 6.0 km/sec along the upper portion of the Paleozoic carbonate 
rocks. The thickness of sediments that overlie the upper Paleo­
zoic carbonate refractor horizon ranges from 1.2 km in Clark 
Valley to 3.7 km in Range Creek. 

In August 1965, the U.S. Geological Survey con­
ducted a seismic-refraction study in the Sunnyside, 
Utah, district to determine the velocity of seismic waves 
traveling through the sedimentary rocks, and to delin­
eate the gross subsurface structure. This information 
will be used to study the relationship between earth 
tremors and dangerous coal mine "bumps" (rock bursts) 
that occur frequently in the mines of the district. 

GEOLOGY AND PHYSIOGRAPHY 

The Sunnyside district is near the northwestern 
corner of the Colorado Plateaus province about 25 
miles east of Price, Utah (fig. 1). The major struc­
tural features of the region are the north-northeast­
trending San Rafael swell to the south, and the gen­
erally west-trending Uinta basin to the north. Struc­
tural relief between the highest part of the San Rafael 
swell and the lowest part of the Uinta basin, a distance 
of approximately 160 km, is about 6.7 km (measured 
on top of the Chinle Formation of Late Triassic age) 
and has a generally constant gradient from 2.2 km 
above sea level to 4.6 km below sea level, respectively 
(U.S. Geol. Survey and Am. Assoc. Petroleum Geol­
ogists, 1961). Rocks as old as late Paleozoic (Baars, 
1962) are exposed in the San Rafael swell; rocks as 
young as middle Tertiary crop out in the Uinta basin 
('Villiam B. Oashion, oral commun., 1966). 

Along the seismic profile, rocks that range in age 
from Early Cretaceous to Eocene( n (Fisher, and 

114° 
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' 

40 0 40 MILES 

FIGURE I.-Index map of Utah, showing area covered by 
figure 2 (stippled) and location of Sunnyside (S), Flat 
Canyon (FC), Range Creek (RC), and Woodside (W) 
15-minute quadrangles. 

others, 1960, p. 21-22) are exposed or are covered by a 
thin veneer of Quaternary surficial material. The 
thickness and Hthology of these rocks are known local­
ly from a geologic study of the Sunnyside mining dis­
trict (C. R. Dunrud and F. W. Osterwald, unpub. 
data). Local drill-hole logs reveal approximately 0.06 
km of Upper Cretaceous sandstone and claystone and 
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an overlying 0.91 to 1.07 km of Upper Cretaceous Man­
cos Sha1e. Next, the thick sandstone and interbedded 
shale and si~tstone of the Upper Cretaceous Mesa verde 
Group have a total thickness of about 0.37 km. Paleo­
cene and Eocene ( ~) sedimentary rocks that are con­
sidered fluviatile and lacustrine (Fisher and others, 
1960, p. 21--22) overlie the Mesaverde Group. These 
rocks include approximately 1 km of variegated clay­
stone, siltstone, and lenticular sandstone. 

The subsurface stratigraphy along the refraction 
profile is known in a general way from the local and 
regional geologic mapping. The Paleozoic rocks are 
composed of at least 1.2 km and perhaps as much as 
1.5 km of thick-bedded limestone and dolomite with 
some interbedded shale, sandstone, and local evaporites. 
At the top of the Paleozoic section is a Permian sand­
stone thn.t is approximately 0.15 km thick. The over­
lying Triassic and Jurassic sedimentary rocks have an 
aggregate thickness of about 1.0 km and comprise thick 
sandstone and locally thick shale and siltstone with 
thin interbedded layers of limestone, marlstone, and 
one rather thick layer of anhydrite. 

Erosion has sculptured bold cliffs 0.5 to 0.8 km high 
from the predominantly resistant rocks of the Mesa­
verde Group. These are the Book Cliffs, which face 
westward and southward and are generally parallel to 
the regional strike (fig. 1). Topographically, the Book 
Cliffs divide the lowlands of Clark Valley, which is 
underlain by the weakly resistant Mancos Shale, from 
the highlands, which are underlain by erosion-resistant 
1\fesaverde and younger rocks. Streams have incised 
steep-walled canyons in these resistant rocks, making 
the topogr·aphy of the Book Cliffs extremely rugged. 

FIELD PROCEDURES 

Seismic-refraction measurements were made along 3 
reversed profiles that were 24 to 30 km in length (fig. 
2). Seven seismic-refraction recording units (Warrick 
and others, 1961) were used to record the seismic waves 
generated by the detonation of 1,000-pound chemical 
charges tha.t were loaded in. drill holes at both ends of 
each profile. Each unit recorded the output of 6 ver­
tical seismometers and 2 horizontal seismometers on 
photographic paper and on magnetic tape. The ver­
tical seismometers were spaced 0.5 km apart and were 
positioned along secondary roads that generally par­
allel the profile. The two horizontal seismometers were 
pl·aced at one of the vert.ical sites and were oriented 
parallel and transverse to the profile. 

The Pumping Station-Turtle Canyon profile is along 
Range Creek east of and about parallel to the Book 
Cliffs (fig. 2). The Spring Canyon-Cove line is 
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FIGURE 2.-Sketch map of the Sunnyside, Utah, area, showing 
recording locations, shotpoints, and general direction of the 
three reversed seismic-refraction profiles that were measured. 
Base from portions of the Woodside, Sunnyside, and Range 
Creek 15-minute topographic quadrangles. 

oriented in the same general direction at the base of 
the Book Cliffs. These .two profiles generally parallel 
the strike of the regional structure. The Cedar-Sheep 
Canyon profile is approximately transverse to the Book 
Cliffs and the other two profiles. The change in eleva­
tion along the Cedar-Sheep Canyon profile is approxi­
mately 0.7 km, and the east end of the profile is stra­
tigraphically higher than the west end by about 2.2 
km of Cretaceous and lower Tertiary rocks. The 
change in elevation along the Pumping Station-Turtle 
Canym1 and the Spring Canyon-Cove profiles is about 
1 km, and the north end of each profile is stratigraphi­
cally higher than the south end by nearly the same 
amount. 

RESULTS 

The locatio_ns of the recording units and shotpoints 
were plotted on 15-minute topographic maps (scale 
1 ~62,500). The distances from. the shotpoints to each 
seismometer were scaled to within ·0.05 km, a.nd the 
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FIGURE 3.-Seismogram recorded by unit P from the Cove shotpoint. The first compre~siona~-w~v~ arrival and the she~r-wave 
arrival are identified as P and S, respectively. V and H refer to channels recordmg seiSmic Impulses from vertical and 
horizontal seismometers, respectively. Tc indicates time correction. 

tra veltimes of the seismic waves to each seismometer 
were determined to within 0.01 second. 

The relative efficiency of the shotpoints, with the 
exception of the Turtle Canyon one, in converting ex­
plosive energy into seismic energy was good. The 
quality· of most of the seismograms is very good; the 
first upward (compressive) motion (P, fig. 3) can be 
identified on most of the seismograms. 

A traveltime curve was constructed for each of the 
three reversed profiles. The apparent velocities were 
determined by visually fitting straight lines to the 
traveltime data. The plots of the traveltimes of first 
arrivals on all three profiles define a two-segment time­
distance curve. 

No corrections for elevation differences between shot­
points or between recording locations were made on the 
traveltime curves of the three profiles. First-~arrival 
plots of the ·direct 'compressional wave on the travel­
time curves for the 3 profiles show a time intercept 
ranging from 0.02 second to a maximum of 0.06 second 
(figs. 4, 5, and 6). These small time intercepts indi­
cate a generally thin layer of surficial material and 
weathered bedrock throughout much of the area. Allu­
vial deposits are thicker and could locally be relatively 
thick in Range Creek (Pumping Station-Turtle Can­
yon profile) and in Whitmore Canyon (Spring Can­
yon-Cove profile). This could partially account for the 
local deviations from a linear plot of the first arrivals in 
these areas. Shallow seismic profiles along the three 
refraction lines would be necessary to make delay-time 
corrections for alluvium in the valleys. 

In determining depths to, and dips of, the high-

velocity refracting horizon beneath the various shot.:· 
points, conventional intei·cept-time computing methods 
were used (Heiland, 1940, p. 521-52'9; Mota, 1954). 
Corrections were made for the thin, low-velocity layer 
and applied to the depth calculations. 

Pumping Station to Turtle Canyon profile 

The curve representing the apparent velocity of the 
direct compressional wave through the near-surface 
sediments from the Pumping Station shotpoint is poor­
ly defined because of a "missed" record (Q) at a key 
position (5 to 10 km) on the line (fig. 4). However, 
the apparent velocity of 4.4 km/sec corresponds with 
that from the Turtle Canyon shotpoint. The apparent 
velocity of 6.2 km/sec is defined by the second segment 
of the traveltime curve. The physical mechanism by 
which energy is transmitted along the upper portion 
of the high-velocity Paleozoic refractor is treated in 
detail by Dobrin (1960, p. 70-71). The depth to this 
6.2-km/sec refractor beneath the Pumping Station 
shotpoint was calculated to be 3.7 km. This depth 
correlates very well with the position of the top of the 
Paleozoic carbonates, projected on the basis of avail­
able surface and subsurface stratigraphic control. 

Seismic waves generated at the Turtle Canyon shot­
point were very weak. Because the recording units 
that were positioned near the source were operated at 

. low gains to prevent overdriving of the instruments by 
the anticipated large signals, amplitudes on all the 
seismograms were small. Identification of the first 
arrivals beyond the crossover distance at 12 km was 
very difficult. Signals interpreted to be first arrivals 
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FIGURE 4.-Traveltime curves (above) of first arrivals, and 
interpretive cross sections (below, A, B) along the Pumping 
Station-Turtle Canyon seismic-refraction profile. A, 
seismically determined position of rocks transected and 
the ray path of least time; B, geologically determined. 
position of rocks transected and the implied ray path of 
least time. M, P, K, I, H, and S are recording-location 
lines (see fig. 2). Rocks are: Tr, Tertiary; Kmv, Late 
Cretaceous (Mesaverde); Pr, Early Permian (Leonard) 
and younger; Pc, Early Permian (Wolfcamp)~ IPr, Penn­
sylvanian and older. 

could be identified on only three traces. The plots of 
these three traveltimes are insufficient data for deter­
mining an ·accurate apparent velocity. The 5.8-km/sec 
apparent-velocity line was assumed from the velocities 
obtained from the other two profiles together with the 
reliable updip apparent velocity of 6.2 km/sec observed 
from the Pumping Station shot. The calculated depth 
beneath the Turtle Canyon shotpoint is 2.2 km. 

Another possible interpretation of the traveltime 
data received from this profile is based upon the 
orientation of the profile, which appears to approxi­
mately parallel the regional strike (fig. 2). This 
.interpretation rtsserts that the apparent velocity, 
(1.2 Jon/sec, observed from the Pumping Station 
data is the true velocity of the Paleozoic refractor. 
This anomalously high velocity, compared to the true 
velocities for the same refractor obtained from the 
other two profiles ( 5.9 and 6.0 km/sec), would have to 
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FIGURE 5.-Traveltime curves (above) of first and secondary 
arrivals, and interpretive cross section (below), along the 
Spring-Canyon-Cove seismic-refraction profile, showing the 
geologically determined positions of rocks transected and the 
seismically determined ray path of least time. M, Q, K, I, P, 

· H, and S. are recording-location lines (see fig. 2). Rocks are: 
Tr! ~ertiary; Kmy, Late. Cretaceous (Mesaverde); "Rmr, 
Tnassic (Moenkopi) and younger; "Rms, Triassic (Sin bad 
[limestone]) ; Pr, . Early Permian (Leonard) and younger; 
IPr, Early Permian (Wolfcamp) and Pennsylvanian; Mr, 
Mississippian and·older. 

result from a lateral change in velocity along that re­
fractor. This could conceivably be caused by a change 
in bulk composition or a change in crystallinity of the 
layer. Asuming that the arrivals recorded on the three 
profiles are f:r;om the same refractor, it appears unlikely 
that the dissimilar velocities would be caused by the 
effects of.porosity and composition because of the simi­
lar depth and geologic age of the unit. For these rea­
sons, the first interpreJation (fig. 4A), as stated above is 
taken as the most reasonable. The true velocity com­
puted from the two apparent velocities mentioned 
earlier ( 6.2 and 5.8 km/sec) is 6.0 km/sec. 



D136 GEOPHYSICS 

8.0 

7.0 

6.0 

5.0 

4.0 

3.0 

2.0 

1.0 

Cedar 
KILOMETERS 

·~ 2 

SEA 
1 

LEVE: 

10 20 

DISTANCE, IN KILOMETERS 

Sheep Canyon 

FIGURE 6.-Traveltime curves (above) of first and secondary 
arrivals, and interpretive cross section (below), along the 
Cedar-Sheep Canyon seismic-refraction profile, showing 
the geologically determined positions of rocks transected 
and the seismically determined ray path of least time. 
M, Q, K, P, I, H, and S are recording-location lines (see 
fig. 2). Rocks are: Tr, Tertiary; Kmv, Late Cretaceous 
(Mesaverde); Pr, Early Permian (Leonard) and younger; 
IPr, Early Permian (Wolfcamp and Pennsylvanian); Mr, 
Mississippian and older. 

Spring Canyon to Cove profile 

Apparent velocities of 4.15 km/sec -and 6.0 kmjsec 
are well defined by the first arrivals from the Spring 
Canyon shotpoint for the compressional waves through 
the near-surface sediments and, from the Paleozoic 
refractor, respectively (fig. 5). Signals from the Cove 
shotpoint received beyond the crossover describe two 
parallel and displaced linear segments, indicating a pos­
sible fault. The stratigraphi~ separation, calculated 
from the difference between the intercept times of the 

two linear segments of the traveltime curve, is 0.8 km. 
Although no fault of this magnitude has been observed 
on the surface, well logs in the area indicate its posi­
tion, attitude and displacement. There is no evidence 
of the fault from the Spring Canyon arrivals. 

The relatively small difference between the reversed 
apparent velocities (6.0 and 5.8 km/sec) of the Paleo­
zoic refractor suggests that the orientation of the pro­
file nearly parallels the strike of the structure along 
the Paleozoic strata. This is borne out by available 
geologic information. These apparent velocities yield 
a true velocity of 5.9 km/sec. 

The cross-section illustration in figure 5 indicates 
the trace of the average elevation of the ground surface 
and the Paleozoic refractor. The fault is included, 
showing the amount of throw. The cross section reveals 
that the true dip on the refracting horizon is gently 
toward the Cove shotpoint. However, the relative dif­
ference in elevation between the ground surface and 
refractor increases toward the Spring Canyon shot­
point, which explains the downdip relative apparent 
velocity depicted by the first-arrival plots in that direc­
tion. The depth to the refractor was ·ca.lculated to be 
1.4 km beneath the Cove shotpoint, and 2.5 km beneath 
the Spring Canyon shotpoiht. 

The depths to the refractor, as calculated from the 
traveltime curves, do not agree with the projected 
depths to the top of the carbonates of Early Permian 
age along this profile, as determined from available 
geologic information. The depths do agree in the first 
two profiles discussed, but in this profile the refractor 
is about 0.5 km stratigraphically higher (fig. 5). In 
drill logs a limestone layer about 100 feet thick was 
noted at the top of the Sinbad Limestone Member of 
the Moenkopi Formation of Early Triassic age, which 
is close enough in stratigraphic position to be the 
refractor horizon. 

Cedar to Sheep Canyon profile 

All units recorded good arrivals from the Cedar and 
Sheep Canyon shotpoints. This profile nearly paral­
lels the true dip direction of the sediments, which is to 
the northeast into the Uinta basin. An average veloc­
ity of 4.25 km/sec was recorded on the first segment 
of the traveltime curves (fig. 6). Plots from the seis­
mograms recorded from the Cedar shot beyond the 
crossover define a downdip velocity of 5.5 km/sec. The 
updip velocity observed from the opposite direction 
from the same layer is 6.5 km/ sec. The resulting true 
velocity is calculated by standard formulas (Mota, 
1954) to be 5.9 km/sec. This is consistent with the 
6.0-km/sec true velocity determined for the same re­
fractor from the Spring Canyon-Cove profile travel-

...... 



,. 

>· 

TIBBETTS, DUNRUD, AND OSTERWALD D137 

time curves, and the assumed true velocity of 6.0 km/ 
sec calculated from the Pumping Station-Turtle Can­
yon profile data. 

The dip of this layer is about 4° to the northeast. 
This dip agrees with the average plotted dip of cor-. 
responding beds from surface geology and well-log 
control in this area. The calculated depth at the Cedar 
shotpoint is 1.2 km; at Sheep Canyon it is 3.3 km. 

The first arrivals from the Cedar shotpoint beyond 
the crossover necessitated two parallel and displaced 
lines similar to those from the Cove shotpoint, again 
suggesting a fault. The observed difference in inter­
cept times was used to calculate the stratigraphic 
separation of the fault of 0.8 km, assuming that the 
refractor hor.izon is the same lithologic unit on either 
side of the fault. This value is the same as that deter­
mined on the Spring Canyon-Cove profile. This simi­
larity in magnitude and direction of separation, 
together with the location of the separation on the 
profiles, indicates that this fault is the same one shown 
on the Spring Canyon-Cove profile. When extended 
to the southeast the trace of this fault passes near· the 
Turtle Canyon shotpoint, where there is subsurface 
evidence of major faulting. 

Secondary arrivals 

A group of secondary arrivals of strong amplitude 
was observed on most of the seismograms beyond the 
crossover distance and was interpreted to be shear 
waves refracted from the Paleozoic carbonates (S, fig. 
3). Correlation of these arrivals between re~ords is 
predictably difficult because the shear phase is hard to 
consistently delineate from other body-wave phases, 
particularly from reflected phases. However, travel­
times of these arrivals can be fitted with apparent-vel­
ocity lines on two of the profiles (figs. 4 and 5) . From 
the Sheep Canyon shot, a direct shear velocity of 2.0 
km/sec is suggested. This phase could not be delin­
eated on any of the other seismograms. Traveltimes 
of shear arrivals presumed to be refracted from the 
surface of the PaleozC?ic carbonates make up the second 
segment of the traveitime c·urve~ which defines an 
apparent velocity of 3.7 km/sec. The same curve from 
the Cedar shot reveals an apparent velocity of 3.1 km/ 
sec. The apparent velocities for the corresponding 
phase observed from the. Cove and Spring Canyon 
shots were 3.4 and 3.5 km/sec, respectively. 

The offset of the second segment of the traveltime 
curve representing the compressional wave from the 
Cove shotpoint that was attributed to faulting is also 
indicated by plots of the shear arrivals. 

CONCLUSIONS 

The velocities of the direct and refracted compres­
sional waves were accurately determined from 2 of the 
3 reversed refraction profiles. This more complete and 
accurate know ledge of velocities has aided in more 
precisely locating epicenters and foci of tremors origi- . 
nnting in and near coal mines in the area (Dunrud and 
Osterwald, 1965 ; Osterwald and Dunrud, 1965) . 

The average velocity of the direct compressiona] 
wave is 4.3 km/sec. The velocities measured on all 3 
profiles varied by only 0.2 km/sec, which is a remark­
ably consistent value considering that these velocities 
were measured through sections of rock composed 
predominantly of shale and siJ.tstone.as well as through 
sections composed of thick sandstone and interbedded 
siltstone and shale. The average refracted compres­
sional-wave velocity is 6.0 km/sec and ranged from 5.9 
km/sec to 6.0 km/sec. These refracted-wave velocities 
and range (0.10 km/sec) are in good agreement with 
published velocities for dolomite and limestone (Birch's 
,·,Handbook of .physical constants" in Dobrin, 1960, p. 
22) . First arrivals from basement rocks were not seen 
in even the longest profile (30 km) because of the high­
velocity carbonate rocks that are closer to the surface. 
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OF STRESS RELIEF IN GRANITIC ROCK TUNNELS 
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Abstract.-Seismic velocities obtained in holes drilled into 
the walls of a tunnel in granitic -rock show the presence. of a 
low-velocity zone ranging in thickness from 0 to 8 feet. The 
low-velocity zone is attributed to the effects of m<>vement of 
rock into the tunnel. The detection, thickness, and velocity of 
the zone appear related to the presence of fractures rather than 
to the size of the tunnel. The seismic velocities measured in 
this environment appear related to r<>ek competence rather than 
to the thickness of the low-velocity layer. '.R:esearch into the 
quantitative relationship of the velocity differences to actual 
stress distribution around a tunnel opening is requi·red. 

The anomaly of stress around a tunnel due to the 
disequilibrium of forces arising as a consequence of the 
opening has been described by numerous investigators. 
Obert and others (1960) utilized mathematical anal­
yses to describe the state of stress around a tunnel open­
ing. Studies using photoelastic methods have also 
been used for similar analyses (Frocht, 1941). Both 
of these methods, however, suffer from the limitat~on 
that simplifying assumptions must be made regarding 
the conditions of analyses. In mathematical analyses, 
homogeneous elastic media must be assumed, and 
Hooke's law is assumed to apply; and in photoelastic 
methods a homogenous material is used in the tests. 
The addition of inhomogeniety complicates the solution 
of the problem. These methods do, however, provide a 
basis for understanding of the problem of support 
requirements around underground openings. . 

Depending on the initial distribution of stress in a 
rock-a distribution related both to geologic environ­
ment and tectonic history-the rock will tend to 
rearrange itself in the vicinity of an opening in such a 
manner as to recreate equilibrium conditions. Con­
sequently, a stress pattern is created around the tunnel 
opening. When the magnitude of these stresses 

becomes sufficiently large, support is required to pre­
vent rock from moving destructively into the tunnel. 
Consequently the in situ determination of the. zone of 
stress anomaly is of importance in support design, and 

· any measurements which aid in defining . its g~ometry 
can be of considerable value in tunnel engineenng. 

One means of observing the variation in stress 
around a tunnel is to measure the variation of seismic 
velocity in the rock in the immediate vicinity of the 
tunnel. Although such measurements must be made 
after 'the excavation has been made, the measurements 
are desirable for two reasons: (1) they contribute to 
basic data on rock behavior in general, and ( 2) they 
may enable support requirements to be predicted, on 
the basis of the ueology over the 1najor portion of. a 

b • . 

tunnel, from selected measurements obtained during 
the initial stages of construction. 

The velocity-stress dependence of rocks is an 
observed phenomenon (Wyllie and others, 1958). The 
tendency of seismic velocities in rock to increase·· under 
·increasing compressive stress and to decrease under 
tensile forces due to the changes in transmission char­
acteristics across grain contacts and microfractures 
suggests an indirect method of measuring stress. 
Because of the movement of rocks into a tunnel, tensile 
forces may be expected to produce a low-velocity zo~e 
around the tunnel opening. We choose to define this 
zone as the zone of stress relief. It is realized that 
this layer possibly includes some effects due to blast 
damaue. It is felt, however, that the magnitude of the 

0 • • 
velocity laye-ring obtained at rnany of our stations IS 

not compatible with blast damage. . . 
Some indirect evidence that the low-velocity zone IS 

not a function of blasting was recently obtained by 
Scott. 
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Seismic methods indicated a 16-foot-thick low­
velocity zone in a section of tunnel in the Str.aight 
Creek pilot bore in Colorado. This section-a granite 
shear zone-yielded by plastic deformation; the floor 
moved up by more than 1 foot, necessitating additional 
support in the section. Because movement was by 
squeezing, the affect of blasting may be considered nil 
in opening fractures. Consequently, the low-velocity 
zone was not a function of blasting in this instance but 
probably of stress relief. Although this evidence does 
not eliminate ·the possibility of a low-velocity layer 
caused by blasting it does suggest that blasting alone 
cannot account for the low-velocity layer in all places. 
'Ve prefer to consider the low-velocity zone noted in 
our present study as being, in most instances, due to 
stTess relief, but we do not exclude the possibility that 
blast damage caused s01p.e ot. ~ur shallo~yer: ~~9-m~li~~.:.,,'" 

Other things being equal (for example, rock compo­
sition, degree of weathering, and fracturing), the abil­
ity to discriminate velocity changes arising from 
changes in s·tress in a rock is strongly dependent on 
porosity. In general, the incremental velocity change 
for a rock with high pore porosity is greater for a 
given incremental stress change than is that for the 
same rock type with lower porosity. On the other 
hand, at low pore porosities a great many rock types 
exhibit little velocity change with increasing compres­
·sive stress until failure. In such cases, however, the 
presence of secondary porosity (fracturing) can 
greatly decrease velocity. The present investigation 
deals with rocks of this type. 

LOCALE AND METHOD OF MEASUREMENT 

The seismic-velocity measurements were made in 
tunnels located in the Climax stock at the U.S. Atomic 
Energy Commission Nevada Test Site, Mercury, Nev. 
The tunnel complex was constructed at a depth of 
1,500 feet in quartz monzonite and granodiorite. Prim­
ary porosity in these rocks is extremely low, commonly 
less than 2 percent, and consequently stations for 
measurement we·re selected in order to sample both rock 
types on the basis of the wide range of fracture condi­
tions which existed. The locations ranged from sec­
tions in both rock types wherein several tens of feet of 
unfractured rock were available, to extensively sheared 
rock sections of similar extent. At the selected stations, 
~-inch-diameter holes were drilled normal to the main 
axis of the tunnel to depths of 20 to 30 feet. In most 
places holes were drilled in both ribs, the back, and 
the floor. At 9 stations a total of 36 holes were sam­
pled by measuring uphole traveltimes. MeasurementR 
were obtained by detonating a dynamite cap at the hole 

t224-352. 0-GG---10 

collar and observing the arrival time at 3 accelerOin­
eters located in the hole on 2-foot centers out from the 
collar. The accelerometers were positioned deeper in 
the hole on successive shots until a time-distance plot 
of seismic arrivals was obtained throughout the length 
of the hole. Details of the instrumentation and of the 
uphole positioning apparatus have been published 
elsewhere (Carroll and others, 1966). 

The tunnel complex in the Climax stock, in general, 
was unsupported at the time of measurement, with the 
exception of a few sections where rock bolts were 
required. 

'RESULTS OF MEASUREMENTS 

The results of measurements made in a section of 
moderately to severely fractured quartz 1nonzonite are 
S~P'YU }:q. .. f?.gu.:r.~nl.·,. 'fh~~--~ta~~~~, .. lo.c~t,~~. wlH~re~ two 
drifts converge, permitted a check on the usefulness 
of the velocity method to investigate the zone of stress 
relief. It allowed a two-way check on measurements 
by penetrating both drifts with a single hole, thus 
affording .the opportunity to record from both ends 
of the hole. As shown in figure 1, the velocity con­
trast between rock near the tunnel and that farther 
away is marked. There is a tendency for the low­
velocity zone to increase in thickness as one approaches 
the intersection of. the shop and supply drifts. This 
seems reasonable in that there is more open tunnel to 
be· supported by the adjacent rock as one moves toward 
the intersection. Consequently, the measurable zone 
of stress relief 1night be expected to increase in 
thickness. 

In other sections of the tunnel however, the thickness 
of the low-velocity layer was not a noticeable function 
of the tunnel dimensions. This was true even at sta­
tions where .the tunnel diameters were 3 to 4 times that 
of the shop and supply drifts. A summary of the 
measurements and pertinent data is shown in table 1. 

The results of measurements made in holes in the 
periphery of the tunnel, at the northernmost station in 
the shop drift (fig. 1), are shown in figure 2. The low­
velocity zone indicates that stress relief is sufficient on 
all sides of the tunnel to yield a noticeable velocity 
contrast. The two-way observation of the low-velocity 
zones between the shop and supply drifts is noteworthy. 

In contrast to the results obtained in the fractured 
quartz monzonite section shown in figures 1 and 
2, figure 3 shows the results of measurements made in 
a relatively fracture-free' section of quartz monzonite 
in the main access drift of the complex. Here a low­
velocity zone was not detected. In general, similar 
results were obtained at other locations in the tunnel 
(table 1), that is, the more pronounced the fractn res 
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FIGURE 1.-Plan view of horizontal holes in shop and supply drifts within the Climax stock, Nevada, showing results of 
uphole velocity measurements in fractured quartz monzonite. 

the greater likelihood of appearance of the low-velocity 
layer in the drill holes. Consequently, the presence or 
absence of a low-velocity zone around .the tunnels of 
the Climax stock, or similar rock, may be expected to 
be strongly dependent on the fracture patterns in the 
rock. 

SUMMARY AND CONCLUSIONS 

Seismic velocities in the low-velocity zone ranged 
from 5,000 to 14,000 feet per second in tunnels in the 
Climax stock. No discrimination between granodiorite 
and quartz monzonite was evident on the basis of 
velocity. Velocities qualitatively exhibited an inverse 
relation to the degree of fracturing. Apparent veloc­
ities in rock behind the low-velocity zone and in sec­
tions where no layer was recorded ranged from 14,000 
to 25,000 feet per second, with the higher velocities 
generally restricted to those sections where a low­
velocity layer was recorded. This suggests that the 
rock behind the low-velocity layer may be under greater 

compressive stress ·than is the rock where no layer is 
present. 

The thickness of the low-velocity zone ranged from 
0 to 8 feet, and aside from its general association with 
fracturing, no relationship was found relating it to the 
size of the tunnel. 

The low-velocity layer, where measured, exhibited 
asymmetry at many locations in that it was not 
recorded in all holes at a specific location. The layer 

. was. absent in no preferential direction-at· various 
stations the layer was absent in either the back, floor, 
or ribs, while gene•rally it was present in the other 
directions. The results of reconnaissance mapping 
showed no obvious correlation of the presence or 
absence of the low-velocity layer with the trend of any 
of the three major joint systems present in the tunnel 
complex. However, extensive studies along these lines 
were not pursued. 

In one highly sheared section which required ex­
tensive support ( crossdrift AR, section 2) the thickness 

"'~1 
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TABLE 1.-Summary of uphole-velocity measurement data 

Tunnel 
Station Location Rock type Rock support at time diame- Degree of fracturing 

of measurement ter (feet) 

D141 

Uphole velocity (ft/sec) 
Thickness of destressed in- · 
zone interpreted from l-----:----­
uphole seismic data 

(feet) 1 Low-veloc- High-ve­
ity layer locity layer 

Shop"drift _______ West rib ___ Quartz mon- None__________ 10 Moderately 6.0 ____________ 11,000 19,000 
zonite. fractured. 

___ do ____________ do ____________ do_________ 10 _____ do _________ 2.0 ____________ 13,000 20,000 
East rib _________ do ____________ do ___ .,._____ 10 _____ do _________ 8.0 ____________ 10,000 24,000 

___ do ____________ do _______ ----.-do_________ 10 _____ do _________ 4.0 ___________ :.. 14,000 19,500 
___ do ____________ do ____________ do_________ 10 _____ do _________ 4.0 ____________ 10,000 21,000 
Back ____________ do ____________ do_________ 10 _____ do _________ 6.0 ____________ 14,000 18,500 
Floor ___________ do _______ --.---dO--------- 10 _____ do _________ 6.0 ____________ 13,500 21,000 

----1·--------1---------1----·1-----
Supply drift _____ East-rib ____ Quartz mon-. None__________ 10 Moderately 5.5 ____________ 13, ooo· 21,500 

zoni te. fractured. 

Main access 
drift, 4+25. 

Main access 
drift, 7 +30. 

Main access 
drift, 9 + 20. 

Main access 
drift, 11 + 60. 

Main access 
drift, 12+60. 

Crossdrift AL, 
test section 6. 

Crossdrift AR, 
test section 2. 

Crossdrift AR, 
test section 1. 

West rib ___ Quartz mon- None _________ _ 
zonite. 

East rib _________ do ____________ do ________ _ 
Back ___________ do ____________ do ________ _ 
Floor ___________ do ____________ do ________ _ 

East rib ____ Quartz mon- None _________ _ 
zonite. 

West rib ________ do ____________ do ________ _ 
Back ____________ do ____________ do ________ _ 

East rib ____ Contact be- None _________ _ 
tween 
quartz 
monzonite 
and grano-
diorite. 

West rib ________ do _______ -----do ________ _ 
___ do ____________ do ____________ do ________ _ 
Back ____________ do ____________ do ________ _ 

Floor ___________ do ____________ do ________ _ 

East rib____ Granodiorite__ None _________ _ 

West rib ________ do ____________ do ________ _ 
Back_____ _ _ _ ____ do__ _ _ _ _ _ _ ____ do ________ _ 
Floor ___________ do ____________ do ________ _ 

East rib ____ Granodiorite __ None _________ _ 

West rib ________ do ____________ do ________ _ 
Back ____________ do ____________ do ________ _ 

North rib___ Granodiorite__ None _________ _ 

South rib ________ do ____________ do ________ _ 
Back ____________ do _______ Rock bolts _____ _ 

North rib___ Quartz mon- Rock bolts and 
zoni te. wire net. 

South rib ________ do ____________ do ________ _ 

Back ____________ do _______ Rock bolts _____ _ 

North rib___ Quartz mon- None _________ _ 
zonite. 

-South rib ________ do ____________ do ________ _ 
Back ____________ do ____________ do ________ _ 

10 Extensively 5.0 ______ -- _ _ _ _ 11, 000 
fractured. 

10 _____ do _________ 4.0 ____________ 11,500 
10 _____ do _________ 5.5 ____________ 10,000 
10 _____ do _________ 4.0 ____________ 11,000 

10 Relatively free No destressed 
of fractures. zone. 

10 _____ do ______________ do ____ · _____ --------
10 _____ do ______________ do ________________ _ 

10 Extensively 
fractured. 

6.0_----------- 6, 500 

10 
_____ do _________ 

6.0_----------- 11,500 
10 _____ do _________ 

2.5------------ 10,000 
10 _ ____ do _________ No des tressed --------

zone. 
10 

_ ____ do _________ 
4.0_ ----------- 11,500 

10 Extensively 
fractured. 

4.5 ____________ 12,000 

10 
_____ do _________ 

4.0_----------- 13,500 
10 

_____ do _________ 
5.0_----------- 12,000 

10 
_ ____ do _________ 

No des tressed --------
zone. 

10 Relatively free No destressed 
of fractures. zone. 

10 _____ do ______________ do _________ ------'"-
1 0 _____ do__ _ _ _ _ _ _ _ _ ____ do_ _ _ _ _ _ _ _ _ _ ______ _ 

27 Moderately No de-stressed 
fractured. zone. 

27 -----00--------- 8.0 ____________ 11,500 
27 _____ do _________ 4.0 ____________ 11,000 

27 Extensively 6.0 ___________ _ 5,000 
fractured. 

27 _____ do _________ No destressed 
zone. 27 _____ do _________ 4.0 ____________ 12,000 

44 Moderately No destressed 
fractured. zone. 

44 _____ do _________ 4.0 ____________ -10,300 
44 _____ do_ _ _ _ _ _ _ _ _ No des tressed _______ _ 

zone. 

Range of values __ ------------------------------------------ ______ ---------------- 0.0 to 8.0_______ 5, 000 
to 

14,000 
Average values ___ ------------------------------------------ ______ ---------------- 3.3 ____________ 11,200 

I Whore more than one velocity value is listed, more than one hole was tested. 

18,000 

25,000 
19,000 
24,000 

18,500 

18,000 
19,000 

22,000 

20,000 
20,000 
18,000 

21,000 

19,000 

19,000 
21,000 
19,000 

17,000 

18,500 
18,000 

17,000 

23,500 
23,000 

14,000 

16,000 

18,500 

19,000 

17,500 
18,000 

14,000 
to 

25,000 
19,600 
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SUPPLY DRIFT 

ROCK MECHANICS 
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FIGURE 2.-Cross-sectional view of selected holes in shop and supply drifts, showing results of uphole velocity 
measurements in fractured quartz monzonite. 
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FIGURE 3.-Cross-sectional view in main access drift, station 7 + 30, showing results of uphole velocity 
measurements in relatively fracture free quartz monzonite. No low-velocity layer was detected 
at this station. 
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of the low-velocity zone was not significantly different 
from that at other stations, although the velocity was 
the lowest found throughout the tunnel. The presence 
of low seismic velocity was found to be more diagnostic 
of structurally weak sections than was the thickness of 
the low-velocity layer. 

The presence of a low-velocity zone is considered 
significant because it may provide an estimate of the 
thickness of rock which may require sup.eort in tunnels. 
Additional research is required to determine the rela­
tionship between the low-velocity zone and the actual 
stress pattern around a tuni1el opening. A comparison 
with uphole dynamic strain measurements which, hope-

fully, would indicate the extent of arching with time 
is considered desirable. 
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FORMATION OF PHYLLONITES IN THE GRANDFATHER MOUNTAIN AREA, 

NORTHWESTERN NORTH CAROLINA 

By BRUCE BRYANT, Denver, Colo. 

Abstract.-Field relations, petrographic data, and limited 
chemical data show that phyllonites derived by Paleozoic low­
grade metamorphism of Precambrian granitic rocks and gneisses 
formed in chemical systems generally open to K, N a, Ca, and H 
and locally open to a number of other components. Hydrolysis 
of feldspars was the principal reaction affecting the alkali con­
tent of the phyllonites. Changes in chemical and mineral com­
position of the rock in the phyllonite zones were probably 
controlled through a combination of intense shearing and type 
and availability of solution. 

In the Grandfather Mountain area of northwestern 
North Carolina, plutonic rocks were metamorphosed 
during the Paleozoic to a wide variety of cataclastic 
rocks of low metamorphic grade. These rocks are 
exposed in the Grandfather Mountain window and in 
the structurally lower part of the tectonically overly­
ing Blue Ridge thrust sheet (Bryant, 1962, 1963; 
Bryant and Reed, 1962; Reed, 1964a, 1964b). 

The principal units of plutonic rocks in the Grand­
father Mountain window are the Wilson Creek Gneiss 
and the Blowing Rock Gneiss. The Wilson Creek 
Gneiss is chiefly a nonlayered plutonic rock ranging 
from diorite to granite in composition; quartz monzo­
nite and granodiorite are the most common varieties. 
Small areas in the eastern part of the window are 
layered gneiss. The Blowing Rock Gneiss is a rather 
uniform, nonlaye-red coarse-grained quartz monzonite 
gneiss to granodiorite augen gneiss. Both units con­
tain scattered dikes, pods, and irregular bodies of 
pegmatite. 

In the lower part of the Blue Ridge thrust sheet 
adjacent to the Grandfather Mountain window and 
between it and .the Mountain City window, the Cran­
berry Gneiss is the main unit of plutonic rock. The 
Cranberry is a layered and nonlayered predominantly 
granitic gneiss containing many layers and lenses of 
amphibolite and schist and some lenses, stringers, pods~ 
and, rarely, dikes of pegmatite. The granitic portions 
range in composition from diorite to granite, but rocks 

of granodioritic and quartz monzonitic composition. 
dominate. 

During Paleozoic time these plutonic rocks were. all 
converted into cataclastic rocks ranging from recrys­
tallized mortar gneiss to blastomylonite and phyllonite. 
Blastomylonitic and phyllonitic gneiss predominate.1 

The variations in the degree of shearing and recrys­
tallization of the rocks allow interpretation of the 
more metamorphosed varieties. In least sheared rocks, 
quartz is strained and plagioclase partly saussuritized 
(fig. 1A). In slightly sheared rocks, rims of recrys­
tallized mortar composed of quartz and feldspar OCC_}ll' 

between the quartz and feldspar grains of the granitic 
rock. Feldspar, biotite, and, especially, quartz are 
strained. Most plagioclase is saussuritized. All grada­
tions occur in typical blastomylonitic gneiss in which 

. much of the original quartz and feldspar have been 
granulated and recrystallized into a fine-grained 
mosaic-textured groundmass set with porphyroclasts of 
microcline, quartz, altered pl~gioclase, and, less com­
monly, biotite and amphibole(figs 1B and 0). Micro­
cline porphyroclasts are generally bent and fractured, 
and the fractures are healed by recrystallized ground­
mass minerals ; otherwise the large microcline gra·ins 
remaining· are unaltered. Plagioclase is saussuritized 
and granulated to various degrees (fig. 10). Albite 
and epidote produced by destruction of more calcic 
plagioclase are recrystallized in the groundmass. Bio­
tite generally is granulated and recrystallized as 
groundmass biotite, but a few porphyroclasts rimmed 
by new biotite may remain. Hornblende is partly or 

1 Blastomylonitic gneiss is used here for a plutonic rock in which 
10 to 90 percent of the rock has been granulated and recrystalltzed. It 
consists of numerous mineral grains derived from the original rock in 
a matrix of blastomylonlte. 

Phyllonittc gneiss is used here for a plutonic rock in which 10 to 00 
percent of the rock has been granulated and recrystalltzed with con-
version of feldspar to mica so that the rock consists of numerous min· 
eral grains of the original rock in a matrix of phyllonite. 
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completely altered to actinolite but tends to remain as 
porphyroclasts. 

In some of the more phyllonitic gneiss the plagio­
clase is altered to sericite and epidote. The sericite 
and, where retained in the rock, the epidote are distrib­
uted in the groundmass, although in a few less 
sheared rocks the sericite forms aggregates pseudomor­
phous after the plagioclase grains (fig. 1D). Micro­
cline, also, may be partly altered to sericite, although 
plagioclase is usually the first feldspar to disappear. 
Quartz forms a larger proportion of the porphyro­
clasts than in the blastomylonitic gneiss because the 
sericitic matrix of the phyllonitic gneiss apparently 
takes up n1uch of the stress that would be transmitted 
to the quartz if the feldspars were granulat~d but not 
nJtered. 

Zones in the blastomylonitic and phyllonitic gneisses 
were converted to phyllonite, which is a fine-grained 
lustrous micaceous rock resembling phyllite but derived 
through shearing and, in this case, retrogressive meta­
morphism of n, previously coarser grained plutonic 
rock. 

The phyllonites occur in discrete zones a few inches 
to 20 feet thick that are ge1ierally parallel to cataclastic 
foliation. Locally the phyllonite zones mark mappable 
faults, as in the Cranberry Gneiss between the Grand­
:father Mountain and Mountain City windows (Bryant, 
1962), but phyllonite also occurs in diffuse discontinu­
ous zones thousands of feet wide that are difficult to 
map as separate units. Large diffuse zones are best 
developed in Wilson Creek Gneiss in the central part 
of the Grandfather Mountain window (Reed, 1964a; 
Bryant, 1962) . All gradations between these types of 
occurrences can be found . 

The phyllonite zones generally grade to blastomy­
lonitic or phyllonitic gneiss at their margins; the pro­
portion of porphyroclasts of minerals of the plutonic 
generation and of quartz and feldspar in the matrix 
increase, and the amount of mica in the matrix 
decreases. Some of the narrower phyllonite zones have 
sharp contacts. The wider zones commonly contain 
lenses of pegmatite and less sheared gneiss that have 
tectonic contacts with .the more metamorphosed phyl­
lonite. The pegmatites are coarse grained, mica poor, 
and rich in potassium feldspar and are therefore 
resistant to cataclasis. 

The phyllonites may be silvery gray, gray, dark gray, 
light green, green, or blue gray, depending on the pro­
port.ions of muscovite, biotite, chlorit;e, and opaque 
minern.ls i·hey contain. Lenticular quartz segregations 
are comn1on. Northwest-trending cataclastic a linea­
tion formed by streaked-out micas or porphyroclasts of 
quari·z and feldspar is conspicuous in the phyllonites 

and is characteristic of most of the cataclastically meta­
mOI·phosed rocks in the area. Locally the phyllonites 
display crinkles 1 mm to 2 em in amplitude with axes 
perpendicular to the mineral lineation. 

In places the phyllonites contain ·disseminated mag­
netite, hematite, ilmenite, pyrite, or graphite. Rarely 
they contain torbernite or sphalerite. Because of these 
concentrations some phyllonite zones have been pros­
pected for iron, uranium, graphite, and titanium. 

A detailed chemical and mineralogical study of the 
formation of phyllonites from gran,itic rock was not 
possible during the study of the Grandfather Mountain 
area because of deep weathering of the rocks. Some 
fresh outcrops of phyllonite were found, but nowhere 
was a complete transition from blastomylonitic granitic 
gneiss to phyllonite found in ·an entirely fresh outcrop. 
The strongly developed foliation of the phyllonite 
generally allows partial weathering along the foliation 
planes so that most samples are not suitable for chem­
ical analysis. However, fie)d observations, modal data, 
and a limited amount of chemical data allow a qualita­
tive estimate of chemical changes during· the formation 
of phyllonites. 

The phyllonites exhibit a wide- span of modal com­
positions because of their gradational relations with 
phyllonitic and blastomylonitic gneiss and their deriva­
tion from rocks ranging from granite to diorite. Rocks 
classified as phyllonite in the "\Vilson Creek Gneiss 
contain 30 to 80 percent sericite, 4 to 60 percent quartz, 
0 to 30 percent biotite, Q to 30 percent chlorite, and 
0 to 25 percent epidote. A typical phyllonite contains 
60 percent sericite and 30 percent quartz; opaque 
Ininerals, biotite, chlori-te, epidote, and sphene comprise 
the remaining 10 percent. The content of calcium­
bearing minerals in many phyllonites is less than would 
be obtained by isochemical metamorphism of quartz 
moi1zonite or granodiorite and is less than that of 
adjacent blastomylonitic gneiss derived from those 
rock types. Of 34 phyllonites derived from the Wilson 
Creek Gneiss, 21lack calcium-bearing minerals detect­
able in thin section. If all the calcium were in clino­
zoisite, a phyllonite derived from a typical quartz 
monzonite should have over 5 percent of that mineral 
and one derived from a granodiorite close to 10 per­
cent. Some phyllonites are composed mostly of sericite 
and quartz. In places the green color and high index 
of refraction of the fine-grained~ mica indicates that it 
is rich in ferric iron and similar to mica described by 
Foster and others (1960) .from overlying upper Pre­
cambrian rocks. Paragonite was not detected in X-ray 
bulk-rock studies by E. J. Young, of the U.S. Geologi­
~al Survey, of several phyllonites rich in white mica. 
The analyzed rocks were judged on the basis of field 
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relations to have been derived from rocks rich in 
plagioclase and poor in potassium feldspar. The abun­
dance of sericite and the lack of significant quantities 
of albite and paragonite in the phyllonites show that 
they are enriched in J{ and l-I and impoverished in Na 
as compared with the typical granodioritic or quartz 
monzonit1c parent rocks. Their mineralogy commonly 
also indicates impoverishment in Ca, Fe, or Mg and 
enrichment in Si or Fe. 

Table 1 gives chemical analyses of the Blowing Rock 

TABLE I.-Chemical analyses, in weight percent, o.f Blow£ng Rock 
Gneiss and phyllonite derived .from it 1 . 

Gneiss Phyllonite 
-------------,----

12 2 3 4 
----------------------l--------·l------1------------
Field No-----------------~------- GMB-3 
Laboratory No___________________ 161252 

SiOz_---------- _ _ _ _ _ _ _ _ 61. 2 
AhOa----------- _--- _ _ _ 14. 2 
Fe~Oa------------------ 1. 8 
FeO___________________ 4.6 

~g~~~~=============== ~: ~ NazO__________________ 3. 4 
KzO---- _---- _- _ _ _ _ _ _ _ _ 3. 1 
HzO-__________________ . 05 
H20+--- _--- __ - _ _ _ _ _ _ _ _ 1. 2 
Ti02------------------- 1. 6 
PzO~------------------- . 80 
MnO__________________ . 14 
C02----- ------- _ _ _ _ _ _ _ . 82 
F- - - - - - - - - - _ - - _ _ _ _ _ _ _ _ . 22 Cl_____________________ . 01 
BaO __________________________ _ 
s_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . o3 

GMB4 
H3264 

63.30 
14. 87 

1. 15 
3. 74 
1. 27 
3. 14 
2. 18 
4. 70 

. 04 
1. 20 
1. 12 
. 40 
. 09 

1. 09 
. 20 
. 01 
. 16 
. 06 

PI 
161253 

73. 6 
11. 6 

1. 1 
2. 1 

. 79 
1.7 
1.0 
4. 0 

. 04 
1.4 
. 72 
. 26 
. 04 
. 94 

···Total..:_·. __ :.·.:._·.:.._.:..:._·..: :.:·.2:.: · · ·99- . ·· .. 99:··61 ... 99· 

P3 
161254 

63. 1 
16. 8 

2. 2 
3. 1 
1.1 
1.8 

. 19 
6. 5 

. 06 
2. 2 
1.6 

. 74 

. 04 
<. 05 

·99 

1 A.nalysis 2 is standard rock analysis by C. L. Parker. Other analyses by rapid 
colonmetric methods by Paul Elmore, Samuel Botts, Gillison Chloe, Lowell Artis 
and H. Smith. ' 

2 S determined by induction-furnace method by I. C. Frost. F and Cl determined 
by V. C. Smith. 

1. G~ay an~ white cataclastic nonlayered augen gneiss contain­
mg white porphyroclasts of potassium feldspar as much as 
3 em long speckled with inclusions in a green-gray matrix 
of fine-grained mica. Porphyroclasts of microcline and 
perthitic microcline broken and healed by recrystallized 
quartz and calcite, somewhat bent brown biotite as much as 
1 mm long, and saussuritized plagioclase as much as 3 mm 
in diaf!1eter in a matrix of quartz, green biotite, sericite, 
subordmate FeMg chlorite from biotite, epidote, and ac­
cessory ilmenite, sphene, apatite, pyrite, allanite, stilpno­
melane, and zircon. From road-metal quarry along U.S. 
Highway 321 just north of the south contact of Blowing 
Rock Gneiss, Blowing Rock quadrangle. 

2. Dark-gray and white cataclastic nonlayered augen gneiss 
containing ·white porphyroclasts of potassium feldspar as 
m'!lch as 2 em long in a green-gray rna trix of fine-grained 
m.ICa. Porphyroclasts of microcline and perthitic micro­
clme as much as 2 em long filled with inclusions of quartz 
and plagioclase, and of quartz as much as 1 em in diameter 
in a matrix of recrystallized albite, sericite, quartz, and 
green biotite with accessory sphene, calcite, allanite, 
zircon, and epidote. From roadcut on U.S. Highway 321 
through meander of the South Fork of New River 1.75 
miles N. 50° E. of junction between U.S. Highways 321 
and 221 in the village of Blowing Rock, Blowing Rock 
quadrangle. 

3. Porphyroclastic phyllonite from Blowing Rock Gneiss. Gray 
sericitic rock containing numerous quartz and feldspar 
porphyroclasts as much as 5 mm in diameter. Porphyro­
clasts of quartz as much as 7 mm, perthitic microcline 5 
mm, and plagioclase 2 mm in diameter in a rna trix of re­
crystallized sericite and quartz containing accessory calcite, 
pyrite, sphene, zircon, and apatite. 

4. Phyllonite from Blowing Rock Gneiss. Dark-gray phyllitic 
rock containing a few quartz porphyroclasts. Quartz 
porphyroclasts as much as 2 mm in diameter in a ground­
mass of recrystallized sericite, Fe-Mg chlorite, quartz, and 
accessory sphene, ilmenite, pyrite, apatite, allanite, and 
zircon. From roadcut on U.S. Highway 321, 100 yards 
north of junction with road to Aho, Blowing Rock 
quadrangle. 

Gneiss and phyllonite derived from it. The Blowing 
Rock Gneiss has been metamorphosed at low grade, 
and its composition may be somewhat modified com­
pared to .the original plutonic rock fr01n which it 
formed. The gneiss in table 1, column 1, contains por­
phyroclasts of saussuritized plagioclase (fig. 10), 
whereas in the gneiss of column 2 the alteration prod­
ucts of the plagioclase, such as epidote, albite, and 
sericite have been more thoroughly distributed in the 
.matrix. 

The analyzed phyllonites from the Blowing Rock 
Gneiss (table 1, columns 3 and 4, and figs. 1D and E) 
contain porphyroclasts of minerals from the parent 
rock and therefore do not represent end products of 
phyllonitization. The phyllonite of column 3, which 
is from the same outcrop as the gneiss of column 2, 
has numerous porphyroclasts of potassium feldspar 
and a few porphyroclasts of saussuritized plagioclase, 
which are unusual in phyllonites of the Grandfather 

, Mountain area. 

FIGURE I.-Photomicrographs of blastomylonitic gneiss and 
least sheared granitic rock. 
A. Slightly deformed and altered biotite granod~orite. 

Biotite (b), microcline (m), strained quartz (q), and varwusly 
saussuritized plagioclase (p). Least altered plagioclase 
Anzo-2s· 

B. Blastomylonitic augen gneiss, analyzed specimen, table 
1, column 2. Large porphyroclasts of mi?rocline (m) a~d 
quartz (q), in part granulated and recrystallized to a mosaiC­
textured aggregate (mq), a few small ones of saussuritized 
plagioclase (p) in a matrix of.recrystallized quartz, sericite, 
biotite, albite, and epidote. 

C. Blastomylonitic augen gneiss, analyzed specimen, table ,1 
column 1. Large saussuritized and partly fragmented 
plagioclase porphyroclast (p). A quartz grain (q) mostly 
converted to a mosaic-textured aggregate of smaller quartz 
grains (mq). Matrix of recrystallized biotite, epidote, 
quartz, and albite. . 

D. Phyllonite derived from Blowing Rock Gneiss, analyzed 
specimen, table 1, column 4. Strained and partly granu­
lated and recrystallized quartz porphyroclasts (q) in a 
groundmass of recrystallized sericite, chlorite, and quartz. 
Sericite-rich lenses (s) probably represent former large 
microcline grains. . 

E. Porphyroclastic phyllonite from Blowing Rock Gneiss, 
analyzed specimen. table 1, column 3. Porphyroclasts ?f 
quartz (q), perthitic microcline (m), and plagioclase (p) m 
a matrix of recrystallized sericite and quartz. 

F. Phyllonite (table 4). Strained and broken porphyro­
clasts of quartz (q) in a matrix of sericite, quartz, and 
chlorite. 

-, 
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Table 2 shows the weight percent of selected elements 
~n the analyzed samples of Blowing Rock Gneiss and 
phyllonite. Table 3 compares the compositions of the 
phyllonites with the compositions of the parent rocks,· 
first on the assumption that the amount of Si has 
remained constant, and second on the assumption that 
Al has remained constant. One analyzed phyllonite 
(sample 3) is cmnpared with gneiss from the same 
outcrop (sample 2). The other phyllonite (sample 4) 
is compared with ·the average of the two analyses bf 
gneiss. 

These limited chemical data and the mineralocrical 0 

data show that the phyllonitization of granitic rocks 
involves changes in alkali content and H content and 
may involve subtraction or addition of a number of 
elements. A precise determination of losses and gains 
does not seem justified because it is doubtful that these 
changes took place at constant volume. However, 
changes relative to constant Al and Si (table 3) show 
that N a, Ca, Fe and Mg are lost regardless of whether 
Al or Si is assumed constant. In the transformation 
of the gneiss (sample 2) to phyllonite (sample 3) the 
assumption of constant Al seems ·most reasonable 
because I{ and H must be gained to form mica and it . ' 
IS the greater content of mica that distinguishes the 
phyllonite from the Blowing Rock Gneiss. In com­
paring sample 4 with the average of samples 1 and 2, 
neither assumption appears more favorable. The com­
positional changes are apparently similar to those 
involved in hydrothermal alteration, but probably took 

· TABLE 2.-Selected e~ements, in weight ·percent, in Blowing Rock 
Gnetss and phyllonite derived from it 

Sample (table 1) Si Al Ca Na K Fe Mg H Ti 
----------------

}_ _______________________ 28.8 7. 5 3.4 2. 5 2. 6 4. 9 1.0 0.138 0. 96 
2 __ --------------------- 29.8 7. 9 2. 3 1.6 3. 9 3. 7 .8 .137 . 675 3 _______________________ 34.6 6.1 1.2 . 7 3. 3 2.4 . 5 .160 . 43 
4 __ -- ------------------- 28.6 8. 9 1.3 1.5 5. 4 3. 9 .7 . 250 . 96 

TA.BLE 3.-G~ins an~ losses, in weight percent, of selected elements 
tn phyllontte derwed from Blowing Rock Gneiss assuming 
constant Si and Al · ' ' 

[+,gain;-, loss. Chemical analyses given in table 2] 

Gneiss (sample 2) compared with phyllonite (sample 3) 

Si constant ____ Con- -2.7 -1.3 -1.0 -1.1 -1.6 -0.4 Con- -0.305 
stant stant 

AI constant_ ___ +14.8 Con- -.8 -.7 +.4 -.6 -.2 +O. 069 -.115 
stant 

Average or gneiss (samples 1 and 2) compared with phyllonite (sample 4) 
·-

Si constant_ ___ Con- +1.4 -1.4 -1.85 +2.2 -0.3 -0.2 +0.113 +0.15 
stant 

AI constant_ ___ -4.5 Con- -1.6 -1.87 +1.4 -.9 -.3 +. 073 Con-
stant stant 

TABLE 4.-Qualitative changes, in weight percent, of selected 
elements in Cranberry Gneiss during phyllonitization 

Rock Ca Na K Fe Mg 

-----------
Quartz diorite~-------------------- 2. o-3. 9 2. 3-3.7 1. Q-1. 4 1. 7-4.8 0. 5-1.5 
Calculated composition of quartz 

dio~ite from wpich phyllonitic 
1.4 2. 7 1.2 2. 9 1.3 gneiss was denved -------------

Phyllonitic biotite quartz diorite 
gneiss a •------------------------- . 15 .15 3 

Granodiorite and quartz mon-zonite 1 __________________________ 1. 1-3. 4 2. 2-3.0 2. 2-3.8 1. 7-4.4 . 4-1.5 
Chlorite-quartz-sericite phyl-

lonite a 5 derived from grano-
diorite or quartz monzonite ______ . 5 

1 Calculated from range of Nockolds' (1954) averages for rocks of this classification. 
2 Composition calculated assuming sericite derived from plagioclase An 25, the 

composition of plagioclase in nearby rock of similar composition containing a few 
plagioclase grains which are unaltered, and assuming no magnetite or pyrite. Iron 
content might have been a percent or two higher. 

a Spectrographic analysis by J. C. Hamilton. Results are reported in the series 1, 
0.7, 0.5, 0.3, 0.2, 0.15, and 0.1, and so forth, which represent approximate midpoints of 
group data on a geometric scale. The assigned group for semiquantitative results 
will include the quantitative value about 30 percent of the time. 

4 Sericite in aggregates pseudomorphous after strung-out plagioclase grains. Micro­
cline, which occurs in a very small amount, is not altered. Biotite only slightly 
altered to muscovite. but it is bent and broken. Quartz is strained and broken down 
into lenses of smaller grains. Graphite and pyrite and lesser amounts of magnetite 
constitute several percent of rock. 

5 Quartz as scattered porphyroclasts and recrystallized mortar. Matrix predom­
inately sericite with some chlorite. A few percent of opaque minerals, most of which 
are pyrite. · 

place at higher pressure and shear stress than prevails 
during hydrothermal alteration adjacent to a fissure. 

Table 4 is a comparison of the proportions of selected 
elements in phyllonitic gn~iss and phyllonite in the 
Cranberry Gneiss with their proportions in their 
inferred pareil.t rocks, and it shows similar, although 
not identical, relations as the more accurate analyses 
of table 1. The analyses indicate that during phyl­
lonitization these rocks lost Ca and N a and gained I( 
and probably Fe. Mg stayed approximately constant. 
Petrographic study shows that the principal min­
eralogical change has been sericitization of the plagio­
clase in the phyllonitic gneiss and all feldspar in the 
phyllonite (fig. lF). Consequently the loss of Ca and 
N a and gain of K took place during that process. 
Introduced Fe is principally in pyrite in these two 
rocks. The occurrence of graphite in the phyllonitic 
gneiss indicates that some carbon must have been intro­
duced, since the less metamorphosed granitic rocks lack 
carbon and only locally contain accessory carbonate. 

The first and most widespread reaction during 
formation of phyllonite is the sericitization of plagioclase. 
It may be written as follows: 

0.5N a4CaAl6Si1404o+2H+1+ K+1~KA13Si30lo(OH)z 
(oligoclase, An20) (muscovite) 

+ 2Na+1 j +0.5Ca+2 j +4Si02. (1) 
(quartz) 

Hydrogen and potassium metasomatism are necessary 
for the reaction to occur. The reaction explains th~ 
loss of Ca and N a and the enrichment in K and H 
inferred by mineral composition and suggested by the 
analyses above. It also explains the high content of 

.t 
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quartz in many of the phyllonites compared with the 
parent rocks. The N a and Ca leave in solution, but 
we have no geologic record of where they go. 

Reaction 1 has been written assuming constant AI. 
If we assume <;onstant Si, the equation could be 
written 

1.5N a4CaAl6Si140~o+ 14H+1 + 7K+1 + 240-2+ 12Al+3 

~7I\:AlaSia0t 0(0H)2+6N a+ 1 i + 1.5Ca+2 i . (1a) 

The reaction as written requires additions of large 
quantities of 0, AI, K, and H and would necessitate a 
substantial increase in the volume of the rock. It 
could be simplified by having quartz as one of the 
products of the reaction, but that would destroy the 
assumption of constant Si. Consequently, constant Al 
seems the more reasonable assun1ption for the reaction. 

For smne phyllonitic gneisses and a few phyllonites, 
at least smne of the Ca ren1ains in the rock as a com­
ponent of epidote-group minerals. For rocks in which 
theCa is retained, the reaction may be 

N a4CaAloSit404o+ 1.5I\:A1Si30 8 +0.5K+ 1 

(oligoclase, An2 0) (potassium feldspar) 

+0.5H20+3.5H+ 1~0.5Ca2Al3Si30t2(0H) 
( clinozoisite) 

+ 2KA13Sia0t0(0H)2+ 11Si02+4N a+ 1 j . (2) 
(muscovite) (quartz) 

This reaction results in loss of N a and increase in the 
proportions of quartz, muscovite, and epidote. These 
reactions could occur sin1ultaneously, thus. accounting 
for a partial, but not complete, loss of the Ca of the 
original plagioclase. The epidote-group Inineral may 
contain ferric iron, in which case the reaction would 
be n1ore co1nplicated and involve a mafic mineral and 
probably son1e oxidation. 

The next step is sericitization of potassium feldspar, 
possibly by the reaction 

1.5KA1Si30s+H+1=0.5KA13Si30to(0Hh 
(potassiun1 feldspar) (1nuscovite) 

+K+1 j +3Si02. (3) 
(quartz) 

This reaction also results in an increase in the content of 
quartz and 1nuscovite. The K+ 1 ions released might 
participate in the sericitization of plagioclase elsewhere. 
In son1e cases, such as the rock of column 3, table 1, 
reactions 1 and 3 may take place simultaneously, but in 
tpat rock they did not go to completion. When 
plagioclase is altered by reaction 1 alone, reaction 3 
might proceed simultaneously, resulting in alteration of 
any potassium feldspar phase in the plagioclase. The 

end result of reactions 1 and 3 on granitic rocks is a 
quartz-muscovite (sericite) rock like many phyllonites 
in the Grandfather Mountain area. 

The components lost and gained in the phy llonite 
zones ideally may be considered as perfectly mobile. 
As pointed out by I(orzhinsky (1936) and Thompson 
(1959) the number of phases expected in an assemblage 
is less than or equal to the number of components which 
define a sequence of metasomatic assemblages minus the 
number of perfectly mobile components. In the sim­
plest case the sequence might start with a rock of 
granodioritic composition composed of biotite, plagio­
clase, potassium feldspar, and quartz and result in a 
rock composed of muscovite and quartz. This would 
involve changes in K20, N a20, CaO, FeO, MgO, and 
H 20, which may be considered mobile components. In 
addition the inert components Al20a and Si0 2 are 
needed to define the system. The total number of com­
ponents is 8 : of these, 6 are perfectly mobile and 2 are 
inert; thus, the rock should have a maximum of 2 
phases. The quartz-sericite phy llonite fulfills that 
requirement. 

Phyllonitic gneiss containing porphyroclasts of min­
erals of the plutonic generation obviously did not 
achieve equilibrium with conditions of the Paleozoic 
metamorphism it underwent. Phyllonite having a 
more complex miner.alogy than just quartz and sericite 
-for instance containing biotite or chlorite-forn1ed 
in environments in which fewer components were per­
fectly 1nobile. Some quartz-sericite rocks could be 
derived from pegmatite or gneiss lacking mafic min­
erals, but the amount and field relations of such rock 
indicate that much of the quartz-sericite phyllonite 
originated from normal biotite-containing gneiss. 

llemley and Jones (1964) point out, in reference to 
alteration of granitic rocks, that reactions in the system 
J(20-Na20-Al20a-Si02-H20 depend on the tempera­
ture, pressure, and ratio of the activities of various 
base cations to the activity of hydrogen ion in the 
altering solutions. In the rocks under consideration, 
temperature and perhaps pressure were quite uniform 
during metamorphism because mineral assemblages 
formed during the Paleozoic metamorphism are similar 
in similar rock types over an area of more than 500 
square miles. However, in the phyllonite zones those 
minerals occur in different proportions and various 
bulk chemical changes have taken place. Since the 
amount of reaction depends on the absolute concen­
tration or availability of reactants, the concentration 
of the various ions in the solutions probably differed 
somewhat frmn zone to zone or within the zones, caus­
ing somewhat different changes in rocks at various 
places. Remley shows that at a given temperature an 
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increase in the H+1 ion concentration of an alkaline solu­
tion favors hydrolysis. Changes in pressure do not 
affect the reactions greatly if the solution is relatively 
dense. 

It is difficult to evaluate the relation of the phyllonite 
zones to intensity of shearing. The sharp local zones 
along faults suggest that intense shearing favored the 
formation of the phyllonite. On the other hand, the 
wide diffuse zones suggest that shearing in those areas 
was no n1ore intense than that occurring throughout 
the basement rocks in the window during regional 
cataclastic metamorphism and formation of blastomy­
lonitic and phyllonitic gneisses. A zone of shearing 
r:n.ight have allowed more solution to flow through the 
rock and in that way facilitate the chemical changes 
that distinguish the phyllonites from the blastomy­
]onitic gneisses. However, in the wide diffuse zones 
the availability of such solutions appears to have had 
some· different control, or perhaps in these areas the 
ratio of the activities of the base cations to the activ­
ity of hydrogen controlled· the formation of the 
phy llonites. 

The source of the H+1 ions may be water from the 
overlying sedimentary rocks which were being sub­
jected to progressive metamorphism involving dehy­
dration at the same .time that the plutonic rocks 'vere 
being retrogressively metamorphosed. 

The source of K+1 ions could have been rock that 
had undergone reaction 3. Other elements such as Fe, 
Ti, and U were probably derived from the plutonic 
rocks, especially from the phyllonite zones. They 'vere 
carried as ions in solution and locally deposited because 
of changes in solution composition. 

The occurrence of graphite in some of the phyllonite 
zones is an interesting problem and worthy of further 
study. Whether or not it was deposited through reduc-

tion of introduced C02 is unknown. It does not seem 
likely that C was brought in as io~s in a solution. The 
primary source of the introduced C is even more 
obscure as carbonaceous matter is not found in the less 
metamorphosed plutonic rocks of the area. 

Phyllonite zones in the Grandfather Mountain area 
can be considered to have formed in chemical systems 
open to K, N a, Ca, and H and, to a less uniform 
extent, to a variety of other components. The openness 
of the chemical systems in these zones was probably 
controlled through a combination of intense shearing 
and the chemical nature and availability of solutions. 
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A.bstract.-Preliminary results of an investigation of xeno­
liths in Hnwniian basnlt include new data on the garnet­
clinopyroxene rocks called "eclogite". Garnet-bearing xeno­
liths, lH"eviously lmown to occur in the Salt Lake 'l'uff, Oahu, 
have been found in the Aliamanu nnd Makalapa Tuffs as well. 
Xenoliths· ii1 these tuffs are of two dominant types--one con­
tnining about 75 percent clinopyroxene, 15 percent garnet, and 
10 percent olivine; the other about 75 percent oliYine, 15 per­
cent orthopyroxene, nnd 10 percent clinopyroxene. But xeno­
liths gradational between these two types are found, and the 
two types are interlayered in some single hand specimens. It 
seems clear that the "eclogite" xenoliths are members of a very 
heterogeneous ·group of deep-sented rocks whose origin cannot 
be considered separately from each other or from the origin of 
their host rocks. 

Garnet-bearing xenoliths have been known ·to occur 
in the bedded tuffs of Salt Lake Crater, Oahu, (fig. 1) 
for many years (Hitchcock, 1900). Interest in these 
rocks was recently stimulated in papers by !{uno 
(1959) and Yoder and Tilley (1962), who reached the 
conclusion that the xenoliths represent fragments of 
rocks that formed at considerable depths in the mantle. 
"Since 1962, Salt Lake Crater, as the only known 
oceanic source of the garnet-clinopyroxene rocks called 
"eclogite," has been the subject of considerable discus­
sion by O'Hara and Mercy ( 1963), !{uno ( 1963), 
J(ushiro and I\:uno (1963), Heier (1963), Tilton and 
Reed (1963), Lovering and Richards (1964), Coleman 
and others ( 1965), Forbes ( 1965), ~tfacdonald ( 1965), 
Roedder (1965), Forbes and !{uno (1965), 'Vhite 
( 1966), and others. The U.S. Geological Survey has 
recently begun a comprehensive study of the xenoliths 
in all the basaltic rocks of Hawaii, including those of 
Salt Lake Crater. Several preliminary results of the 
Held investigations 'viii be of interest to students of the 
eclogite problem. 

OCCURRENCE OF GARNET -BEARING XENOLITHS 

Garnet-bearing xenoliths have been found in two 
previously unreported localities on the island of Oahu 

GEOLOGICAL SURVEY RESEARCH 1966 

''ECLOGITE" IN HAWAIIAN B~SALTS 

By EVERETT D. JACKSON, Menlo Park, Calif. 

-Aliamanu Crater and Makalapa Crater (fig. 1). 
The xenoliths, like those at Salt Lake Crater, occur 

as inclusions in bedded tuff. The tuffs that compose 
these three craters are members of the nepheline-rich 
Honolulu Volcanic Series (Stearns and Vaksvik, 1935) . 

The xenoliths of coarse-grained rocks in the tuffs 
average about 25 mm in diameter and range up to 150 
mm. They are larger and more abundant near the 
centers of the craters, where they are commonly scat­
tered among larger inclusions of tholeiitic basalt and 
nepheline basalt. The coarse-grained xenoliths are 
considerably more abundant in the Salt Lake Tuff 
than in the Aliamanu Tuff, and more abundant in the 
Aliamanu than in the ~lakalapa Tuff. 

The xenoliths make up an extremely heterogeneous 
group of rocks. White (1966) has recently pointed out 
that lherzolite xenoliths, as well as the more publicized 
garnet-bearing xenoliths, are abundant at Salt Lake 
Crater. In order to obtain a statistically meaningful 
sample of the compositional range and abundance of 
xenoliths, about 750 were broken free from the enclos­
ing tuffs and carefully examined. Triaxial dimensions, 
shape, structure, texture, estimated mineral propor­
tions, and grain size were recorded for each xenolith. 

The estimated mineral proportions of these xenoliths 
are plotted on the faces of tetrahedra in figures 2 and 
3. -:En addition .to the 4 plotted minerals, most 
xenoliths contain 1 to 5 percent chromite, some contain 
mica and amphibole, arid a few contain plagioclase. 
Inspection of figures 2. and .3 reveals that about half 
the xenoliths in the Salt Lake Tuff, ·and a little less 
than half of the xenoliths in the Aliamanu Tuff are 
garnet bearing. In the xenoliths from the Salt Lake 
Tuff there are two dominant mineral assemblages-one 
averaging about 75 percent olivine, 15 percent ortho­
pyroxene, and 10 percent clinopyroxene; the other aver­
aging about 75 percent clinopyroxene, 15 percent gar­
net., and 10 percent olivine. In the Aliamanu Tuff 
there seems to be less orthopyroxene associated with 
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FIGURE !.-Source vents of the Honolulu Volcanic Series on Oahu, Hawaii. Patterned areas are vents known to contain 
garnet-bearing xenoliths; solid circles are other known vents. 

the olivine-rich rocks. Not enough xenoliths have been 
counted in the Makalapa Tuff to permit a plot, but 
they resemble the Aliamanu rather than the Salt Lake 
suite. It is apparent from figures 2 and 3 that every 
gradation in mineral assemblage occurs between the 
olivine maximum and the clinopyroxene-garnet maxi­
mum. Garnet o,ccurs in these rocks in amounts ranging 
from 1 to 1nore than 50 percent. 

For the purposes of field classification, I will refer 
to these rocks as garnet-free peridotites and garnet­
bearing peridotites. In the Salt Lake Tuff, the most 
abundant type of garnet-free peridotite xenoliths 
would be called lherzolite in most classification sys-

tems; in the Aliamanu Tuff the most abundant type 
would be called wehrlite. In both tuffs, the most 
abundant type of garnet-bearing peridotite xenoliths 
might be classed as "eclogite," even though consid­
erable olivine is present. However, I would prefer not 
to use "eclogite" for any of these garnet-clinopyroxene 
rocks until the term is better defined, particularly 
because of the widespread acceptance of chemical 
equivalence of eclogites and basalts (Yoder mid Tilley, 
1962; Coleman and others, 1965). If the mode of the 
most abundant type of garnet-bearing xenoliths is 
taken at 75 percent clinopyroxene, 15 percent garnet, 
and 10 percent olivine, and if these percentages are 
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FIGURE 2.-Tetrahedral plot of mineral proportions in 699 
xenoliths from the Salt Lake Tuff. Numbers indicate total 
number of specimens at a single plot point. GAR, garnet; 
OL, olivine; CPX, clinopyroxene; OPX, orthopyroxene. 

multiplied proportionately by the appropriate com­
positions of Salt Lake minerals published by Yoder 
and Tilley ( 1962) and White ( 1966), the calculated 
totnJ-rock composition is very similar to previously 
published Salt Lake "eclogite" whole-rock analyses 
(table 1, analyses 1-3). Neither the reconstructed 
analysis nor the two whole-rock analyses are similar to 
analyses of average nepheline basalts of the Honoluh1 
Volcanic Series (table 1, analysis 4), average alkalic 
basalts (table 1, analysis 5), or n,ny other Hawaiian 
extrusive rocks that I know of. The differences in 
~fgO/CaO and :MgO/ Al 20 3 ratios and content of total 
alkalis, T.iO:.:, and Cr20 3 between the "eclogites" and 
the basalts are particularly noticeable, and, in general, 
correspond to differenc~s between other eclogites and 
basalts pointed out by Forbes ( 1965). Although I do 
not think that the Salt Lake garnet-bearing peridotHes 
correspond in composition to known natura.! extrusive 
liquid 1nelts, they are chemically similar in many ways 
to mafic gabbros, particularly those of cumulate origin. 
The IIawaiian "eclogites" may, in fact, be metamor­
phosed gabbros, troctolites, and feldspathic peridotites. 
It is hoped that further work will clarify this problem. 

Most of the xenoliths in the Salt Lake, Aliamanu, 
and 1\fakalapa Tuffs have metamorphic textures and 
structures. Many of the garnet-free peridotites have 
gneissic structures, and the garnet-bearing peridotites 
have reaction textures. 

50 
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FIGURE 3.-Tetra}ledral plot of mineral propo.rtic:>ns in 50 
xenoliths from the Aliamanu Tuff. Nu~bers mdtcate total 
number of specimens at a single plot pomt. GAR, garnet; 
OL, olivine; CPX, clinopyroxene; OPX, orthopyroxene. 

EXTRUSIVE HOST ROCKS OF GARNET ~BEARING 
XENOLITHS 

The Honolulu Volcanic Series is composed of a 
group of nepheline basanite, nepheline basalt, and 
nepheline melilite basalt tuffs and flows that were 
extruded from about 30 vents in the southeastern part 
of the ICoolau Range on Oahu (Stearns and Vaksvik, 
1935; 'iVinchell, 1947). The Honolulu rocks, and the 
similar neph~line-rich rocks or the IColoa Volcanic 
Series on ICauai (Macdonald and others, 1960), are 
considerably more undersaturated (see table 1) a1~d 
very much younger than the tholeiitic and alkalic 
basalt shields onto which they have been extruded. 

l\icDougall (1964) reported IC/ Ar ages in excess of 
2 million years for the youngest tholeiites and alkalic 
basalts of the ICoolau Volcanic Series on Oahu, whereas 
the overlying Honolulu Volcanic Series is late Pleisto­
cene and Recent in age. On J(auai, l\icDougall ( 1964) 
found evidence for a 2-m.y. time interval between the 
youngest alkalic basalts of the vVaimea Canyon Vol­
canic Series and the still younger undersaturated rocks 
of the IColoa Volcanic Series. Preliminary results on 
J(/ Ar ages on a large number of basaltic rocks from 
J(auai confirm the existence of this interval (G. B: 
Dalrymple, oral commun., May 3, 1966). 

l\ifacdona1d and ICatsura (1961) proposed that 
Hawaiian eruptive i:ocks be classified into three major 
groups: a tholeiitic suite, an alkalic suite, and a nephe-
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TABLE !.-Chemical analyses of Hawaiian "eclogite" and basalt 

1 2 3 4 5 

Si02- ____ - ____ 48. 12 48. 41 49. 26 39. 52 46. 46 
Al20a- - - - - - - - - 9. 11 10. 41 8. 63 12. 19 14. 64 
Fe20a--------- 1. 89 2. 58 3. 24 4. 91 3. 27 
FeO __________ 7. 03 5. 61 5. 09 8. 64 9. 11 
MgO ___ ------- 17. 62 17.78 19. 40 11. 87 8. 19 
CaO __ ---- __ -- 13. 83 12. 17 12. 44 12. 47 10. 33 
N a20 _________ 1. 38 1. 24 . 88 4. 11 2. 92 
K20- - -------- . 01 .11 . 06 1. 06 . 84 
H20- - - - - - - - - - -------- . 43 . 40 1. 34 --------
Ti02---------- . 63 . 62 . 62 2. 65 3. 01 
P205_- -------- -------- . 04 . 02 . 90 . 37 
MnO __ --- __ -- . 17 . 18 . 17 . 14 . 14 
C02------ _ ---- -------- . 28 ~·------- . 05 --------
Cr20a- __ - _____ . 29 . 43 . 31 . 02 --------

TotaL ______ 100. 08 100. 29 100. 52 99. 87 99. 28 

1. Calculated "eclogite'' based on 75 percent clinopyroxene, 15 
percent garnet, 10 percent olivine; analyses of minerals from 
xenoliths from Yoder and Tilley (1962) and White (1966). 

2. "Hypersthene eclogite" (66118) from Salt Lake Crater, from 
Yoder and Tilley (1962, p. 482). 

3. "Eclogite" (62-2) from Salt Lake Crater, from Macdonald 
and Katsura (1964, p. 123). 

4. Average of 12 analyses of extrusive rocks from the Honolulu 
Volcanic Series, from Winchell (1947); Macdonald and 
Katsura (1964); Yoder and Tilley (1962) ; and Forbes and 
Kuno (1965). 

5. Average of 28 analyses of Hawaiian alkalic basalts, from 
Macdonald and Katsura (1964, p. 124). 

linitic suite. It is apparent that they intended the 
nephelinitic suite to be composed of the rocks of the 
Honolulu and Koloa Volcanic Series. In subsequent 
papers, Macdonald and Katsura (1962, p. 190; 1964) 
abandoned a separate nephelinitic suite, and it has also 
been the practice of other authors (Tilley, 1950; Yoder 
and Tilley, 1962) to include nephelinitic basalts among 
the alkali olivine basalts. 'Whether or not the rocks of 
the Honolulu and l(oloa Volcanic Series are classified 
as a separate volcanic suite, it is evident that·they are 
at least as chemically and physically distinct from 
typical Hawaiian alkalic basalts as the alkalic basalts 
are from the tholeiitic basalts. 

OCCURRENCE OF GARNET -FREE XENOLITHS 

White . (1966) .found .a .close .relation. between the· 
mineralogy of garnet-free Hawaiian xenoliths and the 
chemical composition of their host basalts. On this 
basis he divided the xenoliths into three groups: ( 1) 
small, sparse, inclusions of diverse mineralogy that 
occur in tholeiite; (2) dunite, wehrlite, feldspathic 
peridotite, and gabbro inclusions that occur preferen­
tially in alkaline olivine basalt, and ( 3) lherzolite 
inclusions that occur preferentially in olivine nephe­
linite. Thus far in the present investigation, 3,700 
xenoliths from Macdonald and l{atsura's (1961) 
alkalic suite (alkalic basalts, hawaiites, and trachytes), 

and 1,150 xenoliths from the Honolulu and Koloa 
Volcanic Series (nephelinites) have been tabulated by 
mineral proportions; 'White's observations have, in 
general, been confirmed. In particular, lherzolite 
xenoliths of the type found in the Salt Lake, Aliamanu, 
and Makalapa Tuffs are exceedingly rare in alkalic 
basalt host rocks. 

The mineral proportions in 401 xenoliths in nephe­
nite-rich rocks of the Honolulu and l(oloa Volcanic 
Series exclusive of the Salt Lake, Aliamanu, and 
l\1akalapa Tuffs, are given in figure 4. Again, the 
mineral proportions are reduced to the faces of the 
tetrahedron. In addition to the plotted constituents, 
most of the xenoliths contain 1-5 percent chromite, 
and a fair number contain plagioclase. It is apparent 
that this group of host rocks displays the san1e genera 1 
assemblage of garnet-free peridotites as the Salt Lake, 
Aliamanu, and Makalapa Tuffs, but differs from them 
in containing no garnet-bearing rocks. The assem­
blages of xenoliths vary considerably among the indi­
vidual flows and tuffs of the two volcanic series, and 
more "boulder counts" will be necessary to assess the 
significance of different proportions of dunite, wehrlite, 
and lherzolite inclusions. Additional field work will 
also be necessary to determine the distribution of those 
Honolulu and · Koloa extrusive rocks that lack 
xenoliths. 
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FIGURE 4.-Tetrahedral plot of mineral proportions in 401 
xenoliths from flows and tuffs of the Honolulu and Koloa 
Volcanic Series, exclusive of the Salt Lake, Aliamanu, and 
Makalapa Tuffs. Numbers indicate total specimens at a 
single plot point. GAR, garnet; OL, olivine; CPX, clino­
pyroxene; OPX, orthopyroxene. 
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ORIGIN OF GARNET -BEARING XENOLITHS 

In the past, attempts to explain all the Hawaiian 
xenoliths as fragments of a common body of deep­
seated rock with a common alkali olivine basalt 
transporting host, have led to sharply conflicting 
opinions (Ross and others, 1954; Richter and Murata, 
1961; Forbes and Kuno, 1965). Nor have attempts to 
determine crustal or mantle origin on the basis of the 
properties of selected xenolithic rocks or mineral~ led 
to any unanimous body of opinion (Yoder an~ ':f'Ille~, 
1962; Heier, 1963; Roedder, 1965). In fact, It IS evi­
dent that broad O'eneralizations about this extremely 

. b . 

diverse &roup of rocks are premature, and that White 
(1966), 

0

in demonstrating a compositional relati~n 
between the xenoliths and their host rocks, and In 
arguing for multiple origins of the xenoliths, has 
sharply focused attention on the nature of the problem. 
· It is appa~nt from the present investigation that 
O'arnet-bearinO' peridotites transitional between "eclo-
o b . • 

<:rites"and lherzolites are fairly abundant In certan1 
~xtrusive rocks of the Honolulu Volcanic Series. In 
fact some single xenolith hand specimens consist of 
alte;nating layers of these two rock types. It is clear 
that the two kinds of xenoliths are either intimately 
mixed at depth, or are transitionally contiguous. The 
problem of origin of the "eclogites" cannot, therefore, 
be separated from the origin of the lherzoli.tes and 
other olivine-rich xenoliths common .to the Honolulu 
nephelinites, nor from the origin of the Honolulu 
Volcanic Series as a whole. 

The problem of why the garnet-bearing peridotit~ 
xenoliths are confined to certain vents of the Honolulu 
Volcanic Series, and are not present in .the others, has 
received surprisingly little attention in the literature. 
The present investigation, while far from complete, can 
at least define some possible explanations. These may 
be divided into four categories: the xenoliths are 
localized by (1) geographic area, (2) .time of eruption, 
(3) depth of source material, or ( 4) composition of 
their host basalts. These categories are :not necessarily 
·mutually exclusive. 

One possible explanation is that the parent garnet­
bearing peridotite body exists in the crust or mantle 
only under a restricted area of southwest Oahu. The 
occurrence of garnet-bearing peridotite xenoliths at 
the Aliamanu and Makalapa centers enlarges the 
previously known source area to about 6 square miles. 
The proximity of the new centers to the previously 
known source at Salt Lake Crater supports a restricted 
source area, but more localities may very well be dis­
covered in the future. 

224-852 Q-66-11 

Another possible explanation is that the distribution 
of garnet-bearing peridotite xenoliths is du~ to ~he 
eruption sequence within the Honolulu Volcanic Series. 
The Salt Lake Tuff unconfo~ably overlies the 
Aliamanu Tuff, and, locally, a soil zone is found at 
the contact. From this relation and many others, 
Stearns and Vaksvik (1935) and Winchell (1947) have 
placed the Aliamanu eruption fairly early in the 
Honolulu Volcanic Series, and the Salt Lake and 
M.akalapa events fairly late in the series. The presence 
of garnet-bearing peridotite xenoliths in ~oth the Salt 
Lake and Aliamanu Tuffs suggests that time of erup­
tion within the Honolulu Volcanic Series is not an 
important factor in explaining the localization. 

A third possible explanation is that the parent gar­
net-bearing peridotite body lies deeper in the crust or 
mantle than the garnet-free peridotite body, and that 
the Salt Lake, Aliamanu, and Makalapa primary 
magmas were generated deeper than the other magmas 
of the Honolulu Volcanic Series. If this is the case, one 
would suppose that the garnet-bearing peridotite 
xenoliths carried .to the surface would typically be 
smaller in size than garnet-free peridotite xenoliths, 
having travelled farther up the vent. Figure 5 .is a 
cumulative size-distribution curve of the average diam­
eters of 326 garnet-free peridotite xenoliths and 373 
garnet- bearing peridotite xenoliths from the Salt Lake 
Tuff. Differences in mean size are small and probably 
not significant, but if anything, the garnet-bearing 
xenoliths are larger. On the other hand, the garnet­
pyroxene association is often considered to be a high­
pressure assemblage, and pressure is commonly equated 
with ·depth. It is hoped that further study of the 
mineraloO'y· and texture of the xenoliths will lead to 

b • 

independent criteria for estimating their depth of 
origin. 

A fourth possible explanation is that the distribu­
tion of garnet-bearing peridotite xenoliths is related to 
differences in composition of the magmas of the Salt 
Lake Aliamanu, and Makalapa eruptions from those 
of tl~e rest- of -the Honolulu Volcanic· Series.' The 
chemical composition of the primary material that 
produced the Salt Lake, Aliamanu, and Makalapa 
Tuffs is not certainly known (Winchell, 1947), but 
inclusions of nepheiine and melitite in unaltered glass 
fragments (Wentworth, 1926) suggest that the mag­
matic material was nepheline melilite basalt. Forbes 
and Kuno(1965) give an analysis of "nepheline olivine 
basalt, Salt Lake Crater, Oahu, Hawaii," but I know 
of no basalt interbedded with the Salt Lake Tuff. 
Perhaps the material analyzed was collected from the 
flow described by Stearns (1940), which locally under-
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FIGURE 5.-Comparison of size-frequency distributions of 
xenoliths from the Salt Lake Tuff. A, garnet-bearing 
peridotite xenoliths; arithmetic mean diameter is. 24 
mm. B, garnet-free peridotite xenoliths; arithmetic 
mean diameter is 20 mm. 

lies the Salt Lake Tuff. R. L. Hay (oral commun., 
May 5, 1966) is currently analyzing fresh glass shards 
from the Salt Lake Tuff with the electron microprobe. 

Although at present the composition of these tuffs 
cannot be· compared with the composition of other 
Honolulu Series basalts, the constructional forms of 
the tuffs may provide a clue to their volatile content. 
All the tuff cones on Oahu have characteristically large 
ratios of inside crater diameter to total cone width, and 

their or1g1n has been ascribed to eruption under sea 
water (Stearns and Vaksvik, 1935; Winchell, 1947). 
"\Ventworth (1926) has studied the shapes of the tuff 
cones, and he notes that the Salt Lake, Aliamanu, and 
Makalapa cones have characteristically gentler slopes, 
lower rims, and contain larger ejected blocks than the 
others. In fact, the shapes are reminiscent of con~ 
tinental 1naars (Shoemaker and others, 1962). The 
possibility remains, therefore, that whether erupted 
under sea water or not, the Salt Lake, Aliamanu, and 
1\1akalapa juvenile magmas contained more volatile 
material than .the other Honolulu Series magmas, and 
that this feature is directly related to the presence of 
the fragments of garnet-bearing peridotite in their 
extrusive rocks. 

In summary, the preliminary results of this investi ~ 
gation of Hawaiian xenoliths provide some limits 
within which speculation on the origin of the garnet­
bearing peridotites may be confined: 

(1) Garnet-bearing peridotite xenoliths have been 
found in the Salt Lake, Aliamanu, and l\1akalapa 
Tuffs. 

(2) The garnet-bearing xenoliths occur 1n about 
equal numbers with garnet-free peridotite xenoliths 
typical' of the other volcanic rocks of the Honolulu 
Volcanic Series. 

( 3) Although two rock types are dominant, every 
gradation of mineral proportions between them is 
present muong the xenoliths; in addition, the two 
dominant rock types are interlayered in sorr~e single 
speCimens. 

( 4) Many of the garnet~ bearing xenoliths are not 
compositionally equivalent to basalt, and probably few 
of them are. 

(5) Texturally, most of the garnet~bearing and 
garnet~free peridotites are metamorphic rocks. 

(6) The mean size and size distribution of the bYO 

kinds of xenoliths are nearly identical. 
(7) The origin of the xenqliths is an integral part 

of the origin of the nepheline-rich rocks of the Hono-
1 ul u Volcanic Series. 

(8) The data presently available are insufficient to 
warrant a conclusion as to whether any or all of the 
xenoliths are fragments of the oceanic mantle; further 
work ·may provide a solution to this problem. 
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PRELIMINARY REPORT ON A PLUTONIC BELT IN WEST -CENTRAL ALASKA 

By THOMAS P. MILLER, WILLIAM W. PATTON, JR., and MARVIN A. LANPHERE, 
Menlo Park, Calif. 

Abstract.-Preliminary studies of a belt of plutons in west­
central Alaska indicate that the plutons are divisible into an 
older, 100-m.y-old suite composed chiefly of saturated to under­
saturated monzonite and syenite and a younger 81-m.y.-old suite 
chiefly of granodiorite and quartz monzonite. The older plutons 
occur in the western half of the plutonic belt and the younger 
plutons in the eastern half. 

Investigations by the U.S .. Geological Survey since 
1953 along a belt of plutons in west-central Alaska 
(fig. 1) have resulted in the mapping of nine previ­
ously unreported plutons (fig. 2, plutons 1, 3, and 5-
11).. In. addition two other plutons (fig. 2, plutons 2 
and .4) along this belt that were previously noted by 
Smith (1913) and Eakin (1916) have been mapped in 
greater detail. Potassium-argon age determinations 
on hornblende and biotite from six of these plutons 
(fig .. 2, plutons 1-6, and table 1) indicate that magma 
emplacement occurred in two distinct episodes in Cre­
taceous time. Two of the dated plutons, Indian Moun­
tain and Zane Hills, previously have been reported as 
Eocene ( ? ) . by Eakin ( 1916) and Tertiary by Dutro 
and Payne -( 1957). Preliminary geologic mapping and 
petrographic studies indicate that the two episodes of 
magma emplacement may be characterized by granitic­
textured suites of different compositions. The older 
suite, which is exposed in .the western part of the 
pluton belt, is not yet completely mapped; however, 
results to date indicate t.h~t a considerable number of 
these rocks are saturated to undersaturated in compo­
sition. They range in composition from quartz mon­
zonite to feldspathoidal syenite with hornblende­
pyroxene syenite and monzonite probably the most 
common rock types. The younger, more silicic suite, 
exposed mainly in the eastern part of the pluton belt 
but possibly present also in the west, is more uniform 
in composition and consists chiefly of quart-z-bearing 
rocks, mainly hornblende-biotite granodiorite and 

quartz monzonite with subordinate leucocratic gran­
odiorite and alaskite. 

GEOLOGIC SETTING 

The plutons discussed here occur as irregular bodies 
ranging from a few square miles to more than 350 
square miles in area in the Selawik, Shungnak, and 
Hughes 1 :250,000 quadrangles (fig. 1). In most places, 
the plutons form the cores of low mountain ranges 
and occur along a belt about 25 miles wide and 220 
miles long extending from the east end of the Seward 
Peninsula to just east of the Koyukuk River (figs. 1 
and 2). This belt lies about 50 miles south of the 
Brooks Range and has been named the Hogatza uplift 
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FIGURE 1.-lndex map showing location of report area 
(shaded) and topographic quadrangles (numbered) 
referred to in text. 
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FIGURE 2.~Generalized geologic map of the report area in west-central Alaska, showing location of plutons. 

by Payne ( 1955) and the Hogatza arch by Miller and 
others (1959). 

Stratigraphic and intrusive relations indicate that 
the plutons of this belt were emplaced at two different 
times. The plutonic rocks of both ages intrude, and 
are therefore younger than, a thick sequence of marine 
andesitic volcanic rocks of earliest Cretaceous and pos­
sibly Jurassic age. These volcanic rocks are chiefly 
pyroxene andesite flows and volcaniclastic rocks with 
subordinate fossiliferous limestone. This unit occurs 
over large areas of west-central Alaska and, on ·the 

Koyukuk River near Hughes, has been given the name 
Koyukuk Series by Schrader ( 1902, p. 246). This unit 
was renamed the Koyukuk Group by Smith (1913, p. 
80). South of the Selawik Hills pluton in the Candle 
quadrangle, plutonic rocks from the Hunter Creek 
pluton appear to have supplied detritus to volcanic 
graywacke and conglomerate of probable mid-Creta­
ceous age (Patton, in press). These plutonic rocks are 
correlated with the Selawik Hills pluton and the other 
older plutons on the basis of petrographic similarity. 
On the basis of this stratigraphic evidence, the early 
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plutons are older than the mid-Cretaceous volcanic 
graywacke and conglomerate. The young Indian 
Mountain and Mount George plutons at the east end 
of the area (fig. 2) intrude a volcanic graywacke and 
mudstone unit (Patton and Miller, 1966) also of mid­
Cretaceous age; on this evidence, the later plutons are 
younger than the mid-Cretaceous volcanic graywacke 
and mudstone. 

The volcanic and sedimentary units are for the most 
part unaltered except in areas adjacent to the plutons. 
Here rocks of the hornblende hornfels facies are con­
fined to a narrow zone near the borders of the plutons 
and grade .through a zone of albite-epidote hornfels 
facies rocks into a zone of propylitically altered rocks. 
The hornfelsic rocks are commonly more resistant than 
the plutonic rocks and in places form high ridges of 
resistant rock rimming parts of the plutons. The con­
tacts between the _plutons and the surrounding wall­
rock are sharp, relatively st.raight, and steeply dip­
ping; everywhere the plutons appear to be discordant. 
'Vhere the ~{ount George and Indian ~{ountain plutons 
intrude the mid-Cretaceous graywacke and mudstone 
unit, swarms of satellitic hypabyssal quartz latite por­
phyries are found intruding the sedimentary rocks. 
These porphyritic intrusive rocks are in locally cross­
cutting dikes and sills that range in thickness from a 
few feet to several hundred feet. 

The Selawik Hills pluton is partially overlain by a 
considerable volume of Quaternary olivine basalt. The 
PurGell Mountain pluton is overlain by a rhyolite 
welded tuff of Late Cretaceous or Tertiary age con­
taining granitic rock fragments. Other volcanic rocks 
ranging in composition from basalt to rhyolite occur 
in this area and may be correlative with the rhyolitic 
volcanic rocks. 

PETROGRAPHY 

Older suite 

Preliminary mapping has indicated that the older 
suite of plutonic rocks (fig. 2, plutons 6-11) consists 
chiefly of saturated to undersaturated alkaline rocks 
but also includes some quartz-rich rocks. The follmv­
ing rock type~ are found: pyroxene-hornblende syenite 
and monzonite, granodiorite, quartz monzonite, alkali 
granite, nepheline syenite, biotite-melanite nepheline 
syenite, and perthosite. 

The chief minerals in the syenite and monzonite are 
perthitic orthoclase, plagioclase, hornblende, pyroxene, 
and subordinate amounts of biotite. Quartz is present 
only as an accessory mineral in the syenite and mon­
zonite but occurs interstitially in amounts up to 25 

percent in the granodiorite and quartz monzonite. The 
orthoclase occurs in anhedral to euhedral, tabular to 
tablet-shaped crystals as much as 4 centimeters long 
and is perthitic with string-and-braid-type perthite 
most common; micro line is found in some sections. In 
some specimens, potash feldspar constitutes more than 
65 percent of the rock. Plagioclase is usually in small 
euhedra and ranges in composition from oligoclase to 
labradorite. The hornblende is strongly pleochroic 
from yellow brown to dark green. Relict pyroxene 
cores are comn1on in many crystals. Pyroxene ranges 
in color from grayish white to pale green to dark bottle 
green, it is unzoned, and some is pleochroic. Olivine 
has been found only in a monzonite stock southwest of 
the Purcell Mountain pluton where it occurs enclosed 
by pyroxene. Biotite varies from reddish brown to 
greenish brown and is generally less abundant than the 
other varietal mafic minerals. The accessory minerals 
are abundant large sphene euhedra, magnetite-ilmenite 
intergrowths, apatite, zircon, and, less commonly, alla­
nite; tourmaline is common in the monzonite and 
syenite of the Shiniliaok Creek pluton. 

Perthitic orthoclase, anorthoclase ( ? ) , nepheline, zeo­
lite, hornblende, pyroxene, biotite, and melanite garnet 
occur in the more undersaturated feldspathoidal sye­
nites. At the Ekiek Creek pluton, melanite garnet 
composes more than 10 percent by volume of some 
specimens, along with 2 percent biotite, 65 percent soda 
orthoclase ( ? ) , and 23 percent nepheline and zeolite. 
Sphene, apatite, fluorite, magnetite-ilmenite inter­
growths, and zircon are accessory minerals in these 
rocks. The texture of the older plutonic rocks is chiefly 
hypidiomorphic granular but includes such textures as 
porphyritic, trachytoid, and gneissic. 

Younger suite 

In the younger suite of plutonic rocks (fig. 2, plutons 
1-5) the composition ranges from granodiorite to alas­
kite with minor amounts of monzonite and hybrid dio­
rite, but granodiorite is the· most common rock type. 
The plagioclase occurs as fresh subhedral crystals show­
ing common oscillatory and normal progressive zoning; 
the range of composition of individual crystals is oligo­
clase to labradorite. The average composition is ande­
sine. Quartz is commonly interstitial. The potash 
feldspar is usually perthitic orthoclase, but microcline 
was observed in about a third of the sections examined; 
the potash feldspar is com1nonly anhedral and inter­
stitial. Myrmeketic intergrowths of quartz with feld­
spar are common. The varietal mafic minerals are 
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biotite and hornblende; the biotite occurs as medium­
dark-brown plates and ragged patches commonly con­
taining halo-surrounded zircon crystals. Hornblende 
occurs in ragged to euhedral crystals and is typically 
light green. Magnetite, apatite, ·sphene, zircon, and 
allanite are ubiquitous accessory 1ninerals. Alteration 
products are not abundant in the younger suite. Some 
of the plagioclase has been subjected to minor sericitiza­
tion, and some of the biotite shows a little chloritization 
on crystal borders. These rocks are medium grained 
and have n, hypidiomorphic texture. 

The younger plutons are intruded by thin aplite and 
fine-graineq a.laskite dikes which in some places follow 
preexisting joint planes. Tourmaline occurs in a few 
of these aplites. The aplites are common along the 
contacts and also cut the intruded wallrock but do not 
extend for any great distance into it. Quartz veins are 
not abundant and seem to be most common in the 
southern and western parts of the Zane Hills pluton 
where veins composed of milky white quartz with 
minor chalcopyrite and limonite occur in several places. 

A large body of alaskite occurs at the west end of 
the '¥heeler Creek pluton, and consists of rocks as 
silicic as 32 percent quartz, 47 per~ent potash feldspar~ 
20 percent plagioclase, and less than 1 percent mafic 
minerals. This rock is characterized by large black 
smoky quartz anhedra as much as 15 millimeters across. 

Inclusions are not abundant, but those present are 
scattered throughout these younger plutons. These 
i.nclusions are composed of dark fine-grained granodio­
rite with the same minerals as the host granodiorite but 
in different proportions. The inclusions are lenticular 
to irregularly shaped and sharply bounded. 

AGE 

Potassium-argon ages of t.he older suite were meas­
ured on biotite from the Purcell ~1ountain and Shini­
liaok Creek plutons and hornblende from the Selawik 
Hills pluton. The younger-suite ages were measured 
on hornblende from the Indian ]\fountain and Zane 
Hills · plutons and biotite fron1 the Wheeler Creek 
pluton. The. mineral separates from all six samples 
were fresh and unaltered. The plus-or-minus value 
assigned each: age (see table 1) is the estimated stand­
ard deviation of analytical precision. 

The ages for each suite agree w~thin analytical 
uncertainty and indicate two distinct periods of pluton 
emplacement in Cretaceous time. The ages indicate 

· that the intrusion of the older suite occurred about 
100 million years ago, in about the middle of the 
Cretaceous (late Albian according to Folinsbee and 
others, 1963) , and the younger suite was intruded in 
Late Cretaceous time, about 81 m.y. ago, according to 
l(ulp's (1961) time scale. These results are in good 
agreement with a potassium-argon age reported by 
Patton (in press). of 102 m.y. for hornblende from 
monzonite of the Hunter Creek pluton which is in 
the northwest corner of the Candle quadrangle south­
west of the Selawik Hills pluton. 

The close agreement between biotite and hornblende 
ages for each suite indicates that the measured ages 
can be considered reliable crystallization ages for the 
igneous rocks. Thus we conclude that in west-central 
Alaska two periods of pluton mnplacement occurred 
during the Cretaceous approximately 100 m.y. ago 
and 81 m.y. ago. The older suite is composed chiefly 
of saturated monzonite and syenite, and undersaturated 
feldspathoidal syenite, while the yoringer suite is 

TABLE 1.-Potassium-argon age determinations for plutonic rocks of west-central Alaska 

[Pot!ISslum nnnlyscs: 2, 4, 5-7, L. B. Schlockcr and H. C. Whitehead. Argon analyses and age calculations: 2, 4-6, M. A. Lanphere; 7, M.A. Lanphere, J.D. Leutscher, 
and E. H. McKee. Analysis and age calculation: 9, H. H. Thomas, R. F. Marvin, and Paul Elmore] 

No. Location 

Pluton 
(fig. 
2) Field No. Mineral 

Lat (N.) Long (W.) 

Indian Mountain_ ..: 2 66°01' 154°06' 63APa216 __ Hornblende ___ 

Zane Hills ________ 4 66°07'30" 155°55' 63APa229 __ _____ do _______ 

Wheeler Creek ____ 5 66°20' 157°37'30" 64APa96 ___ Biotite _______ 

Shiniliaok Creek ___ 6 66°21' 157°16' 64APa92 ___ _____ do _______ 

Purcell Mountain __ 7 66°15'30" 156°30' 64APa95 ___ _____ do _______ 

Selawik Hills ______ !) 66°08' 160°09' 61APall8 __ Hornblende ___ 

K 40 decay constants: X,=0.585X lQ-Io year-I; XfJ=4.72X 10-1o year-I. 
Abundance ratio: K40/K= 1.19X 10-4 atom percent. 

Ar 40 
Ar 40 rad 

K20 (percent) rod Ar4o Age (m.y.) 
(l0-10 moles/g) total 

---

0. 569,0. 569 0. 7003 0. 46 81. 5±3. 0 
(avg 0.569) 

0. 722, 0. 708 . 8360 . 73 81. 9± 3. 0 
(avg 0.715) 
7. 44, 7. 46 9. 065 . 94 80. 6±2. 0 
(avg 7.45) 

8. 83,8. 83 13. 32 . 95 99. 4±2. 4 
(avg 8.83) 

6. 87,6.94 10. 33 . 92 98. 6±2. 9 
(avg 6.90) 

1. 36 2. 082 . 77 100 ±5 
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represented by quartz-bearing granodiorite and quartz 
monzonite. 
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RATE OF PALAGONITIZATION OF SUBMARINE BASALT ADJACENT TO HAWAII 

By JAMES G. MOORE, Menlo Park, Calif. 

Work done in cooperation with the U.S. Ooast and Geodetic Survey 

Abstract.-Dredge hauls of pillow basalt from three Hawaiian 
volcanoes and from a sublake flow in Japan indicate that palagon­
itization of submarine basaltic glass proceeds faster than that in 
fr.esh water, and much faster than hydration of obsidian in a 
subaerial environment. The thickness of palagonite as a func­
tion.of time (T) in kiloyeurs (ky) may be defined by: S = yOT, 
where S is thickness ln microns (p.), and 0 is a constant. The 
value of 0 ranges from 480 to .2,000p.2/ky for Hawaiian sub­
marine basalt glass. During replacement of basaltic glass by 
palaogonite, Na, Ca, and Mn are lost, and K, Ti, and Fe are 
gained. The resultant chemical zoning of a palagonitized basalt 
pillow resembles that found in ancient metamorphosed basalt 
pillows and suggests that their zoning is due to palagonitization 
wbich occurred prior to metamorphism. 

Many of the lava samples dredged from deep water 
on the flanks of the Hawaiian volcanoes are fragments 
of basalt pillows (M;oo:r;-e, 1965). C9~ID:only the out~r 
surface of these pillows shows two thin rinds : an inner, 
yellow-brown layer of hydrated and altered basalt 
glass (palagonite), and an outer black layer of a 
hydrous manganese mineral. The palagonite forms 
by alteration of a crust of basalt glass on .the pillow 
and increases in thickness by replacing the glass in­
ward from the outer surface and from the walls of 
cracks and vesicles. The manganese-bearing rind a p­
parently forms by slow accumulation on the exposed 
basalt surfaces, with the manganese precipitating at a 
rather constant rate from sea water (Bender and 
others, 1966). 

Characteristically, the submarine basalt from the 
youngest and most active Hawaiian volcano, l{:ilauea, 
has only a very thin rind of palagonite and no n~~og­
nizable manganese rind. Basalt dredged from the 
older Mauna l(ea volcano, however, has layers approxi­
mately 1 millimeter thick of both palagonite and 
manganese oxide. The difference in thickness of the 
layers in these two groups of samples is regarded as 
due to different ages. Both the replacement of basalt 

glass by palagonite and the accumulation of manganese 
are processes which proceed at definite rates. 

Acknm.vledgments.-The Hawaiian samples were 
collected as part of a cooperative program between the 
U.S. Geological Survey and the U.S. Coast and Geo­
detic Survey. Dredge hauls from Kilauea Volcano 
were made aboard the Pioneer, Captain H. G. Conerly 
commanding, in October 19.62, and those from Mauna 
Loa and Mauna Kea volcanoes were made aboard the 
Surveyor, Captain Don A. Jones commanding, in 
October 1964. The writer is grateful to the officers and 
crew of these Coast and Geodetic Survey vessels and 
to Dallas Peck and Robert Koyanagi, of the Geological 
Survey, who helped w.ith shipboard operations. 

Shigeo Aramaki, University of Tokyo, first con­
ducted the writer to the Mount Fuji .locality;· and 
collecting there was done by the Tokyo Aqua Divers 
Club headed by Masao Kudo .. 

Electron-microprobe analyses were made by Bernard 
W. Evans, University of California, Berkeley. 

LOCATION AND AGE OF SAMPLES 

The most important samples have been collected 
from the submarine parts of 3 of· the 5 volcanoes 
which make up the Island of Ha,vaii (fig. 1). These 
include samples from Kilauea, Mauna Loa, and Mauna 
Kea volcanoes. Samples have also been collected from 
seamounts adjacents to Hawaii. A final suite of 
samples was collected from a historic lava flow which 
flowed into a lake on the east side of Mount Fuji, 
Japan (fig. 2). 

The samples from Kilauea volcano were taken from 
the submarine extension of the east rift zone and have 
been described elsewhere (Moore, 1965). These basalts 
cannot be dated directly, but there is strong evidence 
that they are very young. The subaerial part of the 
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25 50 KILOMETERS 

SUBMARINE CONTOUR INTERVAL ONE KILOMETER 
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FIGURE I.-Sample localities (numbered circles) of dredge hauls on the rift zones of Mauna Loa, Mauna Kea, and Kilauea, Hawaii 
Volcanoes are indicated by triangles. 

east rift zone of Kilauea volcano has been very active 
in historic time. Sine~ 1750, when records of eruptions 
began, roughly half of the subaerial crest of the rift 
zone has been mantled by new lava flows. Hence, the 
mean age of lava from the submerged part of the same 
rift zone is assumed to be similar, or roughly 200 years 
before present. 

The samples from Mauna Loa volcano were collected 
from the submarh1e part of the south rift zone off the 
south cape of the island (fig. 1). Although l\1aunn 
Loa is: presently an active volcano, the age of lava 
flows on its submarine southwest rift zone is difficult 
to estimate. Where the rift zone goes into the sea, 
thin and discontinuous lavas of the prehistoric member 

of the Kau Volcanic Series overlie rocks of the Kahuku 
Volcanic Series (Stearns and Macdonald, 1946). These 
two series are separated by the Pahala Ash, a thick 
widespread ash from IGlauea that has been determined 
by radiocarbon dating to be from 10,000 to 17,000 years 
old (Rubin and Berthold, 1961). Since the mantling 
layers of Pahala Ash and Kau Volcanic Series are 
concentrated on the upper parts of Mauna Lon 
(Stearns and Macdonald, 1946), the chances are good 
that most of the submarine lavas of the rift zone 
belong to the l(ahuku Volcanic Series and are older 
than 10,000-17,000 years. 

On the other hand, the older age limit of these rocks 
is more difficult to determine. McDougall ( 1964) has 

~· 
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\FIGURE 2.-Mount Fuji region in central Japan. Sample 50 
was collected below lake level in Lake Motosu from the lava 
flow of 864 A.D. 

determined by the potassium-argon method that lava 
from the deepest canyons of the oldest volcano 
( l(ohala) on the Island of Hawaii is less than 1 mil­
lion years old. Moreover, Doell and Cox (1961) have 
shown that all of 152 lava flows sampled from the 
Island of I-Iawaii, including those from the olclest 
exposed rocks of 1\:ohala, the oldest volcano, show 
normal magnetic polarity. Assuming that the density 
of sampling precludes the omission of a polarity epoch, 
all of the exposed rocks are younger than the last 
magnetic reversal, which is estimated to have occurred 
700,000 years ago (Doell and Dalrymple, 1966). 

The lava flows on the east rift zone of Mauna l(ea 
are considered to be much younger than 700,000-
1,000,000 years because they occur on the upper sur;face 
of the volcano, albeit under water, and because Mauna 
J(ea volcano is much less eroded than J(ohala volcano. 
Likewise, the lavas of the submarine east rift of 
Mauna J(ea volcano are believed to be older than those 
of the submarine south rift of Mauna Loa, because 
Mauna J(ea is much less active, and more eroded than 
·Mauna Loa. 

The chemistry of the Mauna J(ea submarii1e lavas 
is transitio!1al between that of tholeiitic and alkalic 
basalt (table 1) ; one analyzed rock ( 21, table 1) is 
tholeiitic in composition, but two (20 and 22, table 
1) have enough IC20 + N a20 to mark them as tran­
sitional between tholeiitic and alkalic basalt (I(uno, 
1965). Hence, the lava collected on the east rift zone 

TABLE !.-Standard gravimetric chemical analyses and norms of 
submarine bas.alts from Mauna Kea and Mauna Loa volcanoes 

[Analyst: EllenS. Daniels. Location of samples shown on figure 1, petrology shown 
in table 2] 

U.S. Oeol. Survey Lab Nos __________ D100696 D100697 D100698 D100694 

Locality Nos ________ 20 21 22 31 

Chemical analyses 

Si02----------- 47. 94 47.28 47. 01 52. 12 
Al20a---------- 10.43 10. 00 12. 12 13. 41 
Fe20a--------- 2. 03 2. 30 2. 86 2. 47 
FeO- _-------- 9. 54 9. 05 9. 29 9. 45 MgO __________ 17. 34 19. S2 12. 61 5. 50 
CaO __________ 7.42 7. 55 8. 98 8. 89 
N a20- - - - - - - - - 1. 99 1. 59 2. 36 2. 97 
K20- - - - - - - - - - . 39 . 26 . 72 . 72 
H20 + -------- . 49 . 39 . 66 . 61 
H20- - - - - - - - - . 09 . 12 . 41 . 08 
Ti02---------- 1. 98 1. 46 2. 48 3. 17 
P20s---- ------ . 24 . 14 . 27 . 42 
MnO __________ . 17 . 17 . 17 . 17 
C02----- ------ . 02 . 01 . 02 . 01 
CL __ - _------ _ . 10 . 05 . 10 . 20 F _____________ . 03 . 02 . 04 . 05 

SubtotaL ____ 100. 20 100. 21 100. 10 100. 24 
Less 0 ____ - _ . 03 . 02 . 04 . 07 

TotaL ____ -_ 100. 17 100. 19 100. 06 100. 17 

Norms 

Qz ____________ 
-------- -------- -------- 6. 78 

Or _______ - - - - - 2. 30 1. 53 4. 25 4. 25 
Ab ____ -------- 16. 07 13. 06 19. 21 23. 64 
An _______ ----- 18.73 19. 54 20. 72 21. 91 {Wo ________ 6. 75 7. 00 9. 06 7. 58 
Di En ________ 4. 76 5. 06 6. 19 4. 15 

Fs ______ - __ 1. 42 1. 30 2. 15 3. 15 
Hy{En ________ 16. 76 16. 04 8. 34 9. 54 

Fs ________ 5. 00 4. 10 2. 90 7. 24 01 ____________ 20. 10 25. 29 16. 33 --------Il _____________ 3. 75 2. 77 4. 71 6. 02 Mt ___________ 2. 94 3. 33 4. 14 3. 58 
Ap _____ ------- . 57 . 33 . 64 . 99 
Rest __________ . 25 . 13 . 27 . 42 

TotaL ___ --- 99. 40 99.48 98. 91 99. 25 

20. East rift zone of Mauna Kea, depth 1650 m. 
21. East rift zone of Mauna Kea, depth 2750 m. 
22. East rift zone of Mauna Kea, depth 3200 m. 
31. South rift zone of Mauna Loa, depth 550 m. 
36. South rift zone of Mauna Loa, depth 2200 m. 

D100695 

36 

48. 50 
10.42 

1. 69 
9. 41 

17. 83 
7. 72 
1. 76 
. 32 
. 52 
. 05 

1. 59 
. 16 
. 17 
. 02 
. 03 
. 02 

100. 21 
. 02 

100. 19 

1----i.-89 
14. 64 
19. 66 
7. 22 
5. 06 
1. 55 

18. 09 
5. 53 

19. 82 
3. 01 
2. 45 
. 38 
. 12 

99. 42 

of Mauna Kea was erupted when the volcano was 
changing from the primitive shield-building tholeiitic 
stage to the late alkalic stage. vVhen this occurred 
is not known precisely, but it was long before the 
eruption of the Pahala Ash and occurred during the 
eruption of the Hamakua Volcanic Series (Stearns and 
Macdonald, 1946, and Macdonald and J(atsura, 1964). 

Lava samples were also collected from seamounts 
adjacent to the Island of Hawaii (Moore, 1965). 
There is no radiometric dating available on these 
rocks, .but they are all highly altered and appear much 
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older than those recovered from l{ilauea, Mauna Loa, 
or Mauna Kea. 

A suite of samples was collected in September 1965 
from a historic lava flow from Mount Fuji, Japan, 
where the lava poured into Lake Motosu on the nort.h­
west side of the volcano. Historic records fix the date 
of this eruption as 864 A.D. (Tsuya, 1938). Samples 
down to depths of 15 1neters were broken from the 
flow top by divers with pry bars. According to a 
long-time resident of the lake area, the lake may rise 
as much as 3m above the level at the time the samples 
were collected, but it never falls more than 1 1n below 
that le"\Tel. Hence, the samples collected more than a 
few meters deep had presumably not been subjected to 
subaerial conditions after the lava had been chilled 
below lake level 1,101 years before collection. 

DESCRIPTION OF SAMPLES 

~1ost of the submarine lava smnples sho'v an outer 
smoothly curved surface, apparently the outer surface 
of pillows (fig. 3). The outer surface commonly has 
wrinkles not unlike those of pahoehoe lava. This 
surface is believed to represent the original lava-flow 
boundary chilled against sea water. The exterior 
surface is coated with a rind of yellow-brown pal­
agonite and a black manganese mineral. The manga­
nese layer is commonly minutely botryoidal, and the 

0 

Manganese oxide 

~:?.::::::::::::::::::::::::'::::J-..-:- Pa I ago n ite 

Transparent brown glass 

Speckled brown glass 

Black opaque "glass" 

Aphanitic basalt 

2 CENTIMETERS 

FIGURE 3.-Diagrammatic sketch ot fragment of outer part of 
basalt pillow from the submerged flanks of Hawaiian volcanoes. 
The layers of trans:parent brown glass, speckled brown glass, 
and black opaque ' glass" are the result of chilling of basalt 
against sea water. The outer rinds of palagonite and man­
ganese oxide are the result of alteration of the glass and 
accumulation on the original pillow surface, respectively, 
after formation of the pillow. Phenocrysts and vesicles are 
not shown. 

size of the subhemispherical elements of the surface is 
partly dependent on the .thickness of the manganese 
crust. When the crust is about 1 millimeter thick, the 
diameter of the individual hemispherical protuberances 
is about lf2 mm. 

Most of the fragments of basaltic pillows that have 
been recovered have poorly developed columnar joints 
perpendicular to the outer s1nooth surface, and the 
joints are 2 to 5 centimeters apart and converge inward. 

Thin sections show that the outer surface of the 
lava has been quenched. The glassy skin is composed 
of several distinct layers which occur inward from 
the rinds of palagonite and manganese (fig. 3). The 
outer layer of the pillows is composed of transparent 
light-brown basalt glass which commonly contains 
phenocrysts and a few microlites. The thickness of 
this layer is variable and no doubt depends on com­
position, vesicularity, and rate of quenching, but it 
generally ranges between 2 and 10 mm (table 2). The 
outer transparent glass layer is transitional to the 
second layer which is here called the speckled glass 
layer. It is composed of transparent basalt glass in 
which scattered black, opaque areas occur, commonly 
on the margins of phenocrysts and microlites. These 
opaque spots under high power prove to be fine 
feathery and dendritic crystallites. The speckled glass 
layer is usually 4 to 10 mm thick and is gradational 
to the third layer of black, opaque "glass," which is 
apparently made up of many tiny interfering crystal­
lites in glass. The black, opaque layer is generally about 
10 mm thick and is transitional into the stony or 
aphanitic material which makes up most of the interior 
of the pillow. Because of the regularity of these 
layers, the relationship of a random dredge sample 
to a pillow or at least its cooling surface can be 
determined with considerable confidence. If there is 
no outer transparent glass layer, then the surface in 
question is probably not the outer quenched layer. 

The palagonite rind grows inward by replacement of 
the outer layer of transparent glass. Given enough 
time it replaces the speckled glass layer and eventual­
ly the black, opaque layer, but because of the different 
physical properties of these layers, especially the 
opaque layer, the processes of palagonitization proceed 
at different rates. 

The palagonite layer itself is yellow brown in thin 
section, and shows a minute botryoidal banding convex 
in detail toward the inner part of the pillow. The 
banding may be extremely fine and parallel1ayers as 
thin as 1 micron can be identified on the inner part of 
1-mm-thick palagonite rinds. 

The palagonite is in sharp contact with the glass and 
near the contact it is generally pale yellowish to almost 
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TABLE 2.-Petrology of subaqueous basalts 

Thickness of layers 

Sample No.• Volcano Depth 
(meters) 

Refractive 
index of 

transparent 
glass 

8102 (whol~ . 
rock) 2 Transparent Speckled 

glass (mm) glass (mm) 
Palagonite 
(microns) 

Manganese 
oxide 

(microns) 

1____ _ _ __ __ _ _ __ _ _ _ __ Kilauea ___ ----- _____ _ 
2------------------- _____ do ______________ _ 
4 ________________________ do ______________ _ 
9------------------- _____ do ______________ _ 
10------------------ _____ do ______________ _ 
12------------------ _____ do ______________ _ 
13------------------ _____ do ______________ _ 
20------------------ ~auna Kea __________ _ 
21------------------ _____ do ______________ _ 
22------------------ _____ do_~-------------
31------------------ ~auna Loa __________ _ 
32 ____ --- _________ -- _____ do_, _____________ _ 
33------------------ _____ do ______________ _ 
35 __ -------- _______ - _____ do ______________ _ 
36------------------ _____ do ______________ _ 
50------------------ ~t. Fuji_ ___________ _ 

490 
550 

1,400 
2,960 
3,420 
4,680 
5,000 
1,650 
2, 750 
3,200 

550 
1, 100 
1, 370 
1,870 
2,200 

3 to 15 

• Kilauea sample numbers are tho same as those in fig. 1 of Moore (1965). 
2 By gravimetric chemical analysis. 

white and distinctly lighter in color than the pa1e­
brown glass it replaces. Proceeding outward toward 
successively older layers, the palagonite becomes darker 
yellow brown and minutely granular in texture and 
is darker than the glass it replaces. It is generally 
isotropic, but the granular material shows faint, in­
cipient birefringence. The index of refraction of the 
glass is close to 1.60 (table 2); that of the palagonite 
is variable and generally ranges from less than 1.59 to 
more than 1.65. 

Preliminary electron-microprobe analyses of the 
transparent glass, palagonite, and manganese rinds on 
sample 22 from the east rift zone of l\{auna l{ea (table 
3) show that considerable chemical change occurs when 
the glass is transformed into palagonite. The weight 
percentage of sodium in palagonite is reduced to about 
a third of its amount in the glass, and calcium to less 
than a tenth. On the other hand, potassium is enriched 
frmn 2 to 4 times in the palagonite. Apparently, in 
the process of palagonitization, potassium ions are 
absorbed from sea water, and sodium and calcium ions 
are lost. Qualitative electron-microprobe measure­
ments also show that titanium and iron are enriched 
and manganese depleted in the palagonite relative to 
the glass which it replaces. 

These analyses are of particular interest because of 
their bearing on the origin of the chemical zoning of 
ancient basalt pillows. Bailey and others ( 1964, p. 52) 
show for the pillow basalts of the Franciscan Forma­
tion in California that N a20 and GaO decrease from 
core to rim and MgO and 1{20 increase. They at­
tribute .this change to alkali transfer acting across the 

50.32 

1. 595 49. 44 

1. 600 

1. 600 
1. 599 
1. 601 
1. 600 

48. 41 
49. 16 
47. 68 
47. 94 
47. 28 
47.01 
52. 12 

1. 596 48. 50 
1. 596 - - - - - - - - - -

3 
0 

10 
4 
5 
6 
7 
3 
0 
5 
2 
2 
0 
0 
4 
7 

6 
4 
9 
7 
8 
6 

10 
5 
1 
8 

10 
8+ 
0 
0 
4 
8 

2 
2 
3 
6 
3 
2 

15 
500 
250 
700 
40 

200 
0 
0 

180 
9 

0 
0 
0 
0 
0 
0 
0 

400 
1, 100 
1,000 

10 
100 
170 
20 
50 

0 

thermal gradient from core to rim of a still-hot pillow. 
The analyses of table 3 suggest that the chemical 
zonation could be achieved by later palagonitization 
of the rim of cold pillows with attendant chemical 
change. Later metamorphism to the greenschist facies 
would reconstitute the palagonite into silicate minerals 
and produce the zonation so commonly observed in 
ancient pillows. 

Moreover, the decrease in manganese in the pal­
agonite, as well as the decrease in manganese of more 
thoroughly altered submarine basalts (Moore, 1965, 
p. 47), is a potential source for the manganese which 
is continually accumulating in deep-sea sediments as 
crusts on exposed rock and as nodules. 

TABLE a.-Electron-microprobe analyses of transparent glass, 
palagonite, and manganese oxide layers in sample 22, east rift 
zone of Mauna Kea · 

[Analyst, B. W. Evans, University of California, Berkeley. Location or samples 
shown on figure 1, description in table 2] 

Run No. Part of sample 22 
Weight percent 

Na Ca K 
-------1-----------1--------
!_ __________ Transparent glass_______ 1. 9 7. 4 0. 9 
2 ________________ do_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1. 9 7. 4 . 9 
3 ___________ Palagonite rind_________ . 7 . 4 2. 8 
4 ________________ do________________ . 8 . 7 1. 3 
5- - ____ - _ _ _ _ - - _ - _do_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 4 . 5 3. 0 
6 _ _ _ _ _ _ _ _ _ _ _ _ ____ do_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1. 2 . 3 3. 5 
7 ________________ do_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 4 . 4 3. 5 
8- - _ _ _ _ _ _ _ _ _ _ - ___ do_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 9 . 7 1. 7 
9 _ _ _ _ _ _ _ _ _ _ _ _ ____ do _____________ _. _ _ . 5 1. 2 2. 7 
10 _______________ do_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 4 . 5 3. 3 
1 L _ _ _ _ _ _ _ _ _ Manganese rind_________ 1. 5 3. 4 . 5 
12 _______________ do________________ 1. 4 3. 3 . 4 
13 _______________ do_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1. 6 3. 5 . 5 
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The samples from Kilauea volcano are the freshest 
examined. No manganese rinds were identified from 
15 dredge hauls on the east rift zone of Kilauea. The 
thickest palagonite rind on the IGlauea material is 15 
In~crons (sample 13) ; all the ·other sam pies have 
tlunner layers, the thinnest being about 2 microns 
thick (table 2). The 15-micron layer is thick enouO'h 

. . . e 
to Impart Its hght-brown color ( 5YR5/6; Goddard and 
others, 1948) to the surface of the pillow. However, 
when the palagonite is only a few microns thick, the 
black hue of the glass beneath it shows through, and 
the surface of the pillow appears dark yellowish brown 
(10YR4/2) to grayish brown (5YR3/2). 

Samples. from the south rift of ~{anna Loa are 
coated with 40 to 200 microns of palagonite and clearly 
show manganese layers from 10 to 170 microns thick. 

Samples from the east rift of Mauna Kea have 
palagonite rinds 250 to 700 microns thick and manO'a-

. b 
nese rinds from 400 to 1,100 microns thick. 

Samples from the seamounts adjacent to Hawaii are 
highly altered and cemented with calcareous and 
phosphatic material. None of them contains the 
?lass:y outer layers, and no rinds of palagonite can be 
1d~nti:fied as such. Manganese oxide rinds of varying 
Huckness~s ar~ present on most of this material except 
that which IS so unconsolidated that its surface 
probably flakes off continually. The thickest manO'a-o 
nese layers measured are 9 mm (9,000 microns), but 
commonly fragments are coated with several milli­
meters of manganese oxide, and breccias have indi­
vidual fragments coated with manganese before 
cementation. 

Samples from Lake Motosu in Japan are different 
from the other samples in that the lava-flow surface 
is not pillowed, but rather is blocky with poorly 
developed bread-crust texture. The rock below lake 
level is very glassy with onionskin· fracture. 

!n thin section the difference is also apparent in the 
minute fractures· which extend inward several milli­
meters from the surface. These fractures are about 
0:1. mm apart, a~1d the walls of all are palagonitized, 
gi v1~1g the e~ect In hand specimen that the orange pala­
gmute layer IS several millimeters thick. The oriO'inal 
cracks are visible as median hairlines in palaO'~nite 
veins.. ~s th~ edge of the basalt is approached, the 
palagmute vmns are closer together, slightly thicker, 
and change from pale yellow to dark oran O'e brown 
with granular texture. In the interior mo~t of the 
veins are about 14 microns thick, but toward the out­
side. they atta.in a thickness of 18 microns. The pala­
g~nite layer IS half of the vein thickness, or 7 to !) 

microns, as the palagonite grew out from each wall of 
the crack. 

RATE OF GROWTH O·F PALAGONITE 

Recently, Bender and others (1966) have shown by 
thorium-230 dating of both deep-sea sediments and of 
manganese nodules that the rate of mwganese depo­
sition is nearly constant in the world's oceans. They 
estimate that the growth rate of manganese nodules is 
about 3 mm per million years. Hence, by measurinO' 
the thickness of the manganese rind on submarin~ 
lavas a method of approximating their age is available. 

Friedman and Smith (1960) have demonstrated that 
obsidian (rhyolitic volcanic glass) will take up water 
from the atmosphere to form a hydrated surface layer. 
They demonstrated in their work with obsidian arti­
facts of known age that the hydration process is time 
dependent and may be used to date artifacts of un­
known age. Hydration of obsidian, like palaO'onitiza­
tion, is a diffusion process and may be expre~sed by: 
S = V OT, where Sis the thickness of the surface layer 
~roduced (either hydrated obsidian or palagonite), 0 
Is a constant, and Tis the time since the process began. 
If S is expressed in Inicroris ( 11-) and T in thousands 
of years or kiloyears (ky), then 0 for obsidian ranO'eS 
from 0.36 to 14 ~J- 2/ky (Friedman and Smith 19~>0 
p. 492) . The higher values of 0 occur in ,~annei~ 
climates as shown in figure 4. Other than temperature 
factors such as humidity, chemical composition of th~ 
o~sidian, ai~d erosion of the hydrated layer (as by 
wind abraswn) can be important in affecting the 
thickness of the hydrated layer. 

The processes involved in palagonitization are not 
fully understood because they involve not only hydra­
tion of the basaltic glass, but exchange of certain 
elements with sea water and progressive devitrification 
and crystallization of the resultant product. However. 
since the palagonitization proceeds inward from th~ 
outer surface of pillows and from the walls of cracks 
as a diffusion process, its thickness is assumed to also 
be proportional to the square root of time. 

The temperature factor is probably not important 
for samples collected from the top surface of lava 
flows. such as those described in this report. The lavas 
show evidence of drastic chilling as evidenced by the 
outer rim of quenched transparent glass. The ex­
tr~mely minute layers of palagonite on the very young 
ICtlauean samples demonstrate that significant amounts 
of palagonite do not form on the surface of the top 
pillows during the eruptive episode. The ocean-water 
temperatures in the environment where the basalt was 
dredged are known to be low and relatively constant. 
Reid (1965) reports that water temperature in the 
Hawaiian region is 1.5°C at 5,000 m, 2°C at 2,500 m, 
and 6 o C at 700 m. It is probable, on the other hand, 
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THICKNESS OF RIND, IN MICRONS 

FIGURE 4.-Thickness of palagonite rinds, in microns, of 
subaqueous basalts. Mauna Kea and Mauna Loa 
samples (X) are dated by thickness of manganese 
oxide rind according to the curve of Bender and others 
(1966) (solid line). Kilauea samples (dots) are assumed 
to be 200 years old (see text). Mount Fuji sample 
(No. 50) is shown by circle. Dashed lines are rates of 
hydration of obsidian, after Friedman and Smith 
(1960), for dry climate (Egypt, trachyte, A), temperate 
climate (D), and arctic climate (G). Dotted lines are 
rates of submarine palagonitization based on Mauna 
Loa and Mauna Kea samples. 

that high temperatures within a thick sequence of 
submarine lava that erupted during a short time 
interval n1ight be maintained long enough to cause 
significant rapid palagonitization, but such material 
would not be available for collection by conventional 
dredging techniques. 

The chemical composition of the glass controls, to 
an important degree, the rate of hydration. :Niany sub­
marine basalts have a restricted composition, and the 
refractive index of the glass is a guide to significant 
differences in composition. Likewise, the stage of 
crystallization of the glass is important in its future 
alteration history. Transparent glass, rather than 
speckled or opaque, should be used for measurements 
of palagonite growth. 

The erosion factor, an important consideration in 
the studies of Friedman and Smith ( 1960) , because 
of removal of the hydrated layer in their material by 
wind and other processes of abrasion, no doubt operates 
also in the deep sea. Ocean currents causing rolling 
of bottom particles, one against another, may cause 
significant erosion of either the fragile palagonite or 
manganese rinds. Such a process would be indicated 
by reduction in thickness of the transparent glass layer. 
Material broken from an outcrop during dredging 
would be less likely to be eroded than loose fragments, 
but unfqrtunately most dredge hauls are composed 
principally of the latter. 

Other factors, not applicable in the subaerial hydra­
tion of obsidian, are local changes in the chemistry and 
pH of sea water, perhaps caused by upwelling or 
desce.nding currents, and the sealing effect of the outer 
manganese layer on the growing palagonite. 

The hydration curves of Friedman an~ Smith ( 1960) 
in terms of the thickness of the hydration rind on 
obsidian of known age are plotted in figure 4. On the 
same plot is the tentative curve of manganese nodule 
growth of Bender and others (1966), which is 3 mm 
per million years. 

The dredge samples from l{ilauea volcano have been 
plotted in figure 4, assuming that the age of all is 200 
years, for reasons stated earlier. The Mauna Loa and 
Mauna l{ea samples have been plotted, assuming their 
age to be proportional to their manganese oxide rind 
thickness as determined from the curve of Bender. 
The l\1ount Fuji sample has been plotted at its known 
age; because it is in a fresh-water lake, no manganese 
rind is present. 

It is immediately apparent that the rate of pal­
agonitization of basalt is considerably n1ore rapid than 
hydration of obsidian. Five of the Mauna l{ea and 
Mauna Loa data points (fig. 4) can be included. be­
tween two rather close lines parallel to the curves of 
Friedman and Smith (thickness proportional to the 
square root of .time). The sixth point, that of sample 
21, is ignored because it has no transparent glass 
(table 2); it has apparently undergone abrasion, and 
the palagonite has replaced the speckled glass at a 
slower rate. These curves indicate that the palagonite 
forms much faster than does the hydrated rim on 
obsidian; the constant 0 ranges from 480 to 2,000 
p.Z/ky. 0 for obsidian ranges frmn 0.36 to 14,u2/ky. 

The fresh-water palagonitization of the Mount Fuji 
basalt is slower than that of the submarine basalt, and 
0 = 81,u2 /ky. Perhaps the fresh-water environment. 
is chemically less reactive despite the fact that the 
water is warmer (17°C in the summer) than water in 
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the deep marine environment. Van Lier and others 
(1960) have shown that the solubility of quartz is 
greatly accelerated by the presence of N aCl. 

DISCUSSION AND CONCLUSIONS 

Since palagonitization of the top sarface of pillow 
basalt proceeds at a slow and definite rate, it is con­
sidered to be a process of submarine weathering 1 ; 

indeed, it is one of the important processes of such 
weathering. The limited data available on palagoniti­
zation in the deep submarine environment make it 
impossible to define the details of the process precisely, 
but enough data are available to approximate the rate 
and chemistry involved. 

For the Hawaiian submarine basalts with chilled 
transparent glass with a refractive index of 1.598-+-
0.003, palagonitization proceeds faster than for similar 
basalt in a fresh-water envirohtnent and nruch 
faster than does the hydration of obsidian in a sub­
aerial environment. The constant 0 in the equation 
S = yOT ranges from 480 to 2,000 p}/ky. 

During replacement of basalt glass by palagonite, 
sodium, calcium, and manganese are lost, and potas­
sium, titanium, and iron are gained, apparently 
through exchange with sea water. The resultant 
chemical zoning of a palagonitized basalt pillow resem­
bles that found in ancient metamorphosed basalt pil­
lows and suggests that their zoning is due to palagoniti­
zation which occurred prior to metamorphism. 

Thickness of the manganese layers indicates an age 
(Bender and others, 1966) of 130,000 to 360,000 years 
for the 3 Mauna Kea samples and 2,300 to 56,000 years 
for the Mauna Loa samples. These ages are in general 
agreement with the limitations imposed by available 
dating and therefore support the concept of Bender 
and others that manganese is'accumulating at a rather 
constant rate. However, further work will no doubt 
refine the rate of accumulation of manganese, and. con­
sequently the rate of growth of palagonite will have 
to be modified accordingly. 

The lack of manganese on all of the samples of 
young lava from the active submarine east rift zone of 
Kilauea volcano suggests that the manganese is not 
formed by rapid accumulation from submarine volcanic 
exhalations as suggested by Bonatti and N ayudu 
(1965). Instead, chemical analyses of layers of pala­
gonite compared to analyses of unaltered basaltic glass 
suggest that much of the manganese may be released 

1 Submarine weathering is here defined as the group of processes, such 
as the chemical action of sea water and organisms, and the mechanical 
action of organisms and of changes in temperature, whereby rocks on 
exposure to sea water at tlepth change in character, decay, and finally 
crumble into loose material. 

from basaltic glass by the palagonitization process and 
transferred to sea water~ where it is free to later 
accumulate on the sea floor. 

The extreme thinness of the palagonite layers on 
some of the Kilauea . samples is not consistent with 
their assumed age of 200 years. If the palagonite 
growth curve is correct, the lava sam pies with 2 
microns of palagonite would be only a few years old, 
and indeed may actually be submarine equivalents of 
recent major eruptions of Kilauea volcano, such as 
those of 1924, 1955, and 1960. 

The rapid palagonitization of submarine basalt glass 
demonstrated here requires an explanation for the rare 
occurrences of ancient unpalagonitized basalt glass. 
Brew and Muffler (1965) described an Upper Triassic 
undevitrified submarine basaltic glass from southeastern 
Alaska. This material occurs in a bedded aquagene 
t~ff 1Y4~Yh i~ ~igh~ly ceme~te<f. by cal?ite. Brew ~nd 
Muffler ( 1965, p. C43) reason that the preservatiOn 
of this glass may be due to the calcite cementation, 
which would inhibit the circulation of water through 
the tuff. In any event, such bedded material was no 
doubt rapidly deposited and buried, and in that way 
differs markedly from the pillow basalts collected from 
ridge crests adjacent to Hawaii which have been 
exposed directly to sea water continuously since the 
eruption which produced them. 
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SIGNIFICANT CHANGE.S IN VOLCANISM DURING THE CRETACEOUS 

IN NORTH-CENTRAL PUERTO RICO 

By A. E. NELSON, Beltsville, Md. 

Work done in cooperation with the Economic Development Administration of P·zterto Rico 

A.bstract.-During Late Cretaceous time in north-central 
Puerto 'Rico the environment of deposition changed from marine 
to mostly subaerial. Chemical analyses show continuous yaria­
tion in the composition of Cretaceous Yolcanic rocks. The 
submarine volcanic rocks are mostly basalt and andesite; most 
of the later subaerially deposited rocks are dacite and rhyolite. 

Cretaceous lava, lava breccia, and tuff deposits, 
ranging in composition from basalt to rhyolite, are 
exposed within a 285-square-mile area in north-central 
Puerto Rico (fig. 1). This area, centered about 30 
miles west-southwest of San Juan, is on the north flank 
of the main west-trending anticlinal axis of the island. 
'\Vithin this area abrupt facies changes and complex 
intertonguing relations between formations and mem­
bers of formations characterize the stratigraphy of the 
Cretaceous rocks. Although faulting has displaced 
some contacts, field studies show that the stratigraphic 
succession is chiefly conformable. 

The stratigraphic units of volcanogenic rocks dis­
cussed in this report range in age from Albion to 
Maestrichtian. They include the Rio Orocovis Group 
(Nelson, in press), Pozas Formation (Berryhill, 1965), 
and the Mameyes and Alonso Formations (Nelson and 
Monroe, in press). Formations of the Rio Orocovis 
Group and the Mameyes Formation are exposed in the 
eastern and southwestern parts of the report . area in 
north-central Puerto Rico (fig. 1), where they have a 
total thickness of more than 5,000 meters. They con­
tain the principal deposits of subaqueously deposited 
lava and basaltic tuff. The lava flows are chiefly basalt 
and andesite, but the basaltic lavas include some 
basaltic andesite, and the andesitic lavas include some 
dacite. The overlying rocks in the central and north­
ern parts of the report area (fig. 1), the Pozas and 

Alonso Formations (Berryhill, 1965, p. 49-61; Nelson 
and l\1onroe, in press), have a stratigraphic thickness 
of more than 2,500 m. The Pozas and Alonso Forma­
tions include some marine-deposited andesitic lava 
flows in their lower parts, but in their upper part they 
contain subaerial pyroclastic deposits that range in 
chemical composition from dacite to rhyolite. 

Chemical analyses of 26 samples collected from for­
mations of the Rio Orocovis Group, and from the 
Mameyes, Alonso, and Pozas Formations show that 
there is a continuous chemical variation from the older 
basalt lava flows to the younger rhyolitic tuffs. 

GENERAL CHARACTERISTICS AND STRATIGRAPHIC 
RELATIONS OF CRE'TACEOUS FORMATIONS 

Rio Orocovis Group 

Formations of the Rio Orocovis Group consist 
principally of volcanic sandstone and siltstone, basalt 
and andesite lava, and basaltic tuff. The Rio Orocovis 
Group has been divided into four formations, each 
chiefly composed of one of the main rock types, but 
containing small interbedded units of the other rock 
types common to the group. ·Parts of some formations 
are time equivalents; some intertongue laterally, and, 
in places, the upper part of one is interlayered with 
the lower part of the overlying formation. Although 
the Rio Orocovis is mostly Late Cretaceous (Berryhill, 
1965, p. 45), it probably ranges from Turonian(?) to 
late Santonian or early Campanian. 

Rocks of the Rio Orocovis are believed to be of sub­
marine origin. The lava flows are commonly pillowed 
and have sedimentary interpillow material that indi­
cates subaqueous eruption (Rittman, 1962, p. 70-73). 
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FIGURE I.-Generalized geologic map of north-central Puerto Rico. 

The basaltic tuffs are mostly massive and crudely 
sorted with coarser fragments near the base, but they 
are not well sorted and layered as are normal airborne 
water-laid tuffs. Although the basaltic tuffs locally 
contain a high percentage of pumice fragments and 
shards, the pumice is not unduly cr·ushed nor the shards 
deformed; these tuffs lack textures characteristic of 
subaerially deposited welded ash flows. The basaltic 
tuffs in many respects resemble the aquaO'ene tuffs 
described by Carlisle (1963) and probabl; have a 
similar origin. Foraminifera found in the basaltic 
t~1ffs by Berryhill (oral commun., 1961) strengthen this 
v1ew. Graded volcanic sandstone and siltstone inter­
bedded with the lava flows and basaltic tuff also suo·aest 

"'h 

that these rocks were deposited in water . . 

Mameyes Formation 

The Mameyes Formation is a sequence of andesitic 
lava flows containing some basalt flows and interbeds 
of volcanic sandstone and siltstone. It is similar in 
lithology to the upper part of the Rio Orocovis For­
~ation and occupies a comparable stratigraphic posi­
tion, but the two formations cannot be positiYely cor­
related because they are separated by a conspicuous 
fault. The Mameyes Formation is Late Cretaceous in 
age and is also believed to be marine (Nelson and 
Monroe, in press) . 

Pozas Formation 

The Pozas Formation is a heterogeneous mixture of 
volcanic rocks that includes volcanic breccia conalom-

' l::> 
erate, volcanic sandstone and siltstone, reef and near-
reef deposits of limestone, laharic deposits, ash flo"·s, 
and son1.e lava flows. The lavas, most of which occur 
in the lower part of the formation, are andesitic, and 
the ash flows, which occur higher in the formation, are 
dacitic. The formation has been assigned a Campanian 
to Maestrichtian age (Nelson and Monroe, in press). 

Except for a subaqueous lava flow in the lower part 
n.nd a shallow-water reef limestone deposit hiO'her in the 
forn~ation, most of the Pozas is subaerial (Berryhill, 
1965, p. 58) . Pillowed andesitic flows in the basal part 
of the formation are similar to lavas of the Rio Oroco­
vis Group and probably have a similar origin. Higher 
in the formation, however, andesite flows are massive 
and have a decided reddish-purple cast. This color is 
characteristic of the volcanic breccias, the subaerial1y 
deposited laharic deposits, and welded ash flows over­
lying the pillowed lava flows. It probably indicates 
that oxidizing conditions prevailed during the deposi­
tion of these rocks. Thus, it is suggested that early 
Pozas time was an important transitional period when 
the environment of deposition changed from submarine 
to subaeriaL Prior to this time, most of the Cretaceous 
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rocks were subaqueously deposited, whereas those 
formed later were mostly subaerially deposited. 

Alonso Formation 

The Alonso Formation is similar to the Pozus For­
mation and contains most of the same rock types. As 
in the Pozas, the lavas in the Alonso are andesitic and 
the welded ash flows range from dacite to rhyolite in 
composition. The Alonso conformably overlies rocks 
that rest on the Mameles and occupies the same relative 
stratigraphic poisition as the Pozas. However, the 

Basaltic Basaltic Basalt Basaltic 
.tuff Basalt tuff .flow. . tuff 

breccia 

Field No ___________ NC 706 NC 713 NC 709 NC708 NC707 

Lab No ____________ 158712 158719 158715 158714 158713 

Si02- _________ 44.8 46.4 4. 66 48.0 48. 6 
AbOa--------- 9. 0 9. 7 10. 1 12.8 14. 3 
Fe20a--------- 2. 3 5. 4 3. 6 4. 0 3. 0 
FeO __________ 7.6 3. 3 7. 1 6. 3 6. 8 
MgO ___ - __ - - _ 19.7 7. 2 15. 0 7. 9 9. 4 

cao __________ 9.8 16. 1 10.7 16.0 8.6 
N a20 _-------- . 88 2. 8 1.5 1.6 2. 9 
K20---- ------ . 44 . 95 1.0 . 47 1.7 
H20 - - - - - - - - - . 46 . 51 . 26 . 27 . 30. 
H20+-------- 3. 9 1.3 2. 2 1.2 2. 8 

Ti02-------- -- . 55 . 58 . 64 . 70 . 82 
P205---------- . 19 . 22 . 28 . 20 . 47 
MnO ______ -- _ . 17 . 14 .'20 . 22 . 19 
C02- _-------- . 05 5. 6 . 05 . 06 . 05 

Sum ________ 100 100 99 100 100 

Powder densi-
ty by air 

Alonso cannot be positively correlated with the Pozas 
because they are in fault contact. The Alonso is Late 
Cretaceous in age and is believed to be mostly subaerial. 

CHEMICAL RELATIONS OF THE VOLCANIC ROCKS 
SAMPLED 

Twenty-six chemical analyses of Cretaceous volcanic 
rocks from north -central Puerto Rico are given in 
table 1. The 15 samples from the Rio Orocovis Group 
have compositions ranging from basalt to dacite. The 
rocks tentatively identified as basalt have pyroxene 

TABLE !.-Chemical analyses of volcanic 
[Samples analyzed by methods described by Shapiro and Brannock (1956, 1962). 

Rio Orocovis Group 

Basaltic 
Basalt Basalt tuff Andesite Andesite Andesite Dacite 

NC 712 PN840 NC 710 NC 721 NC724 NC711 NC714 

158718 158699 158716 158726 158729 158717 158720 

48. 8 48. 8 49. 7 50. 7 51. 0 52. 7 53.9 
14.4 15.8 14.2 16. 1 18.0 17. 6 15.2 

4. 4 2. 7 2.8 1.6 4.8 2. 6 1.9 
4. 6 5. 4 6. 4 7. 4 3. 9 4. 7 6. 3 
5.4 5. 3 7. 5 5. 3 3. 9 3. 8 3. 3 

8. 3 7. 9 8. 6 9. 5 8.0 5. 0 5. 2 
2. 3· 3. 9 4. 0 2. 8 3.4 2. 4 3.3 
5. 1 3. 2 L-4 1.0 3. 8 6. 7 1.8 
.3 .2 . 47 . 87 . 10 . 30 . 37 

2. 2 2. 3 2. 8 1.8 1.4 2. 2 3. 2 

. 72 . 85 . 84 1.0 . 88 . 67 . 92 

. 58 . 59 . 26 . 26 . 39 . 65 . 50 

. 15 . 17 . 17 . 20 . 20 . 16 . 19 
2. 4 2. 6 . 82 . 16 . 06 . 30 3. 5 

99 100 100 99 100 100 100 

pycnometer_ 3.06 -------- 3. 06 3. 14 3. 01 -------- 3. 08 2. 92 2. 87 2. 91 2. 75 2. 77 

NC 706. 

NC 713. 

NC 709. 

NC 708. 

NC 707. 

NC 712. 

Basaltic tuff. Greenish-dark-gray tuff containing large 
fragments of clinopyroxene (augite(?)) in a very fine 
grained groundmass of crushed and partly devitrified 
pumice, minor microcrystalline material with faint 
polarization tints, and irregular patches of minute 
fragments of clinopyroxene and plagioclase. 

Basalt. Dark-grayish-black pillow lava containing 
numerous augite phenocrysts in a groundmass rich in 
small grains of augite with some thin laths of albite. 
Tiny grains of an opaque mineral, probably magnetite, 
are also widely dispersed. Locally, veinlets and patches 
of calcite are present. 

Basaltic lapilll tuff. Dark-greenish-black lapilli tuff 
containing fragments of basalt in matrix rich in clino­
pyroxene (augite(?)) crystals and fragments, partly 
devitrified glass, and unevenly distributed clusters or 
faintly birefringent material. Locally clinopyroxene is 
uralitized or chloritized. 

Basalt flow breccia. Dark-grayish-black flow breccia 
composed of fragments of clinopyroxene phenocryst 
hasalt; aggregates of clinopyroxene and faintly crystal­
line material between various sized lava fragments. 
Locally some sericitized plagioclase is present, and, in 
places, patches of chlorite occur. 

Basaltic tuff. Greenish-black crystal lithic tuff rich in 
clinopyroxene fragments. Matrix mostly contains very 
fine grained dark microcrystalline material. Locally 
patches of fine grains of clinopyroxene and sericitized 
plagioclase are present. Lithic fragments are mostly 
very fine grained basalt. 

Basalt. Dark-greenish-gray lava containing numerous 

phenocrysts of clinopyroxene (augite(?)) in a fine­
grained groundmass of tiny laths of albite, micro­
crystalline material, and grains of clinopyroxene. 
Magnetite and tiny grains of ilmenite(?) are widely 
distributed in groundmass. K-feldspar is present as 
irregular clusters as is calcite. 

PN 840. Basalt. Dark-greenish-gray amygdaloidallava containing 
clinopyroxene phenocrysts in very fine grained ground­
mass. Calcite occurs in amygdules. Sample collected 
by M. R. Pease, Jr. 

N C 710. Basaltic lapilli tuff. Dark-greenish-gray clinopyroxene­
rich tuff. Contains numerous fragments of fine-grained 
basalt lava, clinopyroxene fragments and crystals, and 
some sericitized calcic plagioclase. Matrix consists 
mostly of tiny clinopyroxene fragments and much dark, 
faintly crystalline patches. Locally, chlorite has 
formed, and veinlets and clusters of calcite are present. 

NC 721. Andesite. Dark-green plagioclase (An64) phenocryst lava 
with glomeroporphyritic texture. A few clinopyroxene 
phenocrysts are also present. The groundmass has an 
intergranular texture and contains a high :~;>ercentage of 
clinopyroxene grains and small calcic plagioclase laths. 
Patches of chlorite are present. 

NC 724. Andesite. Dark-gray finely vesicular plagioclase pheno­
cryst lava. Also contains some clinopyroxene pheno­
crysts. Calcic plagioclase is highly sencitlzed and some 
of the clinopyroxene chloritized. The groundmass is 
fine grained and contains some K-feldspar and small 
quartz grains. 

NC 711. Andesite. Dark-greenish-gray plagioclase phenocryst 
lava with glomeroporphyritic texture. Also contains 
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phenocrysts. The chemical analyses show that these 
rock~ actually range in composition from basalt to 
basaltic andesite. Rocks provisionally identified as 
n.ndesite in the field are plagioclase phenocryst lavas. 
Chemical analyses show that they range from andesite 
to dacite. Samples of lava breccia and pyroxene­
bearing tuff have basaltic compositions. 

Most of the Rio Orocovis rocks are abnormally high 
in potassium content and have alkaline tendencies (P. 
f.I. Mattson, written commun., 1964), but some of the 
lava flows are spilitic (Lidiak, 1965, p. 60). According 

rocks from north-central Puerto Rico 

to the cla~sifications of Poldervaart (1964), .both alkali 
and tholeiitic basalts are present. The Rio Orocovis 
rocks grade continuously in composition from basalt 
to andesite. In .general, the more mafic rocks occur in 
the lower part of the group and the more. felsic rocks 
in the higher part, but this is not true in all cases. 

The two analyzed rocks from the ~fameyes Forma­
tion have compositions similar to the intermediate 
andesites in the Rio Orocovis Group. 

The nine analyzed rocks from the Pozas and Alonso 
Formations range in composition from andesite. to 

·Analysts: Paul Elmore, Ivan Barlow, Samuel Botts, Gillison Chloe, Lowell Artis, H. Smith]. 

Rio Orocovls Group-Continued Mameyes Formation 

Dacite 

NC718 

158724 

58. 3 
17. 5 

2. 6 
2. 4 
1. 6 

2. 3 
4. 4 
7. 0 
. 16 

1.3 

. 64 

. 40 

. 16 
1.4 

100 

2. 66 

NO 714. 

NO 718. 

NO 71/i. 

NO 719. 

NF 87. 

NF 82. 

Dacite Dacite Dacite Andesite 
Crystal 

·and lithic 
tuff 

NC715 NC719 NF87 NF82 NFllO 
----

158721 158725 160939 160937 160943 

62. 7 64. 2 51. 6 52.2 57. 2 
16. 0 15. 4 16. 0 17. 6 18. 8 

3. 0 1.6 3. 5 4. 2 3. 5 
2. 2 3. 6 6. 3 4. 0 3. 6 
1.3 2. 0 4. 2 4. 2 1. 6 

6. 2 2. 3 6. 0 7. 1. 5. 6 
4. 2 2. 3 4. 2 3. 0 4. 0 
1. 3 5. 8 3. 0 4. 7 1.8 
. 38 . 25 . 22 .11 . 16 

1.7 1.7 2. 1 . 86 2. 0 

. 58 . 58 1. 2 . 78 . 78 

. 20 . 20 . 96 . 72 . 60 

. 14 . 14 . 22 . 16 . 12 

. 05 . 05 . 05 .. 05 . 05 
100 100 99 100 100 

2.78 2.6!) -------- -------- --------

n Cow clinopyroxene phenocrysts. Plagioclase pheno­
crysts nrc scrlcltlzcd. Groundmass is fine-grained 
with hyalopllltlc texture. Locally, K-feldspar is present 
In groundmass and calcite occurs In tiny clusters and 
vclnlets. 

Dacite. Dark-gray plagioclase (An,o) phenocryst pillow 
lava, In part vesicular. Locally, feldspars altered to 
sericite. Tho groundmass, which Is fine grained nnd 
has an lntersortal texture, contains K-feldspar, Ilmenite, 
magnetite, chlorite and calcite. 

Dacite. Dark-grayish-green plagioclase (An2s) phenocryst 
pillow lava that also contains a row clinopyroxene 
phenocrysts. The groundmass, with an intersertal tex­
ture, Is fino grained and contains much devltrified, 
weakly birefringent material. Opaque mineral grains 
(probably magnetite) are widely dispersed. 

Dacite. Dark-green finely vesicular plagioclase (An35) 
phenocryst pillow lava. Locally, sparse clinopyroxene 
phenocrysts are present. Groundmass Is fine grained 
with nn lntersertal texture. Sericite, calcite, and 
chlorite are present. 

Dacite. Dark-gray to purple lava that contains numerous 
slender slightly serlcltized plagioclase (Ana6(?)) pheno-
crysts In fino-gmlned groundmass. " 

Dacite. Dark-gray plagioclase (An11-s) phenocryst lava 
with glomeroporphyrltlc texture. Groundmass Is fine 
to medium grained with lntergranular texture. Ground­
mass mostly contains thin laths or plagioclase, stubby 
grains or clinopyroxene, and some minor K-feldspar. 

Andesite. Light-bluish-gray plagioclase (Anas(?)) pheno­
cryst lava that also contains some clinopyroxene pheno-

Alonso Formation 

Crystal 
and lithic Tuff 

tuff 

NF102 NF116 

160940 160946 

58. 1 70. 9 
18. 3 14.0 

2. 5 2. 8 
4. 1 . 55 
3. 1 . 46 

3. 8 1.4 
2. 8 4. 5 
3. 6 2. 6 
. 18 . 16 

1.6 . 74 

. 87 . 62 

. 43 . 18 

. 14 . 08 

. 05 . 73 
99 100 

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

Welded 
tuff 

NF113 

160945 

71. 2 
14.3 

1. 6' 
. 74 
. 45 

. 82 
2. 4 
6. 2 
. 14 
. 74 

. 35 

. 05 

. 08 

. 07 
99 

--------

NF 110. 

NF 102. 

NF li6. 

NF 113. 

NF 38 .. 

B 1-4. 

Pozas Formation 

Andesite 
Dacitic Dacitic Dacitic 

Andesite andesite tuff tuff 

NF38 B1 B4 B2 B3 

160947 154665 154669 154668 154662 

50. 4 54.5 59. 5 63.7 69. 1 
17. 2 17.4 16.0 16. 5 15. 7 

5. 9 6. 6 5. 5 3. 7 3.3 
4. 7 . 91 

, 
1.2 1.0 . 26 

5. 3 2. 5 2. 9 1.3 . 24 

8. 7 5. 6 3. 6 2. 2 . 84 
2. 6 3. 4 2. 2 4. 2 7. 1 
1.2 3. 8 2. 2 4. 2 2. 0 
. 74 --------

___ .;. ____ 
-------- ------

1.7 3. 0 5. 6 2. 2 1.0 

. 97 . 66 . 74 . .74 . . 6.4 

. 28 . 44 . 40 . 22 . 17 

. 17 . 21 . 18 . 15 . 10 

. 08 1.0 -------- -------- ------
100 100 100 100 101 

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

crysts. Groundmass, which has an intersertal to 
intergranular texture, is fine grained with numerous 
calcic plagioclase laths; it also contains some K-feldspar. 

Crystal and lithic tuff. Reddish tuff containing plagio­
clase (An41-4S) fragments and crystals, lava fragments, 
and some clinopyroxene fragments In a devitrlfied glassy 
matrix. The matrix is a dark very fine grained weakly 
birefringent material. 

Crystal and lithic tuff. Reddish tuff containing plagio­
clase (Ann-5o) fragments and crystals, together with 
some lava fragments all of which are embedded in a 
devitrified glassy matrix. Matrix is a very dark fine­
grained microcrystalline material that is weakly bire­
fringent. Some quartz grains are present. 

Tuff. Light-brownish-pink: layered tuff containing a few 
plagioclase (An3s) fragments together with a few lava 
fragments embedded In a devltrified glassy matrix. 
Matrix Is dark gray and faintly microcrystalline. 

Welded tuff. Reddish-brown well-layered welded tuff 
containing a few calcic plagioclase fragments. The 
matrix is fine grained faintly birefringent and contains 
some quartz. 

Andesite. Reddish lava containing many short stubby 
plagioclase (Anao) phenocrysts together with a few large 
clinopyroxene phenocrysts. Groundmass has a hyalo­
pilitic texture and is rich In devltrlfied glass and much 
or the microcrystalline material exhibits faint pleochroic 
tints. Small grains of clinopyroxene and laths of plagio­
clase are dispersed In the groundmass. 

Collected by H. L. Berryhill (1965, p. 57). 
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rhyolite. One sample (NF 38) from the Pozas For·· 
mation is a subaerially ( ~) deposited andesite lava. 
The other samples are from subaerially deposited pyro­
clastic rocks that range in composition from dacite to 
rhyolite. 

Most of the analyzed rocks contain less than 1 per­
cent Ti0 2 and would, therefore, be classed as circum­
oceanic by Chayes ( 1964, p. 1585). 

Figure 2 is a vnriation diagram based on the analyses 
in table 1. Arrows at the top of the diagram indicate 
mn.fic indices of average alkalic basalt, andesite, dacite, 
u.nd rhyolite from Nockolds (1954). Compositional 
ranges of the various stratigr~phic units sampled and 
analysed are also shown at the top of the diagram ; 
the circled points represent samples of basaltic tuff 
that are probably mafic crystal nccumulates, and the 
variation curve is, therefore, dashed where one of these 
analyses extends the mafic end of the curve. 

The diagram clearly shows the continuous chemical 
vA.riation from the older, relatively \llafic basalts of 
the Rio Orocovis Group to the youngei·, rhyolitic rocks 
of the Alonso and Pozas Formations. The composi­
t-ional range of volcanic rocks in the Rio Orocovis 
Group is greater than the Ma~eyes, and both the Rio 
Orocovis and Mameyes ranges ';aver lap the more mafic 
end of the compositional ranges of the Alonso and 
Poz~ts Formati9ns. 

Figure 3 is an iron-magnesium-alkalies (FMA) dia­
gram showing the analyses· for the samples listed in 
tA.ble 1. In general, the FMA plot for these analyses 
follows the plotted curve representing fractional crys­
htllization of calc-alkalic rocks (Hess, 1960, pl. 11). 

Significant changes in environment of deposition and 
volcanism occurred in north-central Puerto Rico dur­
ing the Cretaceous Period. The older rocks, those of 
the ~1ameyes Formati01i and the Rio Orocovis Group, 
were subaqueously deposited. After .eruption of the 
submarine lava flows in the lower part of the Pozas 
Formation, probably during Campaninn nnd early 
:Maestrichtian time, depo~ition was mostly subaerial. 

Chemical analyses. indicate continuous chemical yari­
nJion from mafic to felsic volcanic rocks. Rocks of the 
Rio Orocovis Group and Mameyes Formation, most of 
which are basnJt or andesite, are rich in potash and 
lmve alkaline tendencies. Later rocks of the Pozas 
and Alonso Formations are mostly dacitic or rhyolitic 
and are calc-alkaline and are more felsic and silica 
snJurn.t-ed. Most. of the early volcanic rocks are lavas, 
whereas younger rocks are chiefly pyroclastic. Addi-

FeO 

& Pozas Formation 

o Mameyes Formation 

• Rio Orocovis Group 

6 Alonso Formation 

• • 

Alk MgO 

FIGURE 3.-lron-magnesium-alkalies (FMA) diagram 
for volcanic rocks in north-central Puerto Rico. 

tional petrologic study, however, will be needed to 
understand the magmatic relations between suites of 
volcanic rocks and to determine whether the variation 
is due to continuous systematic change in magma com­
position in a single chamber or to a change in magmatic. 
source. 
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SOLUBILITY IMPLICATIONS OF APATITE IN SEA WATER 

By CHARLES E. ROBERSON, Menlo Pa~k, Calif. 

Abstract.-Solubility studies using fluorapatite and marine 
phosphorite in artificial sea-water solutions confirm that the 
solubility of these solid phases is a function of pH. These ex­
perimenurshow that pK' (-log K') for the reaction Cas(PO,)a 
F (solid) +3H20=5Ca · +2 +3HP0,-2+F-1+30H- is 52±1.5. 
The data suggest that at pH 8.2, the equilibrium value for total 
dissolved phosphate is about 0.2 micromoles per liter. From this 
it is inferred that the bulk of ocean water is near saturation 
with resvect to fluorapatite. Therefore, deposition P.f phospho­
rite whose main component is fluorapatite can be explained on 
continental-shelf areas where a decrease in solubility occurs 
because of loss of C02 A value determined for the second dis­
sociation of phosphoric acid suggests that the main phosphate 
species is HP0,-2 and that at pH 8.1 its concentration is ioo 
times greater than H2P0,-1

• 

Solubility experiments with different apatite min­
erals were carried out, and analytical results were used 
to calculate equilibrium constants for a proposed solu­
bility reaction. These constants, corrected by other 
thermochemical data, are compared with values calcu­
'tated from-· literature .data.· Some-implications-relative 
to the marine environment are suggested. An unsuc­
cessful attempt was made to evaluate the solubility of 
fluorapatite and · phosphorite usin~ the saturometer 
described by Weyl (1961). 

Because saturometer studies were ambi_guous in 
determining the solubility of phosphorite in sea water, 
solubility experiments were con4uoted. In these 
experiments different samples of apatite and phospho­
rite were placed in contact. with artificial sea water, 
and the increase in the concentration of ions upon dis­
solution of the apatite was measured. In solutions 
having pH. values above about pH 4, the solubility of 
apatite in sea water is so low that, of the constituents 
making up apatite, only increases in the phosphate 
concentration could be analytically measured with 
reasonable accuracy. 

Acknowledgments.-This repor.t was prepared as 
partial fulfillment for a Master of Science degree at 
the University of California at San Diego (Roberson, 
1965) under the direction of Prof. E. D. Goldberg and 

the financial support of the ·u.S. Geological Survey. 
In addition to review by colleagues of the Geological 
Survey this report was also reviewed by Prof. R. M. 
Pytkowicz of the University of Oregon. 

PHOSPHORITE IN THE SEA 

Marine phosphatic nodules were first discovered 
during the Challenger Expedition off the Cape of Good 
Hope (Sverdrup and others, 1942, p. 1032). They have 
now been found in many coastal regions on continental 
shelves and on topographic highs in the ocean. 

The main constituent of phosphorite is fluorapatite 
(Goldschmidt, 1954, p. 465), which may be represented 
by the formula Ca10 (P04)aF2. T.he hexagonal net­
work structure has been discussed by Altschuler· and 
others (1958). Phosphorite contains an apatite that 
is probably more correctly characterized as a carbonate 
fluorapatite w_i.tJ.l. ~ ~lll~Jl qeftcit, ;rel~ti:v.e.Jo. pure fluor~ 
apatite, of phosphate and a slight excess ofF-\ OH-1

, 

or both (.Altschuler and others, 1958). This is desig­
nated marine apatite. 

Dissolved phosphorus 

Both organic and inorganic processes are a;t work 
in depositing phosphate in the sea. The assumption 
made in this report is that the role of qiochemical 
processes is merely to facilitate inorganic precipitation 
reactions that are already thermodynamically possible. 

Phosphorus, which occurs in nature only in the 
stable pentavalent state as orthophosphate, is found 
in the 5ea at low concentrations. The maximum 
concentration of soluble phosphate generE;tlly occurs 
at depths of 500 to 1,500 meters; it closely· approaches 
that of the oxygen minimum (Sverdrup and others, 
1942, p. 237), and is related to the high rate of decompo­
sition of organic material. 

Phosphate content in various oceans and the Med­
iterranean Sea ranges approximately as follows, with 
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the lower values occurring only in the upper few hundred 
n1eters (N. W. Rakestraw, oral commun., 1963). 

Range in 
phosphate 

(pmoles/liter) 

Atlantic Ocean ______________________________ 0. 05-2.5 
Pacific and Indian Oceans____________________ . 2-3. 5 
M:editerranean Sea___________________________ . 02-0. 2 

The bulk of the water of the oceans can be con­
sidered to be about 10-6

•
0 to 10-5

•
5 molar with respect 

to dissolved phosphate (Sillen, 1961, p. 567). Several 
workers (Dietz and others, 1942; }{ramer, 1964; Sillen, 
1961, p. 567) seem to think that this represents near 
saturation with some phosphatic solid phase or phases 
and that some 1nechanism exists to permit the attain­
ment of saturation and precipitation in certain localized 
areas. 

Origin of phosphorite 

l{azakov ( 1938) was one of the first to propose a 
plausible mechanisl).l for the chemical precipitation of 
phosphorite from the sea. Basically, his theory states 
that deep ocean water, which is enriched in dissolved 
phosphate when transported into certain environments, 
beco~nes supersaturated with respect to marine apatite. 

Dietz ·and others (1942) attempted to evaluate the 
phosphate content of sea water thermodynamically in 
terms of saturation w'ith tricalcium phosphate ( Ca3 

(,P<?4) z). They suggest that at a phosphate concen­
tratiOn of 10-5 ·

08 molar, sea water at pH 8 is about 289 
percent saturated with respect to the solid phase. There 
are obvious sources of error in a choice of data for 
such calculations and Dietz and others recognized this. 
However, they suggested that sea water ·at depths 
gt·en.ter than a few hundred meters is saturated with 
respect to Caa (P04) ::· Emery states (1960, p. 72) that 
nlthough more recent findings show that water off 
soutl~ern California has three times ·as much phosphate 
ns D.tetz and others considered, the great difference be­
tween the nature of the solid phase which is actually 
found in deposits and simple Ca3 (P04 ) 2 vitiates fur­
ther refinement of calculations. Emery thinks· that 
phosphorites result from direct precipitation ·as colloids 
in areas of strong upwelling. 

Smirnov and others (19·58), in studying the syste1n 
Cn.O-P ::Or.-HzO under conditions approximating sea 
water, concluded that the solid phase was hydroxyapa­
tite a.nd that at a concentration of 0.114 milligrams/liter 
P::Or, (1.6 micromoles/liter) nnd pH=8.1, sea water is 
nearly at saturation. Sillen (1961, p. 567) thinks, from 
thermodynamic considerations, that deep sea water, 
which is 10-6

•
0 to 10-5 · 5 molar with respect to phosphate. 

m·ay be in equilibrium with hydroxyapatite. }{ramer 

(1964) concludes from thermodynamic calculations that 
most sea water is supersaturated with respect to hy­
droxyapatite and carbonate fluorapatite. 

l{az-akov (1938) thought that when the pH of ascend­
ing phosphate-rich water increased, Ca003 was pre­
cipitated before apatite. However, Krumbein and Gar­
rels (1952) consider that although phosphorite has A 

pH-solubility relation roughly parallel to that of 
CaCOa, the much lower solubility of phosphorite would 
cause the latter to precipitate at a lower pH than would 
CaCOa. Thus, on increasing pH, phosphorite would 
precede CaCOa in precipitation. They (Krumbein and 
Garrels, 1952) conclude that the phosphorite must pre­
cipitate ·at a pH greater than 7.1 but less than pH 7.8, 
whereas calcium carbonate must precipitate above pH 
7.8. Because most of the ocean water proba'bly is near 
pH 7.8 they postulate that phosphorite must precipi­
tate in unventilated basins where the pH may approach 
values near 7.0. This does not appear to explain how 
phosphorite is formed on sea mounts (Emery, 1960, p. 
72), unless one concludes that the particles making up 
the nodules are colloidal and were precipitated ·at other 
than their deposition site. 

Nature of phosp'horite 

J{azakov (1938) studied the system Ca0-Pz05-HF­
H20 (25°0) in solutions approximating sea water in 
composition. He concluded that phosphatic minerals 
must be crystallized exclusively in the apatite lattice. 

Others appear to believe that hydroxyapatite is the 
st.able phosphatic phase in the sea. It is inferred from 
the abst~act of the report by Smirnov and ·others 
(1958) that they considered the solid phase in sea 
water to be hydroxyapatite. Sillen (1961, p. 567) sug­
gests that hydroxyapatite is the stable calcium phos­
phate phase in sea water. However, in his calculations 
he evidently did not consider fluorapatite. Most 
authorities now believe that fluorapatite is the stable 
~hosphatic phase in sea water and that hydroxyapatite 
IS converted to fluorapatite even in low fluoride envi· 
ronments (see for example, Goldschmidt, 1954, p. 455-
456). 

The author made an estimate of the relative stability 
of the two phases, hydroxyapatite (HAP) and fluor­
apatite (FAP), using the data presented in table 1. 
In this table and later discussion, LlF0

1 LlF 0
R ill?, 8° ' ' ,, ~8 

mean, respectively, standard free energy of formation, 
standard free energy of reaction, standard heat of 
formation, and entropy at 298°K (25°0). 

The values of LlF~ shown here range widely for both 
F AP and HAP. Therefore, in the hope of being at 
least internally consistent, LlF~ values from the data 
of a single group of workers (Smirnova and others, 
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1962) were used. From AH~ by these authors, and 
entropy values from Kelley and King (1961, p. 104), 
it is calculated that AF~ values for F AP and HAP are 
-3,086 and -3,020 kilocalories per mole-1, respec­
tively. Entropy values for the elements are from 
Latimer (1952). Considering the reaction of HAP 
going to FAP: 

Ca1o(P04)6(0Hh(solid)+2F- 1=Ca1 0 (P04)6F2+20H-1. 

At equilibrium 

constant (K), 

where [ ] denotes molal activities. The value for AF~ 
can be used to calculate the value of K. At 25°C 

AF~ = -1.364 log K. 

AF~ IS -9 kcal mole-1, and therefore K=106·6. From 
this 

[OH-1]=2,000 [F-1], 

and it can be seen that the activity of F-1 is very 
small relative to that of OH-1 when FAP and HAP 
are in equilibrium with solution. Accordingly, it is as­
sumed that fluorapatite is stable relative to hydroxy­
apatite under the stated conditions. Presumably, 
hydroxyfluorapatite also would be more stable than 
pure hydroxyapatite. 

TABLE I.-Standard .free energy of formation (llF;) values at 25°C 

t.Fj 

Hydroxyapatite (Ca10(P0 4) 6(0H) 2- ________ - -- __ - _-

1-3,090 
2 ~3, 113 
3 -3,079 
4 -3,074 
5-3, 086 
6 -3,037 
7-3,026 
8-3, 023 
9 -3, 020 

t Calculated using a thermodynamic solubility product (K,2) of IO-t20.9 reported 
by Farrand Elmore (1962, p. 317) and t.FJ values reported by Latimer (1952). 

2 Calculated from enthalpy of formation value (t.HJ) = -3,296 kcal mole-t (Jacques, 
1963, p. 3820) and entropy (S:lg8) value of 185.4 cal deg-t mole-! (Kelley and King, 
1961, p. 104). 

3 Calculated "from t.Hi= -3,262 kcal mole- I (Gottschal, 1958) and 8298 =185.4 cal 
deg-t mole- I (Kelley and King, 1961, p. 104). 

4 Calculated from my solubility data and presented for comparison (Roberson, 
1965). 

~ Calculated from t.Hi = -3,269 kcal mole- I (Smirnova and others, 1962) and 
S2g8 =185.4 cal deg-t mole-! (Kelley and King, 1961, p. 104). 

o Calculated from t.Hj value of -3,229 kcal mole-1 (Jacques, 1963, p. 3820) and 
S2g8 =186.6 cal deg-t mole-t (Kelley and King, 1961, p. 104). 

7 Calculated (K,p)ti2=10-~7.s (Bjerrum and others, 1958, p. 58) and t.FJ values 
(Latimer, 1952). 

s Calculated using K,p=1Q-114 (Kramer, 1964, p. 637). 
g Calculated from t.Hi= -3,212 kcal mole- I (Smirnova and others, 1962) and 

S:ig8 =186.6 cal deg-1 mole-1 (Kelley and King, 1961, p. 104). 

Admittedly, selection of different AF/ value~ for FAP 
and HAP from different workers may show quite differ­
ent results, although the free-energy values for F AP 
are consistently more negative than those for HAP. 

Phosphorite is not a pure fluorapatite but contains a 
little carbonate within the apatite lattice. Moreover, 

phosphorite is not made up of a single phosphate 
mineral; it commonly contains calcite, aragonite, quartz, 
and feldspar. The preponderance of geologic evidence, 
however, supports the theoretical considerations in­
dicating that an apatite lattice containing fluorine is 
~table in both marine and terrestrial environments. 

Altschuler and others (1958, p. 47-49) have discussed 
the structure of apatites. The apatite structure is host 
to many substitutions by cations and anions. Hydrox­
ide (QH-1) and chloride (Cl-1) are the most likely 
substitutes for F-1 in the apatite lattice, but these ions, 
being larger than F-1

, do not fit into the structure so 
well, hence they form less stable apatites. Many 
apatites, however, are nearly pure chlor-apatites, but 
these were formed under conditions of high temperature 
(M. N. A. Peterson, written commun., 1965). 

SO'LUBIUTY CONSIDERATIONS 

It was initially planned to use the saturometer (Weyl, 
1961) to try to determine whether sea water is saturated 
with respect to marine phosphorite. It was thought 
that this tool might give a thermodynamic approach 
to the solubility problem. However, the author was 
unable to explain the saturometer results in terms of 
equilibrium or disequilibrium with respect to apatite or 
marine phosphorite. 

The problem of measuring pH in solid-liquid mixtures 
has long troubled many workers (Garrels, 1960, p. 66; 
LaMer, 1962, p. 977; Clark, 1964; Kruyt, 1952, p. 
184-186; and Zhelesnova, 1962). In the present study 
the results appeared explainable largely on the basis of 
the .. low solubility of apatite. Thus, the dissoCiation 
~f phosphoric acid in an apatite-sea water equilibrium 
environment exerts less control on the pH of the solu­
tion than do slight impurities of carbon dioxide; this 
occurred even though considerable precautions were 
taken to exclude C02. Solubility experiments dis­
cussed later (but not discussed with respect to this 
aspect) supported this conclusion. 

Some solubility considerations are presented below. 

Solubility reaction of fluorapatite 

If the reaction of fluorapatite with water is reversible, 
the following reaction should be valid at the pH values 
encountered in sea water (using half of the empirical 
formula for fluorapatite): 

Ca5(P04) 3F solid+3H20=5Ca+2 

+3HP042+F-1+30H-1• (1) 

The mass-action equilibrium expression for equation 
1 is 
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Using the ~F/ values 1 for fluorapatite reported in 
table 1, the equilibrium constant at room temperature 
ranges from 10-61 (using my solubility data) to 10-75 

using the lowest value for ~F/ FAP calculated from the 
literattu·e. The attempt was made to evaluate the 
activity product·(equation 1a) for sea water. It would 
have been valid to consider a reaction which involved 
P0;-3 or H2P041 ions instead of HP0;-2, but it appears 
from other considerations (discussed later) that HPO,t2 

is the 1naj or phosphate species at the pH of most 
ocean water (around 8). 

The activity of OH-1 can be obtained quite precisely 
from pH; the activity of Ca+2 in sea water is known with 
reasonable accuracy because of extensive work on the 
cn,rbonate system in sea water by others (see, for 
example, Buch, 1951). On the other hand, to n1y 
knowledge, there has been no way to accurately 
evaluate the stoichiometric concentration of HP0; 2

, 

much less its activity. 2 · Complexing reactions in the 
case of HP0;- 2 and F-1 probably account for the 
"disn.bling" of much or most of both ions. For example, 
it is herein assumed that not more than 25 percent of the 
molar concentration of F-1 is uncomplexed and available 
to form .n,patite n.nd probably less than half of the 
HP0;- 2 is uncomplexed. In view of these .diffiCl~lties, 
n.n ion product 3 is used here. 

The decision to write the reaction of fluorapatite with 
wn.ter (equation (1)) in terms of HPO:? instead of PO;ij 
or H 2P041 is based on calculations involving equations 
below. There are four species which might be con­
sidered: H 3P04, H2P041, HP042, and PO'?. They 
are all related to the hydrogen-ion concentration by the 
following mass-action equations which are directly de­
rived frmn the three-step dissociation of phosphoric acid: 

[H+1][H2P04 1] 
K1=l0-2·2 25°C, (3) 

[H3P04] 

[H+ 1][HP042] 
K2=10- 7· 2 25°C, (4) 

[H2P04 1
] ··,, 

and 
[H+1][P04 3] K3=10-I2.2 25oC. (5) 

[HP0;-2] 

• Actually halC of tho Fj values because it was desired to consider half or the 
empirical formula for fluorapatite. 

2 In this report, t\ tentative value for the apparent equilibrium constant is presented 
for tho second dissociation of phosphoric acid. This should provide a fair estimate 
of tho stoichiometric concentration of HP0j"2, 

3 More properly a "hybrid" product whcrethe molal activity of on-• and the molar 
conccnt.rntions or all other ions are used. This approach has been commonly em­
played in the study or tho carbon dioxide system in sea water. When such a product 
is a constnnt it has gonemlly been called an apparent equilibrium constant (K;q) as 
opposed to a thermodynamic constant (K,q). (See, for cxnmple, Sverdrup nnd others 
1942, p. 204.) l.<~or ronction (1) K' is related to K ns ' 

(2) 

where 11 denotes 1\ctlvities, () denotes molarity and 'Yion is the activity coefllcient of 
an ion. 

These thermodynamic dissociation constants (25°C) 
are the reciprocals of the formation constants reported 
by Bjerrun1 and others (1958, p. 57, ref. '16). They are 
related to the apparent constants as follows: 

K~ 
[Ht1](H2P04 1) K 'YH3Po4 (3a) 

(H3P04) 1 ' 'YH2P041 

[H+1](HPO,t2) 'Y -1 
K~ 

K H2P04 (4a) 
(H2P0;- 1) 2 ' 'YHP04 2 

[H+1](PO,t3) 'YHP0- 2 
(5a) K~ K3--4-· 

(HP04 2) 'Ypo,t3 

From equations 3, 4, and 5 it can be confidently cal­
culated at pH 8 that only HPO,t2 and H2P04 1 are 
analytically important in very dilute solutions. But 
this assumes activity coefficients equal to unity for all 
species, which is not true for sea water. Because the 
activity coefficients of the phosphate species, in solu­
tions having the ionic strength of sea water, are difficult 
to evaluate, it is desirable to work with the apparent 
constants KL K~, and K~ (see earlier). A value for 
K~ was measured (discussed later) and found to be as a 
first approximation, 10-6·

1. R. M. Pytkowicz (written 
commun., 1965) has recently n1ade a determination of 
K~ for sea water of normal salinity and found a pre­
liminary value of 10-6·

2. Because no firm values for 
K{ and K~ are available, only guesses for limiting 
values can be made on the basis of equations 3a and 5a. 
Considering the first constant, the ratio 'YH3Po4/'YH2Po4 1 

would increase at ionic strengths up to that of sea water 
(JJ.=0.7). This is because the activity coefficient for 
the uncharged species is probably somewhat greater 
than 1.0 at ionic strength 0.7 (Butler, 1964, p. 439). 
On the other hand, 'YH2Po4 is almost certain to be less 
than 1.0. Therefore, Kf must be >K11 and H3P04 
cannot be analytically important at the pH values that 
are found either in sea water or in this study. 

The importance of P0;-3 can be evaluated from equation 
5a. The importance of complexing becomes obvious in the 
case of ions like HPO,t 2 and PO,t3; therefore it is 
hard to estimate a value for K~. The ratio 'YHP04 2

/ 

'YPo,t 3 would probably increase greatly in going from 
infinitely dilute solutions to that of sea water, because 
at any given ionic strength up to at least 0.5, the activity 
coefficient of a trivalent ion would be lower than that 
of a divalent ion (Butler, 1964, p. 438). However, as a 
limiting case, it is estimated that the ratio 'YaPo4 2

/ 

'YPo,t 3 cannot be greater than about 100. Therefore, 
K~ would be no larger than about 10-10 (probably 
smaller). Using this value P0;3 would be less than 
2 percent of the total phosphate. This would again be 
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analytically unimportant because the total phosphate 9r---.------,-----.-----.-----r-------, 

dissolved (P)T in the solutions which. were at pH values 
between 8 and 9 in this study had values of only about 
10-7 molar. Therefore, the only analytically impor­
tant phosphate species are assumed to be HP04 2 and 
H2P04 1

, and the following relations can be used to 
obtain HP0 4-

2: 

K~ 

and 

[H+1](HP04 2
) 

(H2P04 1
) 

(P)r= (HP04 2)+ (H2P04 1
), 

(4a) 

(6) 

where (P) Tis the molar concentration of total dissolved 
phosphate. One is left with the choice of using the 
expression for K~ or the one for K 2• It appears that 
there are no values in the literature for K~ in sea water. 
There are apparently good values for K 2(10-7•20). 
However, if K2 is used, then not only the problem of 
finding good values for ')'H2Po4 1 and ')'HPo042, but 
also evaluation of the amount of complexing which un­
doubtedly occurs in the case of ions like H 2P04 1 and 
especially HP042, become acute. 

An apparent equilibrium constant (K~) should have 
a built-in compensation for these difficulties. Ac­
cordingly, an apprmci.mate value was determined which 
is used in the calculations presented later. The deter­
mination was made as follows: A 100-milliliter-portion 
of artificial sea water which had been prepared free of 
C02 species and boric acid species, was adjusted to 
pH 3. 7 with phosphoric acid. While holding the ionic 
strength constant (0. 7) the solution was titrated with 
sodium hydroxide. The pH was measured with a 
pH meter (Radiometer PHM-4) using a glass elec­
trode. The titration curve (fig. 1) suggests (HP042)j 
(H2P04 1

) =1.0 at pH 6.1; hence pK~=6.1 ±0.2 (p 
denotes the negative logarithm). This is presented 
as a first approximation of pK~ at 25°±0.1 °C in sea 
water of salinity=35 parts per thousand. R. M. 
Pytkowicz (written commun., 1965) has suggested a pre­
liminary value for pK~ of 6.2 based on measurement. 

On the basis of the value pK~=6.1, the measured 
pH and total dissolved phosphate (P) r, and relations 
4a and 6, 

and 
(P)T=(HP04 2)+ (H2P04 1

), 

and combining, one obtains 

(4o) 

(6) 

(4a, 6) 

O.OlN NaOH, IN MILLILITERS 

FIGURE I.-Approximate determination of the second apparent 
dissociation constant for phosphoric acid in sea water (24°± 
2°C, salinity 35 parts per thousand). 

Solubility experiments 

Data were obtained from a series of solubility exper­
iments (table 2) for testing the constancy of (Ca+2) 5 

(HP0;2) 3 (F-1) [OH-1)3, and hence the possibility of 
equilibrium of sea water with fluorapatite. Solutions 
of artificial sea water were prepared according to the 
formulation of Lyman and Fleming (Sverdrup and 
others, 1942, p. 186) except that no boric acid and bi­
carbonate were added. An additional amount of sodi­
um chloride equivalent to the sodium bicarbonate was 
used to replace the latter. The synthetic sea water was 
made boric acid free and largely C02 free, so that the 
absence of these two buffer systems would permit the 
~olubility reaction of fluorapatite and the phosphoric 
acid dissociation reactions to control the pH. Such 
control does not appear to be possible in natural sea 
water, owing to the much lower solubility of apatite 
relative to carbonate and other C02-dependent species. 
It was found that in these experiments small impurities 
of C02 appeared to be able to control the pH of the 
solutions. 

The solutions were placed in Pyrex vessels holding 
1,000 to 1,500 milliliters of solution. Glass covers con­
taining holes for insertion of pH electrodes and a gas­
washing tube were provided. Nitrogen washed with 
sea water to minimize evaporation of the test solution 



ROBERSON D183 

TABLE 2.-Data for experiments in which apatitic minerals were in contact with artificial sea water 
[Values in parentheses are assumed] 

pH Calcium Phosphate (molesfliterXIQII) Fluoride Time 
(moles/liter Xl Q2) (moles/liter XI Q4) washed 

Experiment Source or apatite 
At end or 

Initial N2wash Initial 

1 ___________ Durango, Mexico __ 8. 40 8. 15 0. 9 2 ___________ _____ do ___________ 7. 00 7. 20 .9 
3 ___________ Canada __________ 8. 30 8. 20 1. 02 4 ___________ _____ do ___________ 4. 48 6. 30 1. 02 
5 ___________ Marine ___________ 8.32 8. 60 1. 02 6 ___________ _____ do ___________ 4. 80 8. 50 1. 02 7 ___________ _____ do ___________ 2. 81 4.85 1. 07 8 ___________ _____ do ___________ 3. 50 5. 85 1. 07 

was bubbled slowly and continuously through the solu­
tions to provide an inert atmosphere and to stir the 
solution. The pH of the solutions was adjusted prior 
to adding the solid phase and was measured periodically 
during the course of the experiments. Dissolved phos­
phate was also monitored. Calcium and usually fluo­
ride concentrations were measured on the solutions at the 
beginning and end of the experiments. Total carbon di­
oxide was measured at the end of the runs. The experi­
ments were carried on for periods of from 0.5 to 2 months. 

In the experiments, three different apatitic phos­
phates were used: 

(1) Marine phosphorite. (From the sea floor off southern Cali­
fornia.) X-ray diffraction showed several percent of dolomite 
but detected no calcite or aragonite. Chemical analysis (B. 
F. d' Anglejan, written commun., 1962) shows the composition 
of n similar specimen to be Ca10 (P04h·t Ft·7 (my calculation) 
with the deficit in charge presumably due to other ions. 
Altschuler and others (1958) report a more general composi­
t.ion for marine phosphorite to be represented by the formula 
Ca10 (P04, C03)6 F2-3 with some carbonate substituting for 
phosphate and with additional fiuorid~ making up the deficit 
in charge caused by the substituting carbonate. 

(2) Apatite from D1trango, Mexico. This is a relatively pure 
fluorapatite, with no carbonate, and is commonly used as a 
standn,rd. 

(3) Carbonate fluorapatite from Ontario, Canada. This sample, 
kindly supplied by R. L. Gulbrandson (U.S. Geological Sur­
vey) is reported to contain about 1 percent carbonate sup­
posedly substituting for phosphate. It contained no CaC03 
mineral impurity by X-ray analysis. 

A summary of the experimental data is shown in 
table 2. The data are for 25°0 and salinity=35 parts 
per thousand. The following reaction was assumed 
valid: 
Cn5(P04)aF (solid) +3H20 

=5Ca+2+3HP042+F-1+3H0-1• (1) 

The product (equation 2) was then calculated from the 
data in table 2. The values for the ion product (I.P.) 
are shown below (table 3). 

with 

Total Calc. 
nitrogen 

Total gas 
Final Initial Final HPO• Initial Final (months) 

(final) 

0. 9 1 0. 1 0. 1 0. 9 0. 9 1 
.9 1 4. 0 3. 8 .9 .8 1 

1. 02 0. 0 . 22 . 22 1. 00 1. 02 2.0 
1. 03 .0 6. 0 3. 7 1. 00 1. 07 2. 0 

( 1. 02) .7 . 10 . 1 1. 00 ( 1. 00) 2.0 
( 1. 02) .6 . 10 . 1 1. 00 ( 1. 00) 2. 0 

1. 20 1.4 560 30 . 95 3. 52 .5 
1. 09 . 1 100 36 . 95 1. 34 .5 

The mean value of I.P. from our experimental data 
is 10-52

• This represents a very large difference with 
reference to the thermodynamic constant of 10-75 cal­
culated from 1/2~FfFAP= 1556 kcal mole- 1 (table 1, 
ref. 2). If we use a 1/2~F'J value for fluorapatite of 
-1540 kcal deg- 1 mole-1 (the largest value obtained 
from the literature of others (table 1, third value), 
then the thermodynamic K is 10-63 • 

In one of the experiments (4, table 3) in which the 
ion product was 10-53 , comparison was made with a 
thermodynamic value of K= 10-63 • The data neces­
sary for comparison are shown in table 4. 

Then, using the activity product (equation 1a) 

where [Ca+2]='Yca+2(Ca+2
) and [HP042]='YaPo42 

(HP0;4) etc., and substituting from table 3, the 
A.P. is found to be 10-61 • ·This is fairly good agree­
ment with K for Equation 1a (K = 10-63

) calculated 
using 1/2~F/ for fluorapatite= -1540 kcal mole-1 

(table 1). 
These calculations, which are necessarily only ap­

proximations, may suggest near equilibrium for the 
phosphate dissolved in sea water. This is further sup­
ported by a comparison of sea-water values for dis'" 
solved phosphate with those obtained from n plot of 

TABLE 3.-Values for the ion product (J.P.) for three different 
apatitic phosphates 

Experiment 
1 ___________ _ 
2 ___________ _ 

3-------~----4 ___________ _ 
5 ___________ _ 
6 ___________ _ 
7 ___________ _ 
8 ___________ _ 

Apatite 
Durango ___ _ 
_____ do ____ _ 
Canadian ___ _ 
_____ do ____ _ 
Marine _____ _ 
_____ do ____ _ 
_____ do ____ _ 
_____ do ____ _ 

(from equation :B) 

52.8 
51.0 
51.3 
53.0 
51.0 
51. 1 
54. 1 
51.4 
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total dissolved phosphate (P) 7' against pH. This plot 
. is made from the solubility experiment data (see fig. 2). 
A plot. (not shown) of calculated HP042 against pH 
showed comparable relations. 

TABLE 4.-Dat~ for calculation of activity product (equation 1a) 
for fluorapatite in sea water. (experiment 4) 

Ca +2 (measured) ____________ -- - _--------------
Ca+2 (uncomplexed) _____ --- _---- --------------

HP042 (calculated from analytic~! (P) T) _-- _- _---
HPO~ (uncomplexed) __ -- ___ ------------------

Moles/liter 

1. 02X lo-2 

. 95X I0-2 

1 10-2.02 
3. 7X 10-:-1 

2 1. 6X lQ-1 
10-5.80 

F-J (measured) ___________ ---- __ --------------- 1. 07X 10-4 

F-1 (uncomplexed) __________________________ _i_ 3 • 25~

0
~~~: 

,. Ca-t 2 
__ -- ---------- --------------------------

,. HPO,t2 ___ - - - -- -----------------------------

'Y F-•- - -- - - - - - - - - - - - - - - - - - - - - ...; - - - - - - - - - - - - - - - -
pH= 6.30; [OH-1]_----------------------------

10-0.55 
4 10-:0.80 
5 10-0.22 

10-:-7.70 

1 Garrels and Thompson (1962, p. 57). . 
2 Estimated usinsr stability constants from Bjerrum and others (1958)-for the speCies 

MgHPO~ CaHPO~ NaP042 and activity coefficients for Mg+3, Ca+2~ Na+t, and 
K+t and for the complex ions from Garrels and Thompson (1962, p. 61). This is only 
a fust approximation, and there may be other complex ions for which no data were 
available. 

a Author's estimation. • . 
• Sill6n (1961, p. 567). _ 

6 Calculated using -log-y;= AZ2 .,f~ _ (Klotz, 1U50, p. 329). Admittedly, this was 
' 1+B~.,f~ 

not intended for use at high ionic strengths, but.almost com_Plete lack of data (such 
as mean activity coefficients for phosphate solutiOns) necessitated such use. 

CONCLUSIONS AND SUMMARY 

( 1) Although the difficulties involved i.n extrapolat­
ing laboratory results to the ocean env1:onment a~e 
obvious it is inferred that at pH 8.2, which approxi­
mates that of near-surface sea· water, the equilibrium 
amount of total dissolved phosphate (P) T is about 0.2 
J.l. moles/liter. 

(2) At pH values near 7.0, which may be 
approached in stagnant ocean basins, the ( P) T sug­
gested is 1.8 J.l. moles/liter. 
· ( 3) It is estimated as a first approximation that for 
sea water at pH 8.0 and HP04-2 == ~J.I. moles/liter, more 
than half of the HP04-2 is complexed with Mg+2~ 

Ca+2
, Na+, and !(+. Fluoride ion may be involved 

as MgF+1 complex to the extent of about 50 perGent of 
the total fluoride and also may be complexed by· other 
maj'or cations. 

( 4) Factors of chemical complexing make it difficult 
to evaluate -activities of ions in solubility-product 
calculations. The~efore, this report considers ion 
products for such calculations. 

( 5) An ion product of about 10-52 was obtained from 
solubility experiments with various samples of apatite 
and artificial sea water. 

(6) The ion product of 10-5
\ when corrected by 

allowances for activity coefficients and the amount of 
complex1ng, yields an estimate for ion activity prod-

... 
0.. 

tiO 
0 
...I 

I 

9~----·~-----,~------,-~----~1------lr---~ 

8-

7r-

6r-

5r 

4r-

0 

0 

I 
5' 

I 
6 

A 
0 

EXPLANATION 

6 Fluorapatite 

o Carbonate fluorapatite 

o Marine phosphorite 

I 
7 

pH 

I 
8 

A 00 

0 

-

:.... 

-

-

-

I 
9 

FIGURE 2.-Experimental data showing rela~io~s of total 
dissolved 'phosphate (P) T in moles/liter for artifiCial sea water 
in contact with different apatites. 

ucts of 10-61
• This is in reasonable agreement with one 

value for the thermodynamic K for the reaction ( 1Q-63
) 

calculated using thermochemical data from literature 
for fluorapatite. The other values calculated from 
literature data are considerably smaller. This might 
be inferred to mean that traces of impurities in the 
fluorapatite do not greatly decrease the solubility of 
that mineral as suggested by Arrhenius (1963, p. 682), 

·in terms of a solubility product. 
· (7) A tentative value for the ·apparent second dis­

sociation constant for phosphoric acid is 10-6.1. There­
fore, at pH 8.0, which is that of most sea water, only 
HP04-2 ion is of analytical importance. 

(8) Problems suggested ·for study to provide work­
ing tools for further study of the phosphate system 
in sea water are : 

(a) Determination of apparent dissociation constants 
for the phosphoric . acid system. This report 
suggests a tentative value for K'2· This value is 
supported by a preliminary determination by R.. 
M. Pytkowicz (written commun., 1965). In 
addition, values for K' 1 and K~ 3 are needed. 

(b) More detailed determination of the solubility of 
apatite in sea water is needed. 

(c) For the present, it may be easier to study the 
phosphate .system using ion products. However, 
it would be very desirable to develop specific 
ion activity electrodes-at least for one of the 
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phosphn.te species and for F-1
• In lieu of this, a 

detailed study of complexes involved' and evalu­
ation of activity coefficients would be highly 
desit~able. 
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PRELIMINARY RESULTS OF GEOCHEMICAL PROSPECTING 

IN NORTHERN MICHIGAN 

By KENNETH SEGERSTROM and W. H. RAYMOND, Denver, Colo. 

lV m-k done in cooperation with the Geological Survey Divi8iOtn 

of the Michigan Department of Conservation 

A.bstract.-High concentration of copper, lead, and zinc were 
found locally in soils of Marquette County, Mich. Samples 
with anomalous metal concentrations were collected where the 
cover of surficial materials (chiefly ground moraine) is thin 
and contains abundant admixtures of colluvium derived from 
bedrock ridges. Marked bunching of anomalies showed up in 
three small areas north of the Dead River Storage Basin. Soils 
underlain by a thick cover of glacial materials (chiefly ice­
contact deposits and outwash sand) did not show anomalous 
concentrations of the base metals. It is concluded that most 
base metals in these concentrations are not from distant sources, 
and that their migration has been largely postglacial. 

Geochemical prospecting by means of soil sam piing 
was conducted in Marquette County, Mich. (fig. 1),. 
during the 1963 and 1964 field seasons. Over 600 
samples were collected and analyzed for their content of 
copper, le.:'td, and zinc. 

Preliminary results have encouraged the continuance 
of sampling in the so-called Northern Range, just 
north of the Dead River Storage Basin, where the 
glacial cover is relatively thin; they have discouraged 
its continuance in the Southern Range between the 
Dead River and the Marquette Iron Range, where the 
glacial cover is much thicker. The Northern Range is 
rolling- terrain· -with northwest-trending ridges of 
resistant lower Precambrian metamorphosed volcanic 
and intrusive rocks which lie on the limbs and along 
the crest of an anticlinorium. Narrow valleys dissect 
the ridges in fault zones. The main ridges of the 
anticlinorium are bordered to the north and south by 
broad synclinal valleys underlain by poorly resistant 
slate of middle Precambrian age. The stoss side of 
bedrock ridges tends to have a till cover, whereas the 
synclinal valleys are deeply filled with outwash sand 

FIGURE 1.-Map of northern Michigan, showing area 
of report (solid pattern). 

and ice-contact deposits. The most extensive bedrock 
exposures are on the lee side of the ridges. The fault 
valleys are north trending and are floored with humus­
rich alluvium and swamp deposits. 

Known mineral deposits of the area (fig. 2) are 
limited to a zone of lower Precambrian outcrops 
immediately north of the Dead River Storage Basin. 
All the mines and prospects are on· small' faults or 
shears with quartz-carbonate-sulfide mineralization. 
None has produced more than a few tons of ore (lead­
silver) and all have been abandoned for decades. 
Dump material from the workings in. NE~/ 4 sec. 25, 
T. 49 N., R. 28 W., and on section line between sees. 
34 and 35, T. 49 N., R. 27 W., is exceptionally rich in 
galena. Material from the prospect in NW1/ 4 sec. 
33, T. 49 N., R. 27 W., is exceptionally rich in 
sphalerite. 
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COLLECT.ION AND ANALYSIS OF SAMPLES 

In 1963 over 200 soil samples were taken at scattered 
localities throughout the Negaunee, Champion, and 
Republic quadrangles. The highest concentrations of 
base metals in the soils were obtained near the bases 
of ridges in the Northern Range and along narrow 
valleys that cut through the ridges (west-central part 
of Negaunee quadrangle and northeast part of 
Champion quadrangle). 

In 1964 about 400 more samples were taken on 10 
traverses along the ridges and narrow transverse 
valleys of the Northern Range. These traverses are 
lettered A through H, J, and I\: (fig. 2). Traverse L 
was run south of the Dead River Storage Basin. Soil 
samples were generally taken at intervals of approxi­
mately 500 feet and were collected where possible from 
the orange-brown, iron oxide-enriched B zone. How­
ever, in many localities where the soil cover was shal­
low, the material available for sampling was humus, 
rock chips, and very little else. Stream-sediment sam­
ples were taken along traverse H. These few stream­
sediment samples were taken along a small brook of 
intermittent flow (not shown on fig. 2) and consisted 
of humus-rich sand. About a handful of each sample 
was collected. 

Analyses of the samples were made in the Denver 
Laboratories of the U.S. Geological Survey. The dried 
samples were screened, and material passing through 
a 50-mesh screen was pulverized. The pulverized 
fraction was analyzed for total copper, lead, and zinc 
by standard geochemical prospecting methods that 
utilize a pyrosulfate fusion to decompose the sample 
(Ward and others, 1963, p. 20-25). The minimum 

content of metal detectable with the method was 10 
parts per million for copper, and 25 ppm for lead and 
zinc. Twenty-one percent of all the samples contained 
less than 10 ppm of Cu, and 3 percent contained 100 
ppm or more. Sixty percent of the samples contained 
less than 25 ppm of Pb, and 2 percent contained 100 
ppm or more. Thirty-six percent of the samples con­
tained less than 25 ppm of Zn, and 6 percent contained 
100 ppm or more. A threshold between "background" 
and anomalous values was chosen at 100 ppm each for 
copper, lead, and zinc. Most samples that contained 
anomalous concentrations of one or two of the metals 
had only background values for the other metal or 
metals. 

Analytical results for the samples which had an 
anomalous concentration of one or more metals are 
shown in table 1. The sample localities are shown in 
figure 2. Not shown are some samples with high con­
centrations of the base metals, but which were taken 
near mines and prospects, and hence may reflect 
contamination by dump material. 

INTERPRETATION OF RESULTS 

Exceptionally close bunching of anomalies is noted 
in NE1/4 sec. 30, T. 49 N., R. 27 W., on traverses U 
and H (sample Nos. 223, 224, 450, 452, 454, and 468 of 
table 1). Thin soil, in large part colluvial and in part 
derived from sandy ground moraine, was s~mpled in 
the portion of traverse C mentioned above. Immedi­
ately to the north, finely disseminated sulfides are 
exposed in outcrops of greenstone. A sample of 
sheared rock from an outcrop 240 feet northwest of 
sample locality 223 (fig. 2) contained 1,700 ppm of Zn, 

TABLE I.-Results of chemical analyses of 44 so:l samples and 3 stream-.<~ed,:ment samples that showed anomalous concentrations of 
copper, lead, and zinc 

Sample No. Traverse Cu Pb Zn Sample No. 
----

223 ______ C-C' ____ _ 60 450 100 525 ______ 
224 ______ ___ do 900 100 150 526 ______ 
256 ______ G-G' _____ 110 <25 100 532 ______ 
260 ______ ___ do 75 75 600 533 ______ 
266 ______ ___ do ____ 40 25 125 534 ______ 
369 ______ F-F' _____ 20 100 100 540 ______ 
371_ _____ ___ do 80 50 120 543 ______ 
441_ _____ C-C' _____ 20 100 150 544 ______ 
450 1 _____ ___ do 400 25 25 549 ______ 
452 1 _____ H-H'---- 200 50 100 619 ______ 
454 I _____ ~--do 400 100 2, 500 655 ______ 
468 ______ C-C' _____ 450 50 250 666 ______ 
470 ______ G-G' _____ 150 50 125 667 ______ 
488 ______ C-C' _____ 200 50 100 67L _____ 
516 _______ J-J' ----- 60 25 300 672 ______ 
522 ______ G-G' _____ 20 <25 200 673 ______ 

1 Stream sediment. 

[In parts per million] 

Traverse Cu Pb Zn 
-----

G-G' ____ _ 20 75 200 
F-F'----- 40 25 125 ___ do _____ 150 <25 75 ___ do _____ 40 75 100 ___ do _____ 40 <25 300 
C-C'----- 75 25 250 ___ do _____ 40 50 450 ___ do _____ 10 200 75 
G-G' _____ 60 350 50 
J-J' _____ 440 <25 300 
D-D'- --- 300 100 50 _ __ do _____ 160 40 120 ___ do _____ 600 50 100 ___ do _____ 80 80 100 ___ do _____ 300 160 500 ___ do _____ 80 120 120 

Sample No. Traverse Cu 

676_-_____ D-D' _ --- 120 
681_ _____ ___ do _____ 80 600 ______ ___ do _____ 140 
606 _____ - ___ do _____ 60 
700 ___ --- ___ do _____ 40 
746 ______ C-C' _____ 60 
758 ______ ___ do _____ 120 
763 ______ ___ do _____ 160 782 ______ E-E'-- __ 160 
79L _____ C-C'----- 60 794 ______ _ __ do _____ 40 
811_ _____ ___ do _____ 120 907 ______ A-A'---- 300 909 ______ ___ do ____ ._ 20 
911_ _____ ___ do _____ 10 

Pb 
--

200 
160 

1,000 
80 
80 
80 
40 
25 
25 

<25 
80 
40 

<25 
<25 
<25 

Zn 
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12 
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200 ppm of Ph, 60 ppm of Cu, and 0.08 ounce of Ag 
per ton (about 3 ppm). Traverse His in a narrow 
valley which apparently follows ·a north-striking fault 
or fracture zone. Gossan float at the south end of the 
valley is further evidence that the area is mineralized, 
although no vein quartz is exposed here, and very little 
quartz is exposed elsewhere in sec. 30. The presence of 
nearby. mineralized outcrops suggests that the anm:na­
lous amounts of copper, lead, and zinc in the soil are 
derived locally rather than by long glacial transport 
from a distant ore body to the northeast. The anoma­
lous concentrations of base metal in the soil of this area 
could, therefore, reflect an underlying sulfide body or 
one located up the· slope of the ridge not far to the 
north. 

A conjugate system of north-striking and east-strik­
ing faults or fractures is immediately to the northeast 
of an exceptional bunching of anomalies on traverseD, 
in "T1/2 sec. 7, T. 49 N., R. 27 ,V., and NE1/4 sec. 12, 
T. 49 N., R. 28 ,V. (samples 655, 666, 667, 671, 672, 673, 
and 676 of table 1). Little quartz or sulfides were 
observed in adjacent bedrock outcrops. It is possible 
that the anomalies reflect mineralization along the 
faults. However, the possibility that the metallic con­
tent of ·the soils was derived from reworked ground 
moraine, transported from far to the northeast, cannot 
be ruled out. 

Three anomalies are closely spaced along traverse F, 
in the extreme northwestern part of sec. 35, T. 49 N., 
R. 27 "r. (samples 532, 533, and 534 of table 1). The 
sample localities are about 60 feet above an outwash 
plain, to the north, and approximately at a contact 

between a kame terrace and the stoss flank of a ridge 
to the south. The ridge is mostly of greenstone with a 
th1n veneer of ground moraine. Sam pies were taken of 
sandy glacial soil with minor admixtures of colluvium. 
Copper, lead, and zinc could have been glacially trans­
ported from far to the northeast, but small, abandoned 
lead-silver prospects on quartz veins and shear zones 
in the same section suggest that less distant, conceri1ed 
metallic deposits may have contributed to the 
anomalies. 

It seems probable that the anomalous concentrations 
of Cu, Ph, and Zn in soils o£ the Northern Range are 
in large part postglacial and reflect a local source. A 
reason for this supposition is that most of the anomal­
ous samples were collected near the base of bedrock 
ridges and contain much colluvial material. De.tailed 
sampling of known mineralized areas (prospects and 
abandoned mines shown on fig. 2) shows that anoma­
lous halos of base metals generally do not extend more 
than 500 feet from the deposits, even in a downslope 
or downglacier direction. Therefore, some of the anom­
alies reported here may. well reflect hitherto unknown 
deposits of. copper, lead, zinc, and (or) silver that are 
only a few hundred feet distant from sample localities. 
If this is so, more detailed sampling or geophysical 
studies, or both, in and near the areas of known geo­
chemical anomalies could lead to the discovery of such 
deposits. 
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BIOTITE, POTASSIUM-FELDSPAR, AND WHOLE-ROCK AGES OF ADAMELLITE, 

CLARK MOUNTAINS, WEST ANTARCTICA 
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1 Washington, D.C., 2 Denver, Colo. 

Work supported by the National Science Foundation 

Abstract.-The Clark Mountains, West Antarctica, are under­
lain by metamorphosed graywacke and argillite that have been 
intruded by adamellite. Biotite and potassium feldspar from 
the ·adamellite gave K-Ar and Rb-Sr ages of 143±4 m.y. and 
137±9 m.y., respectively, or middle Mesozoic;. a Rb-Sr whole­
rock age of 116±10 m.y. was also obtained. The dated rock is 
petrochemically comparable to undated intrusives in north­
western Marie Byrd Land, interior 'Vest A1,1tarctica, the Eights 
Coast, and the Antarctic Peninsula; it is distinct from a dated 
rock of similar age from the Eights Coast batholith. The radio­
metric ages also establish a minimum age for the intruded and 
metamorphosed eugeosynclinal rocks which may be equivalent 
to the upper Paleozoic eugeosynclinal rocks of the Antarctic 
Peninsula. 

REGIONAL SETTING AND PETROGRAPHY 

The Clark ~1ountaiiis in northwestern Marie Byrd 
Land, West Antarctica (fig. 1), are underlain by gray­
wacke and argillite that have been regionally metamor­
phosed to chlorite grade. These rocks have been 
intruded by a coarse-grained, salmoi1-pink adamellite, 
and contact 1netamorphism has produced resistant 
hornfels which forms Mount Jones and, in part, Mount 
Van Valkenburg (E. L. Boudette, unpub. data1

; 

Mcl{elvey, 1960, p. A52). The intrusive contact is 
remarkably sharp and discordant, and it appears that 
there was very little assimilation of the wallrock. 
Minor aplite dikes genetically related to the large 
pluton intrude the hornfels, and lamprophyre dikes 
intrude both the hornfels and adjacent adamellite. As 
only the eastern contact of the intrusive body is 
exposed in the Clark ~1ountains, the extent and size 
of the pluton are not known. The adamellite is part 

1 In Traverse operations, Byrd Land traverse: Natl. Sci. Foundation, 
U.S. Antarctic Research Program, Status Rept., no. 13, Jan. 1960, 
p. 13-14 [duplicated]. 

of the granit~uartz diorite intrusive series in the 
southern Edsel Ford Ranges described by vVarner 
(1945,p. 103-104, 114). 

The ·adamellite is coarse grained, fresh to slightly 
weathered, and extensively jointed. Weak foliation is 
common, and intense brecciation occurs locally. Mia­
rolitic cavities containing quartz and feldspar euhedra 
occur at Mount Atwood. Near the contact the intru­
sive rock becomes medium to fine grained without 
appreciable change in color or mineral content. Most 
quartz in the rock is smoky black. Iron oxide and car­
bonate coatings, common on joints in the hornfels, were 
not seen in the adamellite. 

The adamellite from Mount Atwood (table 1) con­
tains an orthoclase patch perthite with a large amount 
of exsolved, well-twinned albite; myrmekite occurs lo­
cally. In plane-polarized light the potassium feldspar 
is dusty brown. The pink color in the hand specimen 
is due to a partly oxidized iron component. Plagio­
clase altered incipiently to sericite occurs as paragenet­
ically early coarse anhedra and as medium to fine sub­
hedral grains associated with late quartz, myrmekite, 
and muscovite. The quartz is unstrained and contains 
abundant fluid inclusions and sparse inclusions of am­
phibole, apatite, sphene, and zircon. The biotite is 
mostly fresh, but small grains and thin marginal rims 
are altered to chlorite. Some biotite in contact with 
quartz shows minor alteration to chlorite, opaque 
minerals, and amphibole. Chlorite in biotite and seri­
citic plagioclase suggests deuteric alteration of the 
adamellite probably late in the crystallization period; 
there are no textural features suggesting postintrusive 
metamorphism or cataclastic deformation. 
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FIGU RE 1.- Index map of West Antarctica, showing the location of the Edsel Ford Ranges and Clark Mountains. Inset map 
shows the geology of the Clark Mountains and location of Mount Atwood. 

AGE DETERMINATION 

Adamellite selected for age work, from Mount At­
wood (fig. 1), was collected 'Yell within the pluton and 
away from the contact and intrusive lamprophyre 
dikes. Biotite and potassium-feldspar concentrates suf­
ficient for K-Ar and Rb-Sr age work were obtained, 
but the sample was too small to provide enough zircon 

for Pb-a dating. The K-Ar age of biotite and Rb-Sr 
age of a whole-rock split, together with the correspond­
ing analytical data, are listed in tables 2 and 3, re­
spectively. The analytical procedures for the K-Ar and 
Rb-Sr analyses are similar to those described by Gol­
dich and others (1961) and Zartman (1964). 

These are the first ages to be reported from this re-
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TABLE I.-Chemical analysis, CIPW norm, and mode of 
adamellite from Mount Atwood, Clark Mountains, West 
Antarctica 

[Approximate location of sample (field No. BTB-30, lab. No. 156227): lat 77°16'12" 
S., long 142°18'54" W. Tr., trace] 

Chemical analysis 1 CIPW norm Mode2 

Constituent Weigllt Mineral Percent Mineral Volume 
percent percent 

-----
Si02- ____ 76. 5 Quartz ______ 37. 6 Quartz ______ 37.8 
Ah02---- 12. 0 Orthoclase ___ 28. 9 Orthoclase 34. 3 

Fe20a---- .6 Albite _______ 29. 3 
perthite. 

Plagioclase a __ 25. 7 
FeO _____ . 44 Anorthite ____ 2. 5 Biotite ______ 2. 1 
MgO ____ .11 Corundum ___ .3 Muscovite ___ . 1 
CaO ____ . 49 Hypersthene_ .6 Sericite ______ Tr . 
Na20 ____ 3. 4 Magnetite ___ .9 Chlorite _____ Tr. 
K20 _____ 4. 8 Ilmenite _____ .2 Magnetite- Tr. 

ilmenite. 
---

H20+ ____ } 
. 45 

Total ___ 100.3 Apatite _____ Tr . 
H2o-____ Amphibole ___ Tr. 
Ti02---- . 08 Sphene ______ Tr . 
P20 _____ . 02 Calcite ______ Tr . 
MnO ____ . 03 Zircon ______ Tr . 
C02----- . 05 Myrmekite __ Tr . 

TotaL 98. 97 

I By methods similar to those described by Shapiro and Brannock (1956). An­
alysts: Paul Elmore, Ivan Barlow, Samuel Botts, and Gillison Chloe. 

2 Based on 2,402 points counted by the Chayes method. 
a Average composition is Ano as determined by oil-immersion method. 

TABLE 2.-Analytical data and K-Ar age of biotite from adamellite, 
Mount Atwood, Clark Mountains, West Antarctica 

·[Analysts: R. F. Marvin, H. H. Mehnert, and Wayne Mountjoy. Approximate 
location of sample (field No. BTB-30): lat 77°16'12" S., long 142°18'54" W.] 

Sample K2o K•o *Ar•o *Ar•o *ArCO Age 
(percent) (ppm) (ppm) (percent) K•o (m.y.) 

523-B ___ 6. 34 avg 6. 42 0. 0557 92 0. 00867 143±4 

Symbol: *radiogenic isotope. 
Decay constants: K 40, X,=0.585X10-t0yr-t Xll=4.72X10-toyr-t. 
Abundance: K 40 = 1.22 X 10-4g/g K. 
Potassium determinations, 6.34 percent and 6.35 percent K 20, 

made with a Perkin-Elmer flame photometer with Li internal 
standard; Ar determined by isotope-dilution techniques. 

TABLE a.-Analytical data and R'J-Sr age of K-feld~par (F) and 
whole rock (R) from adamellite, Mount Atwood, Clark Moun­
tains, West Antarctica 

[Analysts: C. E. Hedge and F. G. Walthall. Approximate location of sample (field 
No. BTB-30): lat 77°16'1'2" S., long 142°18'54" W.] 

RbB7 Normal *SrB7 *SrB7 
Sample (ppm) Sr 

(ppm) 
(ppm) RbB7 

523 F ____ 126. 4 13. 75 0. 255 0. 00202 
523 R ___ 96. 67 11. 03 . 165 . 00171 

Symbol: *radiogenic isotope. 
Decay constant: RbS7, AtJ= 1.47X 10-Hyr-t. 
Abundance: Rb87 =0.283 g/gRb. 

*SrBi 
total SrB7 

0. 212 
. 179 

Rb and Sr determined by isotope-dilution techniques. 

Age 
(m.y.) 

137±9 
116± 10 

gion and should be considered preliminary. The K-Ar 
age of 143+4 million years (biotite) and. the Rb-Sr 
age of 137+9 m.y. (potassium feldspar) are in good 
agreement. The whole-rock Rb-Sr age of 116+10 m.y. 
is appreciably younger than the other two isotopic 
ages; this discordancy was not further investigated. 
With this in mind, the authors consider the adamellite 
to have a minimum age of 140 m.y. (Late Jurassic). 

PETROCHEMICAL CORRELATION OF INTRUSIVE ROCKS -• 
IN WEST ANTAR.CTICA 

The petrochemical correlation of intrusive rocks of 
· West Antarctica, exclusive of the Transantarctic 

Mountains, is provisional in view of the few samples 
involved and their wide areal distribution over a ter­
rane where there is relatively little exposed bedrock. 
Chemically analyzed rocks are grouped geographically 
herein according to four extensive regions of West 
Antarctica: Northwestern Marie Byrd Land, interior 
'Vest Antarctica, Eights Coast, and Antarctic Penin­
sula. The rocks are compared normatively (fig. 2). 

Wade ( 1937, p. 1395) hypothesized that the plutonic 
rocks of the southern Edsel Ford Ranges are part 
of the Andean mobile belt. As an alternative, Hamilton 
(1961) suggested that the granite-quartz diorite series 
of the southern Edsel Ford Ranges and similar rocks 
of the Rockefeller Mountains bear petrochemical and 
petrographic similarities to undated rocks of interior 
West Antarctica, and are different from the Cretaceous 
to lower Tertiary (Andean) granitic-ga:bbro suite of 
the Antarctic Peninsula; he inferred a Silurian to 
Permian age for the intrusives of northwestern Marie 
Byrd Land and interior West Antarctica. 

Normative comparisons· (fig. 2) do, indeed, indicate 
v. remarkable similarity between the granitic rocks of 
northwestern Marie Byrd Land and those from in­
terior West Antarctica. Rocks of the Andean suite from 
the Antarctic Peninsula, as far as known, however, 
plot near the same variation curves without marked 
contrast in tie-line trends, and it is suggested that 
they also are petrochemically equivalent to rocks of 
northwestern Marie Byrd Land and interior West 
Antarctica. There appears to be confusion in the 
assignment of rocks to the Andean suite, as two of 
Hamilton's (1961) samples (156230 and 156231) seem 
to be related petrochemically to batholithic rocks of 
the Eights Coast. 

AGE CORRELATI·ONS IN WEST ANTARCTICA 

The similarity in chemical and petrographic features 
of the Clark Mountains adamellite and of other rocks 
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FIGURE 2.-Larsen plots showing normative comparison of rocks of the northwestern Marie Byrd Land (solid lines) 
with those of interior West Antarctica (long-dashed lines), the Eights Coast batholith (short-dashed lines), and 
those of the Andean granite-gabbro ·intrusive suite (dotted lines). Symbols: O, data from Hamilton (1961); 
0, data from Drake and others (1964); 6., data from Adie (1955); .A, unpublished data (Avery Ala Drake, Jr., 
U.S. Geol. Survey); and e, data from dated sample collected by Boudette. Numbers on symbols inside the 
triangle are sample numbers. 

of northwestern Marie Byrd Land and rocks of interior 
West Antarctica does not necessitate their being all 
the same age. These rocks crop out over a linear 
distance of 950 kilometers, and in part, may well range 
from Silurian to Permian in age as has been suggested. 

The data on ages of plutonic rocks in vVest Antarc­
tica as well as the adjacent Scotia Arc are few. Drake 
and others (1964) have summarized these data to 
suggest five regional intrusive or metamorphic events, 
or both : ( 1) Precambrian and early Paleozoic, ( 2) 
late Carboniferous, (3) Late Triassic to Early Juras-. 

sic, ( 4) middle Mesozoic, and ( 5) Late Cretaceous to 
early Tertiary (Andean). A zircon concentrate from 
the quartz diorite at. the Eights Coast composite batho­
lith, about 1,300 km away, had a Ph-a age of 150+20 
m.y. (Drake and others, 1964). ·Biotite in the same 
rock was apparently recrystallized 97+5 m.y. ago. 
Although the Ph-a age is comparable to the isotopic 
mineral ages for the Clark Mountains adamellite, it is 
unlikely that the rocks from the two areas are part of the 
same intrusive series, in view of their wide separation 
and petrochemical dissimilarity (fig. 2). However, a 
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pink granitic rock which intrudes the Eights Coast 
quartz diorite and is possibly chemically equivalent to 
granite of the Andean suite, is petrochemically sim­
ilar to the Clark Mountains adamellite (Avery Ala 
Drake, Jr., unpub. data), and future dating may show 
similarity in ages. If a belt of rocks of the Andean 
intrusive suite (here inferred) continues through 
northern Marie Byrd Land from its westerly appear­
ance at the Eights Coast (Drake and others, 1964, p. 
D53), a valid correlation with rocks of northwestern 
Marie Byrd Land may be made, assuming a range in 
ages of Andean suite rocks of 50 m.y. or more. If this 
hypothesis is correct, petrochemically comparable 
jntrusions were emplaced in northwestern Marie Byrd 
Land earlier than in the Eights Coast and Antarctic 
Peninsula. Geologically unmapped areas along the 
coast are potential sources of tie-in data. 

If the Clark Mountains intrusive is dated correctly, 
the minimum age for the intruded metasedimentary 
rock is 140 m.y., and this is possibly the minimum 
age for other metamorphosed rocks in the southern 
Edsel Ford Ranges. If plutonism in northwestern 
Marie Byrd Land occurred as an early phase of Andean 
orogeny in middle Mesozoic times as is here suggested, 
a eugeosynclinal sedimentary assemblage comparable 
in age to the upper Paleozoic "Trinity Peninsula 
Series" (A die, 1957; 1964, p. 310-311) may be repre­
sented by the metamorphic rocks. 
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.POTASSIUM-ARGON AGES OF TERTIARY PLUTONS 

IN THE PRINCE WILLIAM SOUND REGION, ALASKA 

By MARVIN A. LANPHERE, Menlo Park, Calif. 

A.bst1·act.-Potassium-argon ages of biotite and hornblende 
from four plutons in the western part of Prince 'Villiam Sound, 
in southern Alaslm, range fr-om 34.4 to 36.6 m.y. with a mean 
age of 35.8 m.y. 'l'hese data indicate that emplacement -of the 
plt1tons occurred early in the Oligocene. 

A belt of granitic intrusive rocks rims the northern 
maro-in of the Pacific Ocean basin from western 0 

Canada to southwestern Alaska. The plutons along 
this belt vary in tectonic setting, intrusive style, and 
age, though nearly all the plutons are late Mesozoic 
or Tertiary. A more precise chronology for these 
plutonic rocks is being determined at several lo~ali­
t.ies, utilizing isotopic mineral ages. In the Prince 
\¥illiam Sound I:egion of southern Alaska, potassium­
argon mineral ages indicate a "·ell-defined middle Ter­
tiary (early 0 li gocene) age for em placement of sev­
eral plutons. 

GEOLOGIC SETTING 

The distribution of major geologic units in the 
Prince '¥illiam Sound region as compiled by George 
Plafker, of the U.S. Geological Survey, is shown on 
figure 1. The two major stratigraphic units, the 
Valdez and Orca Groups, were originally named and 
described by Schrader (1900; Schrader and Spencer, 
1901) as the Valdez and Orca Series. The age of 
these units has been a subject for speculation because 
of the rarity of diagnostic fossils. On the basis of 
its apparently higher degree of metamorphism the 
Valdez Group generally has been considel'ed to be 
older than the Orca Group. ~1offit (1954) summarized 
the early work and available evidence from fossils, 
and he favored a Mesozoic, probably Late Cretaceous, 
age for both units. But on the basis of new fossil 
collections and restudy of previous collections, Plaf­
ker ttnd ~1acNeil (1966) concluded that the q,ge of the 

Valdez Group is Jurassic or Cretaceous and that the 
age of the Orca Group is early ~ertiary. Su?se­
quently, Plafker (in Case and others, n: press) revised 
the age of the Valdez Group to Jurassic(?) and Cre­
taceous. 

The lithology of the Valdez and Orca G:roups has 
been summarized by Plafker and MacNeil (1966). 
The Valdez Group is composed of a monotonous 
sequence of o-raywacke, slate, argillite, and conglom-

o . k erate with minor amounts of mafic Igneous roc · 
The Orca Group can be divided into two lithologic 
units. The lower unit consists predominantly of 
mafic volcanic rocks and conglomeratic rocks which 
intertongue with graywacke and argillite. The upper 
unit of the Orca Group consists mainly of sandstone, 
siltstone and aro-illite with minor amounts of volcanic 

' 0 • • 
and conglomeratic rocks. The lower, or volcanic, unit 
contains marine megafossils of midd~e or ~ate Eocene 
age, and the upper, sedimentary unit cont~ins pollen 
of post-Mesozoic age (Plafker and MacNeil, 1966). 

Small plutons of granitic rocks intrude the Valdez 
Group at several localities in the w~stern. part of 
Prince William Sound, and one large Intrusive mass 
cuts the Orca Group in the eastern part of the Sound. 
In the present report mineral ages are reported for 
samples from four plutons that intrude the Valdez 
Group, but no samples of datable material have been 
collected from the pluton that intrudes the Orca 
Group. 

The analyzed samples show a wide variation in tex­
ture and composition. Samples PW-1 and PW-2 are 
medium-o-rained oTanodiorite, PW-8 is medium-o 0 . 

grained quartz diorite, and P'¥-9 is coarse-gr~nl.ed 
quartz monzonite. In all these samples brown biotite 
is the 1nost abundant mafic mineral; green hornblende 
is subordinate except in PvV-8 where hornblende and 
biotite are approximately equal in abundance. 
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ANALYTICAL RESULTS 

The argon analyses were made using standard iso­
tope-dilution techniques, and the potassium analyses 
were done by flame photometry using a lithium inter­
nal standard. The plus-or-minus value assigned to 
each apparent age (table 1) ·is the estimated standard 
deviation of analytical precision, exclusive of possible 
systematic errors introduced by an uncertainty in the 
vn.lue of the decay constant for electron capture of I( 40

• 

The apparent ages of the analyzed minerals are in 
excellent agreement, and there are no significant differ­
ences in age between the four plutons. The mean value 
is 35.8 million years, and the total spread is 2.2 m.y. or 
6.1 percent of the mean value. I estimate the standard 
deviation of precision ( u) in our laboratory to be 
approximately 3 percent. This figure is based on 
repetitive analyses of a homogeneous muscovite con­
centrate (Lanphere and Dalrymple, 1965) combined 
with estimates of the uncertainties in calibration of the 
argon tracer system and potassium standard solutions. 
In order to demonstrate that there is an actual differ­
ence in age among these plutons at the 95-percent con­
.fidence level, the observed difference must be greater 
than 2.772 a (Mcintyre, 1963) or 3.0 m.y. for the Prince 
vVilliam Sound data. Thus, I conclude that there is no 
actual difference in the age of these plutons and that 
they were emplaced approximately 36 m.y. ago. 

DISCUSSION OF RESULTS 

The inferred emplacement age of 36 m.y. for the 

plutons that intrude the Valdez Group is early Oligo­
cene according to the potassium-argon time scale of 
Evernden and others ( 1964) and the Tertiary correla­
tion chart of Wood and others (1941). The pluton in 
the eastern part of the Sound that intrudes the Orca 
Group is lithologically similar to the plutons that in­
trude the Valdez and may belong to the same plutonic 
event. The Orca Group was highly deformed before 
it was intruded by granitic rocks, and on the basis of 
stratigraphic evidence Plafker and ~IacNeil (1966) 
suggested that this episode of deformation may have 
eulminated in the interval late Eocene to early Oligo­
cene. If the plutons that intrude the Valdez and Orca 
are correlative, the potassium-argon data suggest that 
the episode of tectonic deformation probably \vas 
concluded by the end of the Eocene. 

Early Tertiary potassium-argon ages ranging from 
57 to 60 m.y. have been measured on granitic rocks of 
the Sliumagin-I(odiak belt southwest of Prince Wil­
liam Sound. These ages suggest an early Eocene igne­
ous event that is significantly older than the Oligocene 
plntonism in Prince ~Tilliam Sound. A complex Ter­
tiary plutonic history on Baranof Island in southeast­
ern Alaska is indicated by potassium-argon ages rang­
ing from 24 to 48 m.y. (R. A. Loney, D. A. Brew, and 
l\1. A. Lanphere, written commun., 1966). All these 
data indicate that a belt of Tertiary plutonism extends 
for several hundred miles along the margin of the Paci­
fic Ocean; unravelling of the detailed Tertiary plutonic 
history will require additional work. 

TABLE I.-Potassium-argon ages and analytical data for Tertiary plutons in the Prince William Sound area, Alaska 

[Potassium analyses by H. C. Whitehead and L. B. Schlocker; argon analyses by M.A. Lanphere] 

KJ 0 analyses Average Ar(O rad Ar•o rad 
Field No. Mineral (percent) KtO (10-IO moles/g) ~ (percent) 

-
PW-L ____ Biotite _______ 8. 00, 8. 05 8. 02 4. 388 0. 61 

PW-2 _____ Biotite _______ 8. 18, 8. 20- 8. 19 4. 332 . 59 

PW-8 _____ Biotite _______ 8. 22, 8. 31 8. 26 4. 457 . 81 

Hornblende ___ . 619, . 626 . 622 . 3194 . 48 

PW-9 _____ Biotite _______ 8. 02, 8. 03 8. 02 4. 325 . 85 

Decay constants for K 40 : >-.=0.585 X 10-10 year-1; Af:J=4.72 X 10-10 year-1. 
Atomic abundance of J{4o= 1.19 X 10-4. 

Apparent age 
(millions of years) Location 

36. 6± 1. 0 Seward (D-4) quadrangle; north shore 
of Passage Canal; lat 60°50' N., 
long 148°29' W. 

35. 5± .9 Seward (D-3) quadrangle; east shore of 
Esther Lake; lat 60°50' N., long 
148°03' w. 

36. 2± 1. 0 Seward (B-3) qua dangle; east shore of 
Eshamy Lake; lat 60°27' N., long 
148°06'30" w. 

34, 4± 1. 2 

36. 1± .9 Seward (B-4) quadangle; south shore 
of Deep Water Bay; lat 60°29'30" 
N., long 148°23' W. 
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PRECAMBRIAN PHOSPHORITE IN THE BELT SERIES IN MONTANA 

By R. A. GULBRANDSEN, Menlo Park, Calif. 

Abstmct.-A thin bed of phosphorite (23.5 percent P206) 
found in the younger part of the Precambrian Belt Series in 
Montana is one of only a small number of phosphorite occur­
rences of this age known in the world. It may contain fossils; 
one distinct structure observed in thin section is similar to a 
sponge spicule. Knowledge that phosphorites have formed in 
Precnmbri::m times should provide. incentive for exploration 
in such previously overlooked terranes, although some lines of 
evidence indicate that Precambrian phosphorite may be rare. 

The Precambrian phosphorite discovered in Montana 
is one of only a few such deposits known in the world. 
The only other occurrence of Precambrian phosphorite 
in the United States is in the Ocoee Series in Tennes­
see, which, although known earlier, was first noted in 
the literature by I-Iamilton ( 1961) and described by 
'~Tedow and others (1966). The earliest descriptions of 
phosphorite in the Precambrian are of nodules that 
were found in Scotland (Peach and others, 1907) and 
Sweden (I-Iedstrom, 1930). Other references mention 
occurrences in China (Ho, 1942; vVang and Huo, 1945a, 
1945b; and I-Isieh and Chao, 1948), and Czechoslovakia 
( Shatskii, 1955). However, the only Precambrian 
phosphorite of large extent and of probable economic 
importance is in Russia (~fats, 1956). The present 
worldwide search for phosphorite has generally ignored 
Precambrian sedimentary terrane oh the assumption 
that phosphorite in any significant amounts probably 
did not form during the Precambrian. The geochem­
icaJ implications of this assumption have received little 
attention. 

DESCRIPTION OF THE PHOSPHORI'TE 

Phosphorite was found in a new roadcut on U.S. 
Route 91 just south of the Lyon Creek road overpass in 
'Volf Creek Canyon, about 30 miles north of Helena, 
~font. (fig. 1). It occurs as a 0.25- to 1.0-inch-thick 
layer within an 8-inch bed of light-brownish-gray to 
light-green coarse siltstone. Discontinuous laminae 
and individual grains of phosphate occur in the silt-

stone both above and below the phosphorite layer. The 
phosphorite occurs in the central part of the Spokane 
Formation, a predominantly red-bed unit, of the Belt 
Series. The Belt Series is very slightly metamor­
phosed and of late Precambrian age, probably about 
1 billion. years . old (Gulbrandsen and others, 1963). 

The phosphatic rock is a medium-grained pelletal 
phosphorite, dark gray to black in the richer phos­
phatic parts and speckled light and dark in the leaner 
ones. The dark color probably is due to organic 
matter in the pellets. Quartz and plagioclase of coarse 
silt to very fine sand size form a matrix for the pellets, 
and quartz cements the entire rock. 

The principal minerals of the phosphorite are car­
bonate fluorapatite (identified by X-ray and chemical 
analyses), quartz, muscovite, and plagioclase (albite or 
oligoclas~) . ~fin or minerals are chalcocite, zircon, 
chlorite, tourmaJine, malachite, and biotite ( ~). Apa­
tite occurs mainly as microcrystalUne aggregates in 
pellet or other aggregate form, but clear, colorless 
megacrystalline apatite occurs within microcrystalline 
aggregates, on the edges of such aggregates, in clusters, 
and as disseminated small subhedra or euhedra. 

The mineral composition of the pellets and other 
aggregate forms is varied, and the kinds and propor­
tions of minerals reflect diverse origins of the phospho­
rite components, a feature common to most phospho­
rite. The compositions range from nearly pure apatite 
to rock clasts for the most part lacking apatite. The 
clasts are fragments of chert, mudstone, and siltstone. 
In the forms composed dominantly of apatite, the other 
minerals are considered as inclusions. Most such in­
clusions are very fine grained muscovite that may have 
crystallized contemporaneously with the apatite. Inclu­
sions of relatively coarse muscovite, accompanied by 
quartz and feldspar, are likely of detrital origin. 

The apatite pellets range in shape from ovular or 
spherical to highly irregular forms that appear to be 
the product of deformation of incompletely lithified 
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FIGURE 1.-Map of western Montana, showing phosphorite 
locality. 

pellets during compaction of the bed. Some shapes 
are due to recrystallization and secondary growths of 
apatite along the pellet borders. Some quartz replace­
ment along pellet borders has also modified their shape. 
Hemispherical forms represent broken pellets. Other 
microcrystalline aggregates, lacking the rounded bor­
ders of pellets, are possibly fragments of disrupted 
microcrystalline apatite layers that were not fully 
lithified when broken. Oolites are rare. 

One circular grain, as seen in thin section (fig. 2), 
has a distinct structure that is of special interest be­
cause of its similarity to cross sections of sponge 
spicules in phosphorite of the Permian Phosphoria 
Formation. It also has the same composition as the 
spicules in which the inner canals have been enlarged 
and filled with microcrystalline apatite-, and in which 
the outer rings are composed of quartz derived from 
opal. Other structures of possible organic origin are 
also present but are not clearly identifiable with known 
forms. 

CHEMICAL COMPOSITION 

Partial chemical and spectrographic analyses of the 
phosphorite are presented· in table 1. Nearly all the 

amounts of CaO, P205, F, and C02 are combined in car­
bonate fluorapatite (plagioclase would require only a 
very small amount of the CaO, and malachite only a 
trace of the C02). The summation of these consti­
tuents, about 56 percent, provides an approximate esti­
mate of the amount of apatite in the sample. Most 
likely the S03 , rare earths, and part of the N a20 are 
also in the apatite, although they are neither of large 
amount nor of special concern here. It is significant 
that the composition of the apatite in this Precambrian 
phosphorite does not appear to be particularly different 
from younger apatite, such as that reported in the Per­
mian Phosphoria by the author (U.S. Geol. Survey, 
1964, p. A8). 

The presence of approximately 1 percent of copper 
in the phosphorite, however, is 1musual. It is con­
tained in chalcocite, except for a trace amount in mala­
chite formed by alteration of chalcocite. The chalco­
cite is mostly in microfractures in pellets. Some of the 
fractures cut several pellets and must have formed 
after the rock was lithified but before the quartz cement 
was introduced. Some chalcocite is disseminated in 
pellets, shows no relationship to fractures, and could 
have formed at the same time as the pellets. If the 
chalcocite was confined to one period of deposition, 
however, it was late. The possibility that this rela­
tively coarse grained rock had a high permeability 
before quartz cementation may be the reason why the 
copper was introduced and confined to this particular 
bed. 

GEOLOGIC IMPLICATIONS 

Although tllis phosphorite is neither of economic 
importance nor of special petrologic significance, its 

FIGURE 2.-Photomicrograph of phosphorite, showing possible 
organic structure. The central part of circular structure is 
composed of microcrystalline apatite; the outer ring is com­
posed of quartz. 
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TABI,E I.-Composition of Precambrian phosphorite from Montana 
[Analysts: I~. B. Beatty, chemical analysis: Chris Heropoulos, spectrographic analysis 

Laboratory No. or sample, 65M -1300) 

Constituent I Amount II Constituent 

Partial chemical analysis, in percent by weight 

Total Fe as Fe20a- __ CaO ______________ _ 
N a20 _____________ _ 
1{20 ______________ _ 

Ti02---------------
P205---------------

0. 74 
30. 7 

. 67 
1. 54 
. 48 

22. 5 

MnO ______ ------
CuO ____________ _ 
F _______________ _ 

C02----- ---------
SOa __ - _____ ------
Total S as S _____ _ 

Semiquantitative spectrographic analysis I 

SL - - - __ - __ - - - _ _ _ _ _ > 1 0 Ho _____________ _ 
Al _________ - - _ _ _ _ _ _ 5 La ______________ _ 
Mg________________ . 5 Mo _____________ _ 

Ag- - - - - - __ - - - - _ _ _ _ . 002 
B _ - - - - _ - __ - - - - _ _ _ _ . 003 

Nd _____________ _ 
N i ______________ _ 

Ba ________ - - _ - _ _ _ _ . 03 Pb ______________ _ 
Be _ - - - ____ - - - _ _ _ _ _ . 0007 Pr ______________ _ 
Ce __ - - ____ - - _ _ _ _ _ _ . 15 Sc ______________ _ 
Co________________ . 0002 Srn _____________ _ 
Cr________________ . 01 Sr ______________ _ 
Er________________ . 015 Tm _____________ _ 

Ett---------------- . 01 
v _______________ _ 

Dy __ -- ____ ---- _ _ _ _ . 05 
Ga________________ . 001 

y ______________ _ 
Yb _______ - - - - __ _ 

Gd _________ - _ _ _ _ _ _ . 0.5 Zr ______________ _ 

I Amount 

0. 19 
1. 16 
2. 1 
. 85 
. 24 
. 29 

0. 007 
. 07 
. 002 
. 15 
. 0015 
. 02 
. 02 
. 002 
. 05 
. 1 
. 002 
. 015 
.2 
. 01 
. 03 

I H.csults arc reported in percent to tho nearest number in the series, 1, 0.7, 0.5, 0.3, 
0.2, 0.15, and 0.1, and so forth. which represent appr0ximate midpoints of group data 
on a geometric scale. Tho assigned group for semiquantitative results will include 
tho quantitative value about 30 percent or tho time. 

discovery once again focuses attention on the common­
ly held assumption that phosphorite is nearly absent 
in the Precambrian. The composition of sediments, 
the development of life, and the chemical evolution of 
sea water are basically i1~volved in this assumption. 

Geijer (1963), in compa.ring the phosphorus content 
of Precambrian and post-Precambrian sedimentary 
iron ores, found that post-Precambrian ores generally 
have about 10 times more phosphorus than the older 
ones, and he attributed the increase largely to the addi­
tion of hard animal parts. N anz ( 1953) found that 
the fine-grained sedimentary rocks of post-Precambrian 
nge have more phosphorus than older rocks, and he too 
suggested a relation with the development of life. To 
extract phosphorus from sea water at a greater rate 
in post-Precambrian times than earlier would require 
an increase in the supply of phosphorus to the seas, if 
a balance of the phosphorus input-output budget is 
assumed. Yet Gulick ( 1955) postulates that there 
nuty have been more phosphorus in the Precambrian 
seas than later, for under the reducing conditions likely. 
to have existed in the early seas, more soluble forms of 
phosphorus than calcium phosphate, such as calcium 
phosphites. or hypophosphltes, may have been stable. 
If so, the amount of phosphorus. in. sea water dimin.-

ished with time and the rate of phosphate deposition 
increased through the chemical evolution of sea water. 
The importance of phosphorus to practically all energy 
reactions in the living cell suggests to Gulick (1955) 
that an abundance of phosphorus in the early seas may 
have favored its extensive use in living matter ,and that 
adjustments to the minute amount of phosphorus in 
present-day sea water have been made through evolu­
tionary processes. Although the hard parts of animals 
contribute to the phosphorus content of sedimentary 
rocks, they make up only a small part of the phos­
phorus in phosphorites. The role of life or organic 
activity, however, in creating conditions favorable for 
the concentration of phosphorus in phosphorites may 
be a major one. This concept would support the sup­
position of phosphorite scarcity in Precambrian times 
when the magnitude of life was low. 

Despite evidence that supports the concept of phos­
phorite scarcity in Precambrian times, this scarcity 
may be only apparent and due in large part to insuffi­
cient exploration. Where Precambrian rocks have 
been metamorphosed, phosphorites may be altered in 
appearance and be difficult to recognize, but the apatite 
is not likely to be destroyed. This feature, plus the 
lack of previous exploration, should provide much in­
centive for a thorough search of Precambrian terranes 
for phosphorite. 
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A POTENTIAL SOURCE OF BRICK CLAY IN THE BELTSVILLE AREA, 

PRINCE GEORGES AND MONTGOMERY COUNTIES, MARYLAND 

By C. F. WITHINGTON, Washington, D.C. 

1:lbstract.-Bricks have been made successfully in the labo­
ratory from silty clny that accumulates as waste material in 
sediment ponds of gnn-el-washing plants near Beltsville, Mel. 
The composition of the clay compares ftworably with the raw 
mnterin l now being used commercially for common brick. The 
lnborntory brick fires light pink and hard to Yery hard, nt 
temperntures of 1,900°1~ to 2,000°1!"'. If further tests show that 
the wnste material cnn be used commercially for making brick, 
it may form the basis for n new source of brick in the 
Beltsville m·en. 

A potential source of clay for face brick was found 
durino· o-eoloo-ic mappinu in the Beltsville quadrangle, b b /::) '-' 

l\{ontgomery and Prince Georges Counties, Md. This 
raw material, silty clay from the washing of sand and 
grftvel, at present is being wasted. Mineral resources 
now being exploited in the Beltsville area include sand 
n.ncl gravel for aggregate, and clay for brick. If the 
cln.y washed from the gravel proves suitable for com­
lnet.·cial use .in brickmaking, it may represent a substan­
tial increase in the mineral resources of the area. 

Sand and gravel, which are far more important, have 
been produced in the area for more than 30 years. The 
gravel is obtained from the Patuxent and the overlying 
Patapsco Formations of Cretaceous age, and from 
Quaternary deposits. The clay and silt in an average 
sample of gravel n.mount; to about 1 percent, by weight, 
of the total. Thus, assuming that between 30,000 and 
H5,000 tons of gravel are processed daily in the Belts­
ville area, 300 to 350 tons of clay and silt are also being 
handled each cln,y. In processing the gravel it is nec­
essary to remove the fine material by washing. Before 
t·.he 1fl50s the wash water, with the waste sedimentary 
material, was allowed to pass into the streams of the 
area. This wn,ste disposal increased the sediment load 
of the Anacostia River and helped contribute to flood­
ing at Bladensburg, l\{d., more than 4 miles south of 
t.he Beltsvi11e aren, ('Villiams, 1942, p. 23.). Since then 
t·.he gravel-plant operators have built sediment ponds 

in an effort to prevent stream pollution by the waste 
material. At present these ponds cover a total area of 
more than 100 acres. vVhen a pond becomes filled with 
sediment, it must either be abandoned or reclaimed by 
removing the accumulated waste 1naterial. Use of the 
area of an abandoned pond for building purposes is 
lost because any structure built on it would be in danger 
of subsidence. On the other hand, disposal of the ma­
terial accumulated in a pond has been difficult and 
expensive. 

CHARACTER OF THE SEDIMENT 

Eight random samples of waste sediment were col­
lected in 1965 from 4 settling ponds for detern1ination 
of physical properties: 2 samples from the pond of the 
Coutee Sand and Gravel Co., 3 samples from the pond 
of W. H. McCeney Sand and Gravel Co., 1 sample 
from the pond (now abandoned) of the Prince Georges 
Sand and Gravel Co., and 2 samples from the pond 
of the A. H. S1nith Co. (fig. 1). 

The general lithology of the material in these samples 
was detnrmined by performing grain -size analyses, find­
ing Atterberg limits, and making mineralogic deter­
minations on each of the samples collected. The grain­
size distribution was determined for each sample, fol­
lowing the procedure of pipet analysis as described by 
Krumbein and Pettijohn (1938, p. 166-168). The 
results of these analyses (see table 1) indicate that 50 
to 70 percent of the material is of clay size, averaging 
about 60 percent, and that most of the remainder is of 
silt size, though traces of fine sand were found in some 
samples. 

Atterberg limits were also determined using .a stand­
ard procedure (U.S. War Department, 1945, p. 54-57). 
The values of the Atterberg limits fom1d are as fol­
lows: liquid limits, 29 to 56; plastic limits, 19 to 50; 
and plastic index, 5 to 25. According to the Unified 
Soils Classification System (U.S. Army Corps of En-
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EXPLANATION 

~ 
Sediment pond 

• Gravel-washing plant 
active in 1965 

6 
Gravel-washing plant 

inactive in 1965 

~ 
Gravel pit or 
group of pits 

X 
Clay pit 

• Brick kiln 

1. Contee Sand and Gravel Co. 
2. W. H. McCeney Sand and Gravel Co. 
3. Prince Georges Sand and Gravel Co. 
4. A. H. Smith Co. 
5. Washington Brick Co. 

M~ 
Area of 
report 

0 

Burtonsville 

2 MILES 

FIGURE 1.-Map of the Beltsville quadrangle, Maryland, showing location of sediment ponds. 
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TABLE I.-Texture, mineral composition, and other physical properties of unfired samples from sediment ponds of gravel-washing plants in the Beltsville area, Maryland 

Grain-size distribu-
tion (percent of total 
sample, by weight) 

Sample No. Locality (fig. 1) 

"" ~ N 

~ 1:, 1:, 
~,.... i,.... ~ 

:;s->.8 ---§ .ss ;:::~ §S 
0 00 rJJ 

-------
C-L ____ Contee Sand and 57 43 Tr. 

Gravel Co., south 
side Van Dusen 
road; material 
removed from pond. 

G-2 _____ Contee Sand and 55 45 Tr. 
Gravel Co. pond; 
north end. 

Me-L __ W. H. McCeney Sand 70 30 ------
and Gravel Co.; 
rna terial from top 
of west pond. 

Mc-2 ___ W. H. McCeney Sand 60 40 Tr. 
and Gravel Co. 
pond; from gully, 
south side, west 
pond; material 
excavated from 
pond. 

Mc-3 ___ W. H. McCeney Sand 53 47 ------
and Gravel Co. 
west pond; material 
from top surface. 

PG-L __ Prince Georges Sand 
and Gravel Co.; 

66 32 2 

abandoned pond. 

S-L ____ A. H. Smith Co. pond, 57 43 ------
~~ mile from wash 
plant. 

S-2 _____ A. H. Smith Co. pond, 51 47 2 
near plant. 

I 
1 Trace or unidentified iron minerals occurs in all samples. 
2Symbols: LL, liquid limit; PL, plastic limit; PI, plastic index. 

Approximate content and 
proportions of clay minerals 

as estimated by X-ray-
diffraction methods 

(percent) 

c:> .s -a rnc:> 

~ 
-ara .. El __ 

.E ~~~ 0 rna 
:§ El -C) 

~ 
~ ... 

0 
~ 

>.~ c:> 
d 0 ~oc. _ ......... 

1:4 ~ 0 

------
70 25 5 50 

60 30 10 50 

70 25 5 65 

60 30 10 55 

50 40 10 44 

70 20 10 60 

60 30 10 53 

70 25 5 45 

Approximate content of 
other minerals as estimated 

by X-ray-diflraction 
methods (percent) • 

Unified 
Soil 

Munsell color Dry strength Texture and workability Atterberg Classifica-
notation limits 2 tion group 

symbols a 

Mineral ~g 
du 
::l'"' oc:> 
s-9 
< 

------------
Quartz _____ 50 10YR8f4 ___ Very Smooth, fine, easy LL-43 ___ CL 

good. working, PL-19 ___ 
medium PI-24 ____ 
plasticity, 
lean. 

___ do _______ 50 2.5 YR8f4 ___ ___ do _____ _____ do ___________ LL-30 ___ CL 
PL-2L __ 
PI-19 ____ 

___ do _______ 35 10YR8f3 ___ ___ do _____ Smooth, fine, easy LL-47 ___ ML 
working, low PL-32 
plasticity, lean. Pl-15 ____ 

___ do _______ 45 10YR8f4 __ - ___ do _____ Smooth, fine, easy LL-56 ___ MH 
working, PL-31 ___ 
medium PI-25 ____ 
plasticity. 

___ do _______ 56 10 YR8f3_-- -,.-do _____ Smooth, fine, easy LL-35 ___ ML 
working, low PL-23 ___ 
plasticity. Pl-12 ____ 

___ do _______ 40 2.5 YR8f4 ___ ___ do _____ Smooth, fine, easy LL-55 ___ MH 
working, PL-50 ___ 
medium Pl-5 ____ -

{Quartz _____ 47 }2.5 YR8f4 ___ 
plasticity. 

Feldspar ___ Tr. 
___ do _____ Smooth, low- LL-29 ___ CL 

medium plastic- PL-2L __ 
ity, lean to Pl-8 _____ 
moderately 

{Quartz _____ 55 } 10 YR7f3_-:-
lean. ___ do _____ Smooth, fine, easy LL-53 ___ MH Feldspar ___ 1 working, PL-30 ___ 
medium, PI-23 ____ 
plasticity. 

asymbols: C, clay; M, silt; L, low plasticity; and H, high plasticity. 

~ 
1-4 

~ z 
0 
~ 

~ 

t? 
l\:) 
0 
C1 
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gineers, 1953) the material is classified as silt of low 
plasticity, clay of low plasticity, and silt of high plas­
ticity (fig. 2). 

The mineralogy of the clay minerals, as determined 
by X-ray diffraction, is characterized by 50 to 70 
percent kaolinite, averaging 60 percent, with illite 
1naking up 25 to 40 percent, and montmorillonite 
making up 5 to 10 percent. X-ray diffraction also 
showed that quartz is ·the most abundant nonclay 
mineral, making up an estimated 50 to 60 percent of 
the total sample; traces of feldspar were found in the 
two samples from the A. H. Smith Co. pond. The 
material in general can be described as silty clay, with 
low to medium plasticity, .that is smooth and easy 
working. Material such as this is suitable for making 
brick and for use in the impervious cores of earth dams. 

LABORATORY P1REPAR.ATION OF BR'ICKS 

Bricks were made in the laboratory under a process 
modified from that described by Klinefelter and Ham­
lin (1957, p. 53-54). Results of laboratory firing of 
the bricks are shown in table 2. The samples were air­
dried, and then about 2 pounds of each sample was 
po,vdered so as to pass the No. 40 ( 0.42 mm) sieve. 
Although traces of sand are present in the ponds, sand­
size material was virtually absent in the samples taken. 
Each sample was moistened until it reached a plastic 
state, as judged by "feel," and the wet material was 

10 
7 
4 

PG-1 
ML • 

0o~~~--~--~--~4~0--~50~~60~~7~0---8~0--~90~~100 
LIQUID LIMIT 

C, clay; M. silt; L, low plasticity; H, high plasticity 

EXPLANATION 

C-1,2 Contee Sand and Gravel Co. 
Mc-1,2,3 W. H. McCeney Sand and Gravel Co. 
PG-1 Prince Georges Sand and Gravel Co. 
S-1, 2 A. H. Smith Co. 

(Above sample locations given in 
figure 1 and table 1) 

P-1,2 Random samples, Patapsco Formation, 
Cretaceous age 

FIGURE 2.-Graph showing the Unified Soil Classification of 
samples· from sediment ponds, Beltsville area, Maryland. 
Samples plotted on standard plasticity chart (U.S. Army 
Corps of Engineers, 1953). 

placed in an airtight container for several days to 
allow it to attain a uniform moisture content. The 
material was then molded in an aluminum form, open 
at top and bottom, to make a brick 22 mm X 48 mm X 
12 mm. Parallel marks 20 mm apart were placed on 
each brick to determine the percentage of shrinkage. 
The bricks were allowed tq air-dry for about a week, 
after which the percentage of dry shrinkage was deter­
mined. At the time of molding of the brick, a small 
portion of the clay of each sample was made into balls 
about 14 inch ( 6.35 mm) in diameter for use in the 
quick-fire test; they also were set aside to air-dry. 

The bricks were slow-fired in a kiln with a capacity 
of 2,400°F. Seven bricks from each sample were placed 
in a cold kiln, and the temperature was raised. After 
each increment of 100°F from 1,800°F to 2,400°F a 
brick of each sample was removed, and at the same 
time a quick-fire test was made by placing balls of clay 
into the oven. None of the material in the quick-fire 
test bloated; this indicates that the material is unsuit­
able for lightweight aggregate. 

After each brick was removed from the kiln, the 
color, hardness, percentage of linear shrinkage, water 
absorption, and specific gravity were determined. The 
color determinations were made from the 1'.1unsell color 
chart (Munsell Color Co., 1954). The hardness was 
estimated using a classification based in part on work 
done by the U.S. Department of Agriculture.1 The 
water absorption was determined from the weight of 
water absorbed in a partial vacuum. 

The bricks fired at temperatures of 1,900°F to 
2,000°F (the temperatures at which most commercial 
bricks are made) are weak orange-pink, hard to very 
hard, with a shrinkage generally of 5 percent and 
water absorption of 19 to 32 percent. The specific 
gravity averages about 1.5. At temperatures of 
2,100°F to 2,300°F the bricks become reddish brown 
and very hard ; the linear shrinkage increases to as 
much as 15 percent, averaging about 10 percent. 
Water absorption ranges from about 11 to 31 percent, 
decreasing at 2,300°F to about 11 to 18 percent. Spe­
cific gravity ranges from 1.34 to 2.82, becoming slightly 
greater at the higher temperatures. At 2,400°F the 
bricks darken to reddish gray, light gray, and clark 
gray, and become steel hard-that is, they cannot be 
scratched with a steel needle. Shrinkage amounts to 
as much as 20 percent but averages about 10 percent. 
'"' ater absorption decreases to between 7.5 and 17 
percent., and specific gravity decreases to between 1.4 
and 2.4 percent. No tests were made above 2,400°F. 
Although the color of the brick is attractive, it is 

1 U.S. Department of Agriculture, Soil Conversation Service, [1963]. 
Description of materials, chap. 1 in Engineering geolog.r, sec. S of 

National Engineering Handbook: p. 13. 

·, 
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lighter than that of brick now being manufactured in 
the area ; this could be changed by mixing color add 1-
tives such as hematite with the clay. 

"Vith the exception of color, the materia] from the 
sediment ponds compares favorably with the clay now 

TABLE 2.-Resttlts of cermnic tests on fired samples from sediment 
ponds of gravel-washing plants in the Beltsville area, Maryland 

samrslo 
No. seo 

table 1 for 
location) 

C-L ____ 
C-2 _____ 
Me-L __ 
Me-2 ___ 
Me-3 ___ 
PG-L __ 
8-L----S-2 _____ 

C-L ____ 
C-2 _____ 
Me-L __ 
Me-2 ___ 
Me-3 ___ 
PG-L __ 
8-L----
S-2-----

C-L ____ 

C-2 _____ 
Me-L __ 
Me-2 ___ 
Me-3_ --
PG-L __ 
S-L ____ 
S-2 _____ 

C-L ____ 

C-2 _____ 
Me-L __ 
Me-2 ___ 
Me-3 ___ 
PG-L __ 
S-L ____ 
S-2 _____ 

C-L ____ 

-2 _____ c 
M e-L __ 
Me-2 ___ 
Me-3 ___ 

G-L __ p 
s -1 _____ 
S-2 _____ 

Munsell color Hardness 1 
notation 

lOR8/3-- ___ Hard ____ 
2.5YR7j4 ___ ___ do _____ 
2.5YR7f4 ___ ___ do _____ 
2.5Y R8/4- __ ___ do _____ 
2.5YR8j4 ___ ___ do _____ 
2.5Y R6/6- __ · ___ do _____ 
2.5YR8j4 __ - ___ do _____ 
2.5YR8j4 ___ ___ do _____ 

10R8j3 __ -- _ Hard ____ 
2.5YR7f4 ___ ___ do _____ 
2.5YR7f4 ___ ___ do _____ 
2.5YR7f4 __ - ___ do _____ 
2YR8/4- ___ ___ do _____ 
2.5YR8{4 ___ ___ do _____ 
2.5Y R8/4- __ ___ do _____ 
2.5YR8f4 ___ ___ do _____ 

10R8/3- ____ Very 
hard. 

2.5YR7f4 ___ ___ do _____ 
2.5YR7f4 __ _ ___ do _____ 
2.5YR7f4 ___ ___ do _____ 
2.5YR8{4 ___ ___ do _____ 
2.5YR7{6 ___ ___ do _____ 
2.5YR8f4 __ _ ___ do _____ 
2.5YR8f4 ___ ___ do _____ 

10R8/3 _____ Very 
hard. 

2.5YR7f4 ___ ___ do _____ 
2.5YR7f4 __ - _ __ do _____ 

2.5Y R7/4---
___ do _____ 

2.5YR7{6 ___ _ __ do _____ 
2.5YR7{6 ___ ___ do _____ 
2.5YR7f4 __ _ ___ do _____ 
2.5Y R7/4- __ ___ do _____ 

10R7f3 _____ Very 
hard. 

2.5YR6{4 __ - ___ do _____ 
2.5YR6/4--- _ __ do _____ 
2.5YR6{4 ___ ___ do _____ 
2.5YR7j2 __ _ ___ do _____ 
2.5YR6/4--- ___ do _____ 
2.5Y R6{2_-- ___ do _____ 
2.5Y R6/4- __ ___ do _____ 

Linear Water Specific 
shrinkage absorption gravity 
(percent) (percent)2 (approx.) 

5 31 1. 60 
5 19 1. 63" 
5 32 1. 32 
5 29 1. 53 
5 24 1. 68 
8.7 29 1. 46 
5 21 1. 54 
5 26 1. 52 

5 27 1. 58 
5 20 1. 61 
5 32 1. 48 
5 29 1. 53 
5 23 1. 25 
5.5 29 1. 48 
5 21 1. 66 
5 29 1. 54 

5 25 1. 70 

5 19 1. 73 
5 30 1. 58 
5 27 1. 44 
5 22 1. 31 
5 28 1. 56 
5 20 1. 66 
5 24 1. 56 

7.5 14.6 1. 96 

5 12 1. 75 
8 31 1. 60 

13.25 20 1. 76 
5 21 1. 40 

13.4 25 1. 73 
7.5 19 1. 74 
7.5 21 1. 68 

10 15.7 2.5 

10 11 1. 81 
11.25 19 1. 83 
14.5 14 2.03 
6.25 21 1. 34 

15 15 1. 69 
7.5 12 1. 81 

10 18 1. 77 

TABLE 2.---Results of ceramic tests on fired samples from 
sediment ponds of gravel-washing plants in the Beltsville area, 
Maryland-Continued 

Sample Linear Water Specific 
No. (see Munsell color Hardness 1 shrinkage absorption gravitY 

table 1 for notation (percent) (percent)2 (approx.) 
location) 

C-L ____ 7.5YR6/2 ___ Very 
hard. 

12.5 10.6 2.4 

C-2 _____ 2.5Y R5{2 ___ ___ do _____ 10 14 1. 84 
Me-L __ 2.5YR8j2 ___ ___ do _____ 11.25 15 1. 92 
Me-2 ___ 2.5Y R5/4_-- ___ do _____ 15 11 2. 10 
Mc-3 ___ 2.5YR7j2 ___ ___ do _____ 6.25 18 1. 48 
PG-L __ 2.5YR5j4 ___ _ __ do _____ 14 12 2.82 
S-L ____ 2.5Y R5/2- __ _ __ do _____ 7.5 13 1. 83 
S-2_ -.-- _ 2.5YR6j4 ___ ___ do _____ 10 16 1. 80 

C-L ____ 10YR6j2 ____ Steel 15 7.5 2.4 
hard. 

C-2 _____ 2.5Y R8/2 ___ _ __ do _____ 8 13 1. 85 
Me-L __ lOY R8/2 ____ ___ do _____ 13.75 11 2.04 
Mc-2 ___ . 10YR6{L __ - ___ do _____ 20 8 2.25 
Mc-3 ___ 10YR8{L ___ ___ do _____ 7.5 17 1. 40 
PG-L-- 2.5Y R5{2 ___ ___ do _____ 17.5 10 1. 92 
8-L ____ 5YR7/L ___ ___ do _____ 7.5 12 1. 86 
S-2 _____ 2.5YR7j2 ___ ___ do _____ 10 12 1. 88 

1 Determination based in part on U.S. Department or Agriculture studies (U.S. 
Dept. Agriculture Soil Conservation Service, 1963, Description of materials, chap. 
1 in Engineering geology, sec. 8 ot National Engineering Handbook: p. 13). 

2 Percentage based on weight or water absorbed. 

being used for brick in the Washington area. This 
clay is from the Patapsco Formation of Cretaceous 
age; it is generally reddish brown, and is sandy and 
silty and moderately plastic. The clay-mineral content 
is 50 to 80 percent kaolinite, 30 to 50 percent illite, 
and a few percent of a mixed-layer clay; no montmoril­
lonite has been reported. Bricks made from the 
Patapsco clay by Knechtel and others (1961) are 
similar in most respects to those reported here. Two 
samples of the Patapsco Formation were tested for 
Atterberg limits. The liquid limit ranges from 70 to 
35, the plastic limit from 34 to 18, and the plastic index 
from 36 to 17 (see fig. 2). This material n1ay be classi­
fied according to the Unified Soil Classification system 
as clay of low plasticity or silt of high plasticity. 

Further tests should be made on the sediments in 
the ponds t.o see if brick can be made commercially from 
them. In addition, the material should be checked by 
pyrometric-cone equivalent tests for suitability for 
high-refractory brick. 

The importance of using this material for brick 
should not be overlooked, for the rapid urbanization 
of the Washington metropolitan area has diminished 
the available reserves of clay in the area. Thus, the 
use of this waste material would insure a continued 
inexpensive supply of brick for the metropolitan area. 
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Equally important, a commercial use for this material 
should help relieve a potential sediment-pollution 
hazard in local streams. 
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USE OF THE SCANNING ELECTRON MICROSCOPE 

IN GEOLOGIC STUDIES 

By EDWARD j. DWORNIK, Washington, D.C. 

Abstract.-Micrographs of several types of materials show 
that the advantages of the scanning electron microscope over 
the optical microscope nre greater resolution (presently nbout 
GOO A) nnd great depth of field, which nllow direct examination 
of surfnce fentures of irregular objects. The advantages over 
the transmission electron microscope nre greater depth of field 
nnd easier sample preparntion; however, the resolving power is 
less than that of the transmission microscope, and electron 
diffraction is not possible with the scanning type. For those 
problems in which morphology, microstructure and texture are 
importnnt, the scanning electron microscope will be a useful 
tool in conjunction with n transmission electron microscope. 

To evaluate the applicabili-ty of the scanning electron 
microscope to the study of various types of materials 
.in cosmic dust investigations, several samples were 
examined in the microscope at the laboratory of the 
Pulp and Paper Research Institute of Canada. In that 
laboratory -the instr~ment has been used as an adjunct 
tool to the conventional high-resolution electron Inicro­
scope in research on paper and pulp fibers and related 
problems. The scanning electron microscope at the 
institute was described in principle by Smith and 
Oatley ( 1955) and built subsequently at Cambridge 
University; details of construction of the instrument 
are described by Smith (1959 and 1960). 
· In the scanning electron microscope a finely focused 

beam of electrons approximately 300 angstroms in 
diameter is accelerated by a voltage of 15 kilovolts and 
focused onto a sample at a 45 o angle by magnetic 
lenses. Deflection coils sweep the beam over the area 
of interest in n. scanning sequence, "kicking out" sec­
ondary low-energy electrons from the sample surface. 
These electrons are collected by a sqintillation counter 
whose output is detected by a photomultiplier .tube. 
The output from the photomultiplier is converted' to a 
voltage, amplified, and used to control the brightness 
of a cathode-ray tube in synchronization with the 

primary beam scan. An image of the surface topog­
raphy of the sample is presented on the screen, and is 
photographed with a 35-mm camera. The area scanned 
governs the magnification and is varied by controlling 
the deflection coils. The area can be varied from 
several square microns to several square millimeters, 
allowing useful magnifications from X 40,000 to X 
100. A mechanical stage allows for traversing as much 
as a square centimeter of sample surface. 

The resolution of the scanning electron microscope 
is limited to 500 A by the size of the focused electron 
beam. Theoretically it is possible to focus the beam to 
about 30 A, closer to the resolution of a ·transmission 
electron microscope ( <10 A). Pease and Nixon (1965) 
have reported using a beam diameter of the order of 
100 A. For many electron-microscope studies in which 
replicas are made the scanning electron microscope 
approaches the same capabilities with less difficulty in 
sample preparation. It is not possible to obtain elec­
tron diffraction information with the instrument. 

For highly irregular surfaces the inherently great 
depth of field of the scanning electron microscope 
allows the complete depiction of the object's surface. 
If necessary, stereomicrographs may be prepared by 
changing the specimen angle slightly between 
exposures. The increased resolution (about 10 times 
greater) of the instrument over the optical microscope, 
together with the depth of field, gives the scanning 
electron microscope unique capabilities for studying 
etched mineral-grain surfaces, microfossils, filters, and 
other similar items. Although one may gain an order 
of magnitude in resolution over the optical microscope 
one must sacrifice ability to resolve color and to "see 
through" certain materials. Examples of scanning 
electron micrographs are shown in figures 1 and 2. 
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A. Tektite. X860 B. Obsidian. X 1170 

C. Coccolith. X2730 D. Glauconitic clay. X690 

E. Airborne dust. X 4300 F. Airborne dust. X2400 
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FIGUil.E !.-Micrographs of a tektite, obsidian, a. coccolith, 
glauconitic clay, and airborne dust, made with a scanning 
electron microscope. 

A. Surface of a freshly fractured tektite, showing pock-marked 
character and also a void. (Specimen from E. C. T. Chao, 
U.S. Geol. Survey.) 

13. Surface of obsidian (volcanic glass), showing a void that is 
almost square in cross section. 

C. Coccolith from glauconitic clay, New Jersey. This type of 
microfossil represents an ideal subject for scanning electron 
microscopy. The intricate architecture is readily depicted, 
:md study of gross number of species would be simplified by 
this technique. This specimen was located on a mount 
prepared for conventional electron microscopy. 

D. Portion of a bulk sample of glauconitic·clay from which the 
specimen in C was recovered. A glauconite pebble (center 
of picture), a book of bent mien. (left edge of picture), and 
several coccoliths are evident in the photograph. Matrix is 
mostly montmorillonite. This direct observation of the bulk 
dry sample makes separation and suspension of constituents 
unnecessary and reduces the possibility· of introducing arti­
facts that could cause difficulty in interpretation of standard 
electronmicrographs. Microtextural study of loosely com­
pacted sediments is greatly facilitated. (Specimens sub­
mitted by Harold Gill, U.S. Geol. Survey.) 

E. Airborne dust particles trapped on a millipore membrane 
filter. The hollowed-out spherules would appear solid in a 
transmission electron micrograph, due to absorption of the 
electron beam, and the true character would be lost. The 
particles adhering to the surface of the spherules are readily 
observable by this technique, but might be missed in con­
ventional transmission microscopy. 1-micron filter pores can 
be seen in background. 

P. Airborne angular dust particles trapped on a cotton filter 
fiber. Hygroscopic particles and those soluble in water or 
organic liquids can be prepared for the scanning electron 
microscope directly without suspension in distilled water. 

The samples are prepared for examination simply 
by cementing them to the surface of an aluminum 
disk. The disk and sample are placed in a special 
holder and rotated at 200 revolutions per minute in a 
vacuum while a weighed amount of Au-Pd wire is 
evaporated onto the whirling disk from an angle of 
60°. This insures that all surfaces of the sample are 
made electrically conducting. 

The placement of the specimen in a high vacuum 
and the resultant desiccation may preclude the study 
of some materials. Also, bombardment by the electron 
beam can cause some difficulty in those ·samples that 
are nonconducting and (or) of hollow or skeletal 
nature. This latter limitation can be overcome to a 
great extent by evaporating the conductive metal coat­
ing onto the specimen and working with a lower 
accelerating potential of the electron beam. 

Direct observation of nonconducting materials has 
been reported by Thornley (1960) and by Thornley 
and Cartz ( 1962) . 

Aoknort.vledgnwnts.-The collaboration of l\1essrs. 
Alex Rezanowich and Ian Fraser of the Pulp and 
Paper Research Institute of Canada in the preparation 
of the scanning electron micrograph is gratefully 
acknowledged. Thanks are also due to :Mr. S. 1\1. 
Chapman of the same organization for permission to 
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A. Hewettite. X 130 B. Serpentine. X4500 

C. Alga. X2530 D. Calcitic tubes. X390 

E. Metallic spherule. X680 F. Quartz crystals. X 210 
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FIGURE 2.-Micrographs of hewettite, serpentine, algae, 
metallic spherule, and quartz, made with a scanning electron 
microscope . 
A. Fibrous crystals of hewettite, a calcium vanadate. The 

great depth of focus of the scanning electron microscope is 
emphasized in this relatively low magnification photograph. 

13. Termination of serpentine fiber. This three-quarters end 
view shows that the fiber is solid rather than tubular. 
Cleavage would produce lathlike particles. 

C. Portion of a blue-green alga, devoid of calcareous over­
growth, showing pores which may have served as loci for 
secreting calcite. The skeletal character of the "wooly" 
calcite is seen in the background. 

D. Tubes formed by calcite-secreting algae from Russel Cave, 
Ala. Each of the ''wooly" calcite tubules surrounds an 
~lgu. responsible for its secretion. (Specimen from J. T. 
Hack, U.S. Geol. Survey.) 

E. Metallic spherule exposed on a fracture surface of a philip­
pinite (tektite). This technique offers an excellent means 
for study of surface irregularities and features of metallic 
nnd other inclusions in tektites. (Specimen submitted by 
E. C. T. Chao, U.S. Geol. Survey.) 

F. Two well-developed quartz crystals growing from a com­
mon seed. The crystals in various stages of growth were 
recovered by digestion of an oolitic limestone in boiling 
HCl and an oxidizing bleach. Information on morphologic 
development, etch patterns, and surface features of crystals 
and seeds can be obtained. Replication of these features 
is virtually impossible or at best is exceedingly difficult 
by conventional electron microscope techniques. (Speci­
mens from L. G. Henbest, U.S. Geol. Survey.) 

work at the laboratory. The help of Mr. J. A. Denson 
and Ralph Christian in the assembly of the photo­
graphs is. also gratefully acknowledged. 
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APPROXIMATING STEADY LINEAR FLOW IN A CONFINED AQUIFER 

OF NONUNIFORM THICKNESS 

By CHARLES A. APPEL, Miami, Fla. 

Abstract.-Formulas are given for steady linear flow in a 
:section of an "ideal" confined nonleaky aquifer having the shape 
of two or more partial wedges connected end to end in such a 
way that the thickness change is nowhere abrupt. The formulas 
are for the case where the top and bottom surfaces of each 
wedge intersect the horizontal at angles whose tangents are 
not greater than 0.2. Analysis of the formula for a partial 
wedge indicates that the use of the average aquifer thickness, 
with Darcy's law, gives estimates of flow with sufficient accuracy 
for most applications; where the changes in thickness are not 
very large. 

Darcy's law probably is the most frequently used 
formula in the solution of problems on the linear flow 
of ground water. A convenient form of this law is 

where 

(1) 

Q=rate of discharge per unit of aquifer 
width between two parallel equipo­
tential planes, 

P=coefficient of permeability of the aquifer, 
b=aquifer thickness, 

h1 and h2=heads above an arbitrary datum at the 
two parallel equipotential planes, and 

L=distance between the two equipotential 
planes. 

Although the aquifer thickness in equation 1 is a 
constant, the equation frequently is applied to situa­
tions where the aquifer thickness is not uniform in 
the area under consideration. Hantush (1962, p. 714) 
has developed an equation for the flow in an aquifer 
that is shaped like part of a wedge and whose thickness 
changes linearly along the direction of flow. This 
paper extends Hantush's results to the case of flow 
through an aquifer that can be approximated by a 
series of wedges. It is shown that the permeability of 
such an aquifer or the flow through it can be estimated, 
under certain conditions, from the head gradient. The 
equation by Hantush for part of a wedge is compared 

to Darcy's law for flow through an aquifer having a 
thickness equal to the average thickness of a partial 
wedge. 

FLOW THROUGH AN AQUIFER SHAPED LIKE PART OF A 
WEDGE 

The steady-state flow per unit width of an aquifer 
that is shaped like part of a wedge, between two parallel 
equipotential planes (Han tush, 1962, eq. lOb on p. 714), 
is given by 

(2) 

where h1, h2, P, and L, are as previously defined, loge 
is the natural logarithm, b1 and b2 are aquifer thick­
nesses at equipotential planes 1 and 2, and Q' is the 
rate of flow per unit width o{ aquifer. The develop­
ment of this equation assumes that the vertical dif­
ferences in head in the aquifer are negligible, the upper 
and lower surfaces of the aquifer dip at angles whose 
tangents are not greater than 0.2, the aquifer is non­
leaky and homogeneous and isotropic, and the change 
in aquifer thickness per unit of horizontal distance 
is greatest in a direction perpendicular to the equipo­
tential planes. 

In order to test the inference that flow through an 
aquifer shaped like part of a wedge is closely approxi­
mated by Darcy's law modified for the flow through an 
aquifer having a uniform thickness that is equal to 
the· average thickness of the partial . wedge, let Q' 
from equation 2 be expressed as 

Q' =[ p (b1~b2) (h1 L h2) J O, (3) 

where 

0 1 ' 

(R
1 

1 +~)logeR 
and R is the ratio of the m~ximum to minimum thick­
nesses of the partial wedge. 
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The term within brackets in equation 3 is Darcy's 
law modified for the flow through an aquifer of uniform 
thickness that equals the ·average thickness of the 
partial wedge, and 0 is a correction factor which ad­
justs the flow rate determined by Darcy's law to the 
flow rate determined by equation 2. 

The ratio R, where the aquifer is shaped like part 
o:f a wedge, provides a convenient index of the non­
uniformity of thickness of tlie aquifer. Figure 1 illus­
tl·ates the general form of the relation between correc­
tion factor 0 (equation 3) and the ratio R. Values of 
0 for selected values of the ratio R are also given in 
table 1. These values show that where an aquifer is 
shaped like part of a wedge and the ratio of the maxi­
mmn to minimum thickness is 2 or less, the error intro­
duced by assuming that the flow rate is the same as 
would occur through an aquifer having a uniform 
thickness equal to the average thickness of the partial 
wedge is not more than 4 percent. vVhere the ratio 
is 6, the error is about 20 percent. As the ratio of the 
maximum to minimum thickness inq_reases, so does the 
error in estimating the flow by the bracketed term in 
equation 3. 

The relation between the 0 factor and the value R 
(table 1) indicates that, in many instances, use of the 
average thickness in estimating, by Darcy's law, the 
flow rate in an aquifer shaped like part of a wedge is 
:justified because results of sufficient accuracy for 
prn,ctical applications are obtained. 

FLOW THROUGH AN AQUIFER SHAPED L'IKE A SERIES 
OF SEVERAL PARTIAL WEDGES 

The steady-state flow through an aquifer shaped 
approximately like several partial wedges connected 
end-to-end can be determined by a generalization of 
equation 2. The following development assumes that 
the partial wedges are connected in such a way that the 
aquifer thickness does not change abruptly. Figure 2 
shows a sectional view of part of a hypothetical aquifer 
that comprises a series of three partial wedges. Because 
a steady state is assumed, the flow through each partial 

TABLE 1.-Values of the correction factor C (equation 3) for 
selected values of R 

R c R c R c R c 
------ ------ ------ -----· 
1.0 ____ 1. 000 1.8_-- 0. 972 3.0 ____ 0. 910 5.5 ____ 0. 812 1.2 ____ . 997 1.9 ____ . 967 3.25 ___ . 899 6 _____ . 798 1.3 ____ . 994 2.0 ____ . 962 3.5 ____ . 887 7 _____ . 770 
1.4_- -- . 991 2.2 ____ . 952 3.75 ___ . 876 8 _____ . 748 1.5 ____ . 986 2.4 ____ . 941 4.0 ____ . 866 9 _____ . 728 1.6 ____ . 982 2.6 ____ . 930 4.5 ____ . 846 10 ____ . 711 
1.7 ____ . 977 2.8 ____ . 921 5.0 ____ . 829 ll ____ . 695 
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FIGURE 1.-Graph showing relationship of 
correction factor C (equation 3) to ratio 
of aquifer maximum to minimum thick­
nesses R in an aquifer shaped like part of 
a wedge. 

wedge between equipotential planes 1 and 2 is equal. 
Thus, application of equation 2 to each wedge gives 

Q' (4) 

As the situation is shown on figure 2, only the values 
of h1 and h4 are assumed to be known. From equation 4 

(5) 

Addition of these expressions gives 

(6) 

which can be rearranged as 

Q' (7) 
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I------HEAD VALUES KNOWN-----­

~ HEAD VALUES ~ 
~UNKNOWN~ 

Reference datum 

FIGURE 2.-Sectional view of part of a hypothetical aquifer, 
between. parallel equipotential planes, and an approxima­
tion of the form of the aquifer by parts of three wedges 
in series. 

Equation 7 is for an aquifer approximated by a series 
of three partial wedges. An expression for flow through 
a series of any number (n) of partial wedges is 

Q' (8) 

Inherent in the development of equation 8 is the 
assumption that the aquifer can be approximated 
entirely by partial wedges. If, however, the aquifer 
includes one or more sections of uniform thickness, the 
appropriate term(s) in the summation in equation 8 
becomes Ltfbt (Darcy's law). 

Equations 3 and 8 can be used in a manner similar to 
Darcy's law. Thus they can be used to solve for the 
flow between two equipotential planes of known values 
if the permeability is known, or they can be used to 
solve for the permeability if the flow between two 
equipotential planes of known values is known. 
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THE WHITE RIVER FORMATION AS AN AQUIFER 

.IN SOUTHEASTERN WYOMING AND ADJACENT PARTS 

OF NEBRASKA AND COLORADO 

By MARLIN E. LOWRY, Cheyenne, Wyo. 

TVo1·k done in cooperation with the Wyoming State Enginee1· 

l.lbst,mct.-Many large-yield water wells in .southeastern 
Wyoming, northeastern Colorado, and southwestern Nebraska 
reportedly tap the White River ]!"'ormation, of Oligocene age, 
which is predominantly siltstone. However, most of these wells 
probably tap overlying alluvium that is composed of pebbles 
derived from the White River Formation rather than the White 
Hiver li'ormation itself. Although previous workers have sug­
gested that various ldnds of fractures are the water-conducting 
openings where large yields are known to be derived from the 
White River, the openings are thought more likely to be tubes 
formed by piping before the formation was buried by alluvium. 

The "Thite River Formation of Oligocene age, which 
consists predominantly of siltstone, has been considered 
t:o be an important aquifer in several areas in south­
eastern 'V"yoming, southwestern Nebraska, and north­
eastern Colorado. Several investigators (Babcock and 
Bjorklund, 1956; Babcock and Rapp, 1952; Babcock 
and Visher, 1952; Bjorklund, 19!)7, 1959; McLaughlin, 
1948; ~1on·is and Babcock, 1960; Rapp and others, 
1957; Rapp and others, 1953; Visher and Babcock, 
1953; Weist, 1964, 1965) have stated that the sources 
of water to the large-yield wells tapping the formation 
n,re porous zones of reworked siltstone and various 
kinds of fractures. The purpose of this article is to 
present evidence that the White River Formation has 
been mistakenly identified as the aquifer tapped by 
many wells and that openings produced by piping are 
more likely than fractures to account for the locally 
high secondary permeability in those few places where 
the formation does transmit large quantities of water 
t:o wells. 

CHARACTER OF THE WHITE RIVER FOR.MATION 

The vV:hite River Formation is as much as 1,000 feet 
thick. It unconformably overlies older rocks ·and is 

overlain ·disconformably by either the Arikaree For­
mation of Miocene age, the Ogallala Formation of 
Miocene and Pliocene age, or alluvium of Quaternary 
age. The White River Formation consists of massive, 
very light pinkish-gray siltstone. It is typically 
exposed in bluffs that have a blocky appearance because 
of weathering along lines of weakness. Locally a 
badlands topography has developed on outcrops of the 
formation. All Oligocene rocks are here assigned to 
the White River Formation. Subordinate units of the 
White River, the Chadron Formation (below) and 
Brule Formation (above), of previous authors, are not 
used in this report. 

The White River Formation is remarkably uniform 
in grain size throughout the area shown in figure 1. 
Denson and Bergandahl (1961), who made particle­
size analyses of about 100 samples from 10 measured 
sections, state (1961, p. C170) "In general, these rocks 
consist of 65 to 85 percent silt and 5 to 25 percent vei·y 
fine grained sand embedded in a matrix of clay-size 
particles." Eight of these measured sections are within 
the area shown in figure 1, and two are about 20 miles 
north of the area. Coarse-grained channel deposits 
within the White River Formation in Scotts Bluff 
County, Nebr., are described by Wenzel and others 
(1946, p. 67-68), and similar deposits are known to 

occur elsewhere. 

OCCUR'RENCE 01F GROUND WATER 

Although ground water occurs in channel deposits in 
the 'Vhite River Formation, these deposits are excluded 
from consideration because they are unquestionably 
zones of primary permeability that are in the 'Vhite 
River Formation, and, therefore, do not bear signifi-
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FIGURE I.-Generalized geologic map of southeastern Wyoming and adjacent parts of Nebraska and Colorado, showing the locations 
of large-yield wells that reportedly tap the White River Formation. Wells known to tap gravel channels within the White River, 
or to tap both alluvium and the White River Formation, are excluded. Where there is more than one large-yield well in a 

· section, only one well is shown. 

cantly on the problem. Wells known to tap these 
deposits are not shown in figure 1. Wells tapping 
porous zones of reworked siltstone are shown in figure 
1 because they were reported in previous publications 
to yield water from the White River Formation. In 
describing these zones, some earlier workers have stated 
that the permeability of the formation is increased by 
porous zones of reworked White River, and some state 
that the top part of the formation consists of rounded 
pebbles of reworked siltstone. The term "top," as used 
here, refers to an erosion surface and not to the strati-

graphic top of the formation. According to McLaugh­
lin ( 1948, p. 13), test drilling in the Lodgepole Creek 
Yalley, near Julesburg, Colo., showed that the so-called 
porous zone actually is alluvium overlying the ·white 
River Formation, and not the ·white River Formation. 
McLaughlin(1948, p. 13) stated: 

During the test drilling done by the town of Julesburg, it was 
found that the "porous" zone consists of moderately well 
rounded pebbles of reworked Brule [White River] clay, the 
pebbles ranging in diameter from less than half an inch to more 
than 2 inches. Inasmuch as the so-called "porous" zone is 
actually a deposit of coarse gravel that is confined to the zone 
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underlying the alluvium, it perhaps should be considered a part 
of the alluvium. The material lying above the "porous zone," 
nlthough doubtless reworked, resembles so closely the Brule clay 
from which it was derived that it cannot readily be distinguished 
from it. 

McLaughlin's statement that the porous zone is 
actually alluvimn is supported both by figure 1, which 
show.s that the large-yield wells are almost entirely 
restr.1cted to valleys of major drainage, and by an ob­
servation by Bjorklund ( 1957, p. 13) that in the lower 
Lodgepole Creek valley the porous zone pinches out 
toward the valley sides. 

. Most of the large-yield wells th~t are reported to 
y.~eld water from the White River Formation probably 
yield water fron1 the alluvium. Although the porous 
zone has been recognized as alluvium by some work­
ers, its inclusion with the White River because of the 
difficulty in differentiating the two, has left the im­
pression that the White River is a much better ·aquifer 
than it really is. 

Se~eral methods have been used to determine hy­
drauhc constants for what is actually the White River 
Formation, and very different results have been ob­
tained. These differences are ·attributed to the fact 
that laboratory-determined values represent primary 
permeability, whereas field-determined values are be­
lieved to represent secondary permeability. 
Acc~rding to Rapp and others (1957, p. 42), the 

coefficient of permeability for 7 samples of siltstone 
from the formation in Goshen County, Wyo., was 
determined in the hydrologic laboratory of the U.S. 
Geological Survey to range ft~om values too small to 
be measured to 0.2 gallons per day per square foot. 
These values represent the permeability of the inter­
grain pores. 

Using seep~ge methods, Wenzel and others ( 1946, 
p. 85) determined field coefficients of permeability of 
:from 243 to 889 gpd per sq ft, for an assumed 100-ft 
thickness of aquifer in Scotts Bluff County, Nebr. The 
n.ver~ge coefficient of permeability from one pumping 
t·est In southern Platte County, Wyo., was reported 
by. Morris and Babcock (1960, p. 52) to be 36 gpd per 
sq ~t. 'Velder and vVeeks (1965, p. 49), appiying a 
regional method of analysis, computed coefficients of 
transmissibility ranging from 450 to 1,000 gpd per ft 
for the formation near Glendo in Platte County, vVyo. 

The large differences in the results from laboratory 
and field methods strongly suggest that the lar;e 
yields from wells tapping the White River Formati~n 
n.re due to secondary permeability. Furthermore be­
cause considerably different yields have been obt~ined 
frm~ two closelY! spaced wells of equal depth, it is 
obvious that the openings which transmit water are 
neither uniformly distributed nor of uniform size. 

224-352 Q-66---15 

NATURE OF ·THE LARGE WATER-BEARING OPENINGS 

In discussing the water-bearing properties of the 
White River Formation, many writers have empha­
sized that nearly vertical fractures are the water­
conducting passages. Most reports have a statement 
similar to that of Babcock and Bjorklund (1956, p. 14): 

In some places, nearly vertical fractures, or fissures, penetrate 
to unknown depths within the formation and possibly penetrate 
completely through it. Surface traces of these fractures,· some 
of which are at least 1 foot wide and 1 mile long, are seen easily 
on aerial photographs, but they are difficult to detect and 
follow on the ground . 

Outcrops where fractures in the White River For­
mation have been identified from aerial photographs 
(Babcock and Rapp, 1952, fig. 6; Visher and Bab­
cock, 1953, fig. 9) show no evidence of unusual frac-· 
turing. The features that they regarded as fractures 
are believed, for the following reasons, to be rem­
nants of trails : ( 1) the features curve around hills 
and through narrow passes, and do not appear to have 
been ·a factor in the development of the drainage 
pattern; ( 2) they are not seen on the best bedrock 
exposures, but are well developed where there is a 
cover of soil or colluvium; and (3) they look the same 
on aerial photographs as known trails such as the 
Cheyenne-Deadwood stagecoach trail, whereas known 
faults in the 'Vhite River Formation in Laramie 
County, Wyo., are not apparent on photographs. 

Trails were abundant because the area was traversed 
by one of the principal routes of the Texas Trail, 
which was a network of paths. The Texas Trail was 
used from about 1876 to 189£ in the northern cattle 
drives and, in 1887 alone, more than 13,000 animals 
passed near Lusk, Wyo. (Thorp, 1946, p. 133). In 
describing the trail, Brayer and Brayer ( 1952, p. 62) 
state "So heavily pounded by the thousands of sharp 
hoofs, the depression marking the m-ain path is still 
clearly discernible in many places." The trail, in 
part, followed preexisting buffalo trails, which also 
are still visible in some. areas. 

Clastic dikes, such as those shown in figure 2, are 
numerous in some· White· River outcrops. Although 
the dikes cannot be seen on the high-altitude ·aerial 
photographs, they are similar in other respects (width, 
vertical character) to the nearly vertical fissures re­
ferred to by previous investigators. The extent to 
which they can be tt'aced is limited by soil or other 
cover, but some can be traced for several hundred feet. 
The clastic material in the dikes generally has distinct 
vertical laminations, indicating that the material was 
forced in under pressure; this suggests, in turn, that 
open fissures do not exist. The dike material in most 
localities is similar in grain size to the wallrock, so 
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FIGURE 2.-Clastic dikes (shown by arrows) in the White River 
Formation, NWY. sec. 9, T. 12 N., R. 63 W. (about 22 miles, 
airline, southeast of Cheyenne, fig. 1), Laramie County, Wyo. 

its permeability is not greatly different from the rest 
of the formation. 

No open vertical fissures were seen in Laramie 
County, Wyo., where most of the fieldwork upon which 
this paper is based was done. The only open fissure 
known to the author is one reported by Rapp ·and 
others (1957, pl. 6). This fissure, which was in an 
improved dirt road, was revealed when a truck tire 
broke through the cap of covering material. As it 
seems unlikely that a fissure so close to the roadbed 
would go unnoticed at the time of road construction, 
the opening probably formed after the road was con­
structed. Furthermore, if such fissures do exist and 
are conduits for water in the White River Formation, 
large springs should issue from fissures near stream 
level in the area. Fissure springs are not known to 
occur here, however. In describing the Goshen Hole 
in Goshen County, Wyo., Rapp and others(1957, p. 
16) state that springs characteristically flow down the 
escarpment faces from the contact of the White River 
with the' overlying Arikaree Formation. Springs in 
two localities are reported to yield large supplies from 
the White River Formation (fig. 1). Two springs in 
sec. 25, T. 25 N., R. 63 W. (along the North Platte 
River about 40 miles upstream from Scottsbluff, fig. 1), 
emit from openings that are principally the result 
of near-surface weathering. According to the owner 
of the land, the large yield is maintained only when 
a nearby irrigation canal contains water. The dis­
charge is less than 5 gallon per minute when the 
canal is dry. The spring in sec. 28, T. 18 N., R. 50 
W. (about 40 miles southeast of Scottsbluff, fig. 1), was 
not visited by the author. 

As shown in figure 3, the White River Formation 
may be highly fractured. Although such fractures in 
weathered exposures appear to be quite permeable, 
fractures in fresh exposures, which are more repre­
sentative of conditions at depth, generally are either 
closed or are only barely open, ·and so would not yield 
large supplies of water to wells. Moreover, there is 
no evidence that the large-yield wells are related to 
structural features such as faults, where fracturing 
would be more intensive. 

Piping, a process by which subterranean channels 
or pipes ·are formed by the movement of water through 
relatively insoluble, incoherent rocks, is thought to 
provide a better explanation of the locally high sec­
ondary permeability of the White River Formation. 

In describing piping as a geomorphic agent, Parker 
( 1963) listed the following basic essentials for the for­
mation of pipes: (1) Water enough to saturate some 
part of the soil or bedrock above base level; (2) hy­
draulic head to move water through a subterranean 
route; ( 3) presence of a permeable, erodible soil or 
bedrock above base level; and ( 4) an outlet for flo,Y. 
Material is transported in suspension by the moving 
water. 

Near Pine Bluffs, Wyo., where many of the large­
yield wells are located, conditions suitable for piping 
probably existed before the alluvium was deposited. 
Test drilling has shown that, beneath the alluvium, 
there is an erosion surface on the White River For­
mation with a local relief of 100 feet (Rapp and oth­
ers, 1953, pl. 3) . Therefore, the necessary hydraulic 
head and outlet for flow were present. Piping is an 
active process in the formation, in some areas, at 

~~ ~ -=~ ~< 
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FIGURE 3.-Fractured siltstone of the White River Formation, 
sec. 2, T. 14 N., R. 69 W. (about 14 miles west-northwest of 
Cheyenne, fig. 1), Laramie County, Wyo. Fractures are much 
more pronounced on weathered surfaces, right and left back­
ground, than on freshly exposed surfaces, center. 
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present; so it is necessary to assume only that there 
was, at times, sufficient water to saturate some part 
of the formation above base level. The water table 
in the Pine Bluffs area is now shallow, so if pipes 
such as those shown in figure 4 were formed before 
the White River Formation was buried beneath allu­
vial deposits, they now would be filled with water and 
would yield large supplies to wells that were drilled 
into .or through them. 

Although large-yield wells tapping the White River 
Formation are not known to have been drilled outside 
the priiicipal valleys, H . M. DeGraw, of the Nebraska 
Geological Survey (oral commun., Nov. 22, 1965), re-

A 

B 

FIGURE 4.-A, Outcrop of Arikaree and White River Formations, 
NE}~ sec. 24, T . 18 N., R. 61 W. (about 35 miles so ut hwest of 
Scottsbluff, fig. 1), Laramie County, Wyo., showing several 
pipes (dark spots) in the White River Formation. B, Closeup 
of pipe designated by arrow in A. 

ports that a highly permeable zone in the White River 
Formation was penetrated in drilling a test hole north 
of Lodgepole Creek valley in Deuel County, Nebr. 
There the White River is overlain by the Ogallala 
Formation. He · stated further that a surface of con­
siderable relief was developed on the White River 
before the Ogallala was deposited in that area. It 
seems likely, therefore, that conditions suitable for the 
formation of pipes existed before the Ogallala was 
deposited, and that pipes rather than fractures account 
for the locally high secondary permeability of the 
\iVhite River Formation. 
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HYDRAULIC CORRELATION OF FRACTURE ZONES 

IN BURIED CRYSTALLINE ROCK AT THE SAVANNAH RIVER PLANT, 

NEAR AIKEN, SOUTH CAROLINA 

By I. WENDELL MARINE, A iken, S.C. 

Work done in cooperation with the U.S. Atomic Energy Commission 

Abstract.-Two types of open fractures characterize the upper 
1,000 feet of the buried crystalline rock at the Savannah River 
Plant of the U.S. Atomic Energy Commission. One pervades the 
entire rock mass, thereby making it a single hydraulic unit; 
however, fractures of this tYpe are so minute that water move­
ment through them is exceedingly slow. The other type, re­
stricted to definite zones, consists of larger openings that 
transmit water at a faster rate. Some zones containing this 
type of fracture can be correlated between wells by hydraulic 
methods. 

An exploratory drilling and testing program, part 
of an investigation of the feasibility of storing radio­
active waste in artificially excavated chambers in crys­
talline basement rock (Christl, 1964; Siple, 1964; 
Proctor and Marine, 1965), has been completed at the 
U.S. Atomic Energy Commission's Savannah River 
Plant near Aiken, S.C. (fig. 1). The Savannah River 
Plant is located on the Atlantic Coastal Plain about 
20 miles southeast of the outcrop of the crystalline 
rocks at the fall line, which separates the Piedmont 
and Coastal Plain provinces. The crystalline rocks at 
the proposed storage site are buried beneath approxi­
mately 930 feet of unconsolidated to semiconsolidated 
sediments consisting predominantly of sand and clay. 

In order to investigate the hydrologic character of 
the crystalline rocks, 7 wells were drilled within a 
circular area having a radius of 4,300 feet (fig. 2). 
Each well was drilled by conventional rotary methods 
to a point from 10 to 200 feet below the top of the 
crystalline rock, and then was cased and cemented as 
shown on figure 3. All except 2 holes (DRB 5 and 7) 
were then continued by coring until a total of 1,000 
feet of crystalline rock had been penetrated. Holes 
DRB 5 and 7 were drilled an additional 200 and 245 
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FIGURE !.-Location of the Savannah River P lant and area of 
report . 

feet, respectively, below the base of the cemented sec­
tion before continuous coring (which also reached 
total depths of about 900 and 1,000 feet, respectively, 
below the top of the rock) was begun. 

To the depths explored by drilling and coring the 
crystalline rock is composed predominantly of chlorite­
hornblende schist and hornblende gneiss, and of lesser 
amounts of quartzite. Calcite occurs as fillings m 
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FIGURE 2.-Location of exploration wells 
cored into crystalline rock at the Savannah 
River Plant. 

some fractures. The foliation or schistosity strikes 
northeast and has an average dip of about 55° SE. 
Immediately overlying the crystalline rock is a layer 
of saprolite or residual clay_ formed by s1;1.baerial weath­
ering of the crystalline rock before deposition of the 
overlying sediments. The saprolite averages 50 feet 
in thickness and effectively separates the water that 
occurs in the fractured crystalline rock below from 
that in the sand above. 

DISTRIBUTION OF THE FRACTURES. 

Two types of fractures were found in the upper 
1,000 feet of crystalline rock. One type, which con­
sists of openings so small that water movement through 
them is extremely slow, extends throughout the entire 
mass of crystalline rock. The other type consists of 
fractures open wide enough to permit transmission of 
water at a significantly faster rate; these fractures 
occur in vertically restricted but laterally extensive 
zones. 

The water-transmitting properties of fractures 
present in the crystalline rock mass could not be 
inferred from the physical properties of the rock as 
determined by breaks in the core or by deflections on 
geophysical logs. The integrity of the cores ranged 
from sound rock that had to be artificially broken in 
order to have a convenient length of core to handle 
(3 or 4 feet) to core that was so broken that it crum­
bled when removed from the core barrel. . However, 

the number of fractures shown by the core has little 
relationship to the occurrence of water-transmitting 
fractures in the rock as it exists in place. The coring 
process and the strength of the rock account for most 
of the fractures as seen in the core. When tested in 
place for the capactiy to transmit water, some sec­
tions of rock that were represented by highly frag­
mented cores yield·~d insignificant quantities of water. 
Many former fractures have been healed by calcite, 
and it was thought possible that an abundance of 
these, as observed in the cores, might afford a clue to 
the existence of some fractures still open due to in­
complete healing. This was not found to be true. 

Although some open fractures are indicated by de­
flections on the sonic, neutron, and caliper logs, iden­
tical deflections commonly indicate differences in rock 
properties that are unrelated to the presence of open 
fractures. The only method whereby zones of open 
fractures in these holes could be located was measure­
ment of the rate at which water could be injected into 
or removed from sections of . rock that had been iso­
lated from the remainder of the well by the inflation 
of rubber packers. The results of the tests on intervals 
for which the inflow or outflow was more than 1 gal­
lon per minute are indicated on figure 3. 

As a result of the hydraulic tests using packers, it 
was found that much of the mass of crystalline rock 
is pervaded by fractures of small magnitude that 
transmit water extremely slowly. These fine fractures 
occur at inhomogeneities in the rock (for example, 
along chlorite seams, at the contact of gneiss and 
schist, and along healed fractures). Because this sys­
tem of fine fractures apparently extends through the 
full thickness of crystalline rock that was penetrated 
by the drill, there is reason to believe that at least 
this upper thousand feet of the crystalline rock is 
hydraulically connected, and consequently that the en­
tire mass constitutes a single hydraulic unit. Thus, 
even where an open hole is drilled into rock cut only 
by fine fractures, the slow inflow of water eventually 
fills the hole to a level indicative of the piezometric 
surface in that section of rock. This water level re­
sponds to changes in pressure due to the withdrawal 
or injection of water at other places within the rock, 
but the response is both delayed and protracted com­
pared to that ii1 a hole open to one or more zones of 
larger fractures. 

It is the larger fractures, in laterally extensive zones, 
that permit relatively rapid response to pressure 
changes and the transmission of significant quantities 
of water to or from a well or other excavation. A 
possible geometry of two zones of these larger frac­
tures is shown diagramatically on figure 4. Some 
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FIGURE 3.-Location and yield of fractured sections of crystalline rock that yield more than 1 gallon per minute of water. 

wells penetrate sections of rock containing the larger 
fractures that could not be correlated into this geom­
etry (particularly the lower parts of DRB 1 and 5). 

CORRELATION OF THE FRACTURE ZONES 

One of these zones of larger fractures, here termecl 
the shallow fracture zone, is at the top of the crystal­
line rock just beneath the saprolite, where the rock is 
weathered but has not yet been reduced to clay. These 
fractures are believed to have resulted from unloading 
and weathering during the time that the crystalline 
rock "·as exposed to the atmosphere because of their 
widespread occurrence at the top of the rock. Frac­
tures in this zone probably decrease in number and 
openness with depth. During drilling of holes 1, ::1, 
and 4 water losses in this zone were 20 gpm or more, 
and parts of this interval had to be cemented so that 
drilling could proceed. Because coring through this 
zone in holes DRB 1, 3, and 4 had proved so difficult, 
holes DRB 5, 6, and 7 were drilled and cased belo'Y 
this horizon, and consequently no tests of its water­
yielding capability were made at the~e sites. Ho\\­
ever, a single shallow-rock core made to verify rock 
penetration in hole DRB 6 contained a very weath-

ered and open fracture which indicates the presence 
of this zone at this site. It seems likely, because other 
fractures are abundant at shallow depths in the rock 
in hole DRB 5, that this zone is present ther(}. The 
zone is known to be absent at DRB 2; there is no infor­
mation about its presence at DRB 7. 

The other zone of larger fractures, termed t he in­
clined fracture zone, dips at an angle of 10 o or more. 
This zone occurs near the bottom of holes DRB 4 and 
6, which are located along the strike of the schistosity. 
This zone probably merges with the shallow fracture 
zone in the vicinity of DRB 3 and 5, which are also 
along the strike of the schistosity. This zone is be­
lieved to be too deep to have been reached in the 
drilling of DRB 2 and 7. Some of the fractures in 
DRB 1 have hydraulic continuity with this zone, but 
the geometry of the com1ection is undetermined. The 
number and openness of fractures in the rock, except 
for those in the shallow fracture zone, seem to bear 
no relation to depth. 

Hydraulic continuity of the inclined fracture zone 
is indicated by the response of the water level in DRB 
6 to swabbing tests in DRB 5, as shown on figure 5. 
(Swabbing is r{ method of removing a column of water 
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DRB 1 

GROUND WATER 

Well casing 
Horizontal I i n e 

indicates top of 
crystalline rode 

EXPLANATION 

Yield from crystalline rocks, 
in gallons per minute 

~ 
More than 1.0 
(shallow zone) 

• 0.1 to 1.0 

FEET 
DATUM IS MEAN 

SEA LEVEL 

• More than 1.0 
(inclined zone) 

D 
L.,ess than 0.1 

FIGURE 4.-Correlation of fracture zones inferred from swabbing, pumping, and injection tests. 
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FIGURE 5.-Relation of water-levels in DRB 6 to withdrawals 
from packed-off intervals in D RB 5. 

from drill rods or packer tubing by withdrawing an 
expandable rubber cup on the end of a cable.) 'Vhen 
water was swabbed from intervals of rock above a 
depth of 1,520 feet below land surface, the water level 
.in DRB () immediately declined, whereas swabbing 
:from packed-off intervals of rock below this depth had 
no discernible effect on the water level in DRB 6. 
The only open fractures in DRB 6 (fig. 4) occur near 
the bottom part of the hole, and thus the fracture zone 

in the upper part of DRB 5 is correlated with that 
in the lower part of DRB 6. 

The inclined· fracture zone intersects the shallow 
fracture zone in the vicinity of DRB 3 and 5, and 
there is a hydraulic connection between the two zones. 
This is shown by the fact that pumping the shallow 
fracture zone at DRB 3 at 5 gpm for 4 days caused 
13 feet of drawdown in the deep fractures at DRB 4 
(inclined zone) as opposed to only 10 feet in the shal­
low zone. The dra wdowns in these separate fracture 
zones could be determined independently in DRB 4 
because a permanent packer and cement plug 177 feet 
long were installed to separate the two zones . 

Hydraulic communication within the crystalline 
rocks apparently is better in the northwest-southeast 
direction than in the northeast-southwest direction. 
Evidence supporting this was obtained by recording 
the lapse of time between the start of pumping from 
DRB 6 and the first indication of water-level decline 
in other holes. DRB 6, which is open to only the in­
clined zone of fractures, was pumped for 31 days at 
a rate of 20.5 gpm. The time lapse before the start 
of drawdown was 8 minutes in DRB 5, 3 hours in 
DRB 7, and 7 hours in DRB 1, all in a northwest­
southeast line; but the time laps~ was 21 hours in 
DRB 3, 35 hours in DRB 4, and 159 hours in DRB 2, 
all of which are southwest of D·RB 6, the pumped well. 
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EFFECT OF SAMPLING AND TESTING METHODS 

ON COMPUTED HYDRAULIC PROPERTIES OF GLACIAL OUTWASH 

AT PIKETON, OHIO 

By STANLEY E. NORRIS and RICHARD E. FIDLER, Columbus, Ohio 

Work done in cooperation with the U.S. Atomic Energy Commission and the 

Ohio Department of Nat?tral Reso'ltrces, Division of Wate1· 

Abstract.-Particle-size distribution and permeability were 
determined in the laboratory for samples from two adjacent test 
holes, one drilled with an auger and the other "bailed in" with 
cable-tool equipment. Discrepancies in the logs and in analytical 
values obtained in the laboratory for samples from the same 
reported depths in these holes are believed to be inherent in the 
drilling methods. For both sets of samples, transmissibility 
computed from laboratory results is far less than the value 
determined from a pumping test. Laboratory and pumping-test 
values probably are not equatable unless flow direction with 
respect to bedding is the same. 

For years hydrologists have sought indirect meth­
ods of computing, or at least estimating, the transmis­
sibility of sand and gravel aquifers. One way in which 
this attempt has been made is by measuring the per­
meability of small samples of the water-bearing mate­
rial in the laboratory, and by using these measure­
ments in estimating the permeability of the deposit. 
However, the values of permeability of many samples 
of disturbed and recompacted material, as determined 
in the laboratory, are not consistent nor realistic. The 
purpose of this paper is to show that differences in 
drilling methods by which the aquifer materials com­
monly are sampled may greatly affect the results ob­
tained; and to point out that, because of ·differences 
in the direction of flow through the aquifer materials, 
laboratory and field techniques of determining the 
permeability of an aquifer may yield widely different 
values. 

A study of the physical and hydraulic characteris­
tics of water-bearing glacial outwash at a site (lat 
39°04'42" N., long 83°01'46" W.) near Piketon, in 
southern Ohio, was made in 1963 for the U.S. Atomic 

Energy Commission. During the' study two test holes, 
less than 3 feet apart, were drilled to the base of the 
glacial outwash, and samples were obtained at various 
depths for laboratory determination of grain size and 
permeability. One hole, 4lj2 inches in diameter, was 
bored by means of a truck-mounted, continuous-flight, 
power auger; the other, 12 inches in diameter, was 
"bailed in "-that is, a cable-tool drilling rig was used 
to drive the casting and alternately to bail out the 
sediment from within it. Detailed logs were made of 
the materials penetrated, and samples representing 
depth increments of about 5 feet were collected for 
sieve analysis by the Goodyear Atomic Corp., operat­
ing contractor for the Atomic Energy Com1nission. 
The samples were used for permeability determina­
tion by the U.S. Geological Survey hydrologic labora­
tory, Denver, Colo. 

The thickness of the outwash at the test site is be­
tween 80 and 85 feet, and the depth to the water table 
is about 20 feet. For the most part the water-bearing 
materials consist of "clean" coarse sand and fine gravel 
interbedded with layers of "dirty" medium to coarse 
sand. Curves representing the particle-size distribu­
tion of both types, as determined from sieve analysis 
of samples from this and nine other bailed-in test 
holes, were presented by Norris and Fidler ( 1965) . 
The curves for the two types differ significantly, in 
that those which represent the finer grained, "dirty" 
material not only lie farther to the left-in the direc­
tion of finer grain size-but also are generally steeper 
-reflect a narrower range of grain sizes-than the 
curves representing the coarser grained material. 

U.S. GEOL. SURVEY PROF. PAPER 550-D, PAGES D228-D230 

D228 



NORRIS AND FIDLER D229 

The log of the bailed-in test hole agrees closely with 
the logs of the other bailed-in holes at the test site. 
The internal consistency of the group of logs, together 
with precautions taken during the drilling, convince 
the authors that the log of the bailed-in hole is a 
reasonably accurate record of the thicknesses and types 
of materials penetrated; Bailer loads representing 
each sampled interval were thoroughly mixed during 
collection of the samples, and heaving of the material 
penetrated was prevented during the b~iling. On the 
other hand, the log of the aug~red hole differs from 
it so markedly that it is believed to be considerably less 
accurate. Part of the discrepancy undoubtedly. relates 
to the way in which, in the respective methods, the 
samples are brought to the surface. In the angering 
method the material is forced to the surface, follow­
ing the spiral flutes of the· auger, as the auger bites 
deeper into the sediment; some mixing of the material 
moving up from any given depth interval with that 
in the sides of the hole probably is unavoidable. For 
example, the log of the bailed-in hole indicates "sand~' 
in the. interval between the depth of 28 and 48 feet, 
whereas the log of the angered hole indicates "gravel" 
and "sand and gravel" in the same interval. Simi­
larly, the log of the bailed-in hole indicates "sand 
and gravel" in the interval from 48 to 58 feet, whereas 
the log of the angered hole indicates "sand" in the 
same interval. Another reason for believing that the 
log of the bailed-in hole is the more accurate is that 
the bailing-in method, unlike the angering method, 
requires no interpretation of depth of sample origin. 

As shown in table 1, the sizes for which 60 percent 

TABI,E 1.-Particle-size characteristics of samples from bailed-in 
and augered test holes 

Measures of particle size (mm) 

60-percent-~10-percent-
finer size, finer size, 
by weight by weight 

Average or all samples 

Bailed-in test hole ________ -I 
Augered test hole _________ _ 4. 581 

3. 05 
0. 491 
. 29 

Average or samples rrom sand zones 

Bailed-in t9st hole---------1 
Augered test hole _________ _ 0. 641 

. 35 0. 191 
. 10 

Uniformity 
coefficient 

9.34 
10. 58 

3. 32 
3. 50 

and 10 percent of the particles were finer were much 
greater for the average of all samples from the bailed­
in hole than for that from the angered hole. Simi­
larly, the averages for the sand-zone samples· were 
larger for the bailed-in hole than for the angered hole. 

It seems reasonable to explain this observation by con­
cluding that the samples obtained by bailing contained 
a disproportionately high proportion of the larger 
particles and those obtained by angering a dispropor­
tionately high proportion of the finer particles. 

The uniformity coefficient, which is defined as the 
ratio of the 60-percent-finer size to the 10-percent-finer 
size, indicates whether ( 1) the particles_ are chiefly of the 
same size or ( 2) there is a wide range in their diameters. 
Stated in another way, a small uniformity coefficient in­
dicates a well-sorted mixture, while a large uniformity 
coefficient indicates a poorly sorted mixture. The data 
in table 1 show that the uniformity coefficients were 
nearly the same for the averages of all samples from 
both the bailed-in and angered holes, and that they 
were nearly the same for the averages of the samples 
from the sand zones only. These observations sug­
gest that (1) the samples obtained by bailing lacked 
a large fraction of the smaller size particles, (2) those 
obtained by angering lacked a large fraction of the 
larger size particles, or ( 3) both these effects occurred. 
Possibly the lowering of the bailer into the hole agi­
tated the water enough for a fairly hirge fraction of 
the finer grained particles to become suspended in the 
water and therefore not to be included in the sample. 
In angering, on the other hand, it is likely that the 
spiral became so clogged with the more cohesive and 
finer grained materials that much of the less cohesive 
·and coarser grained material was forced aside as the 
auger penetrated deeper, and thus was not lifted to 
the surface. 

The coefficients of permeability determined in the 
laboratory, together with the coefficients of transmis­
sibility computed from them, are given in table 2. As 
would be expected because they contained proportion­
ately less of the finer size particles, the samples from 
the bailed-in hole had a much higher average coeffi­
cient of permeability than the samples from the an­
gered hole. Consequently, the coefficient of transmis­
sibility (coefficient of permeability X thickness of 
material) computed from the permeability data is 
much greater for the bailed-in hole than for the 
angered hole. 

The coefficient of transmissibility computed from 
data provided by a 9-day pumping test at the same 
site is 215,000 gallons per day per foot; the average 
coefficient of permeability computed from the coeffi­
cient of transmissibility is 3,300 gallons per day per 
square foot. The transmissibility value from the 
pump~ng-test data is nearly 4 times the total labora­
tory-determined value for samples from the bailed-in 
hole, and it is 47 times that for samples from the 
angered hole. That the value from the field test is so 
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TABLE 2.-Laboratory permeability and computed transmissibility 
of samples from bailed-in and augered test holes 

Depth (feet) 1 
Thickness I CodHcient of I Coefficient of 

(feet) permeability transmissibility 
(gpd per sq ft) 2 (gpd per ft) 

28-------------------333 _________________ _ 
38 3 _________________ _ 
42 3 _________________ _ 

48 3
- - - - - - - - - - - - - - - - - -53 __________________ _ 

58 __________________ _ 
63 __________________ _ 
68 __________________ _ 
74 __________________ _ 
77 3 _________________ _ 

82-------------~-----

Bailed-in test hole 

8 
5 
5 
4 
6 
5 
5 
5 
5 
6 
3 
5 

3,600 
100 
320 
180 
16 

440 
1, 100 
I, 800 

330 
420 
480 
230 

28,800 
500 

1, 600 
720 

96 
2,200 
5,500 
9, 000 
1,650 
2,520 
1,440 
1, 150 

Coefficient of transmissibility _______________________ 55,176 

23 __________________ _ 
28 __________________ _ 
33 __________________ _ 
38 __________________ _ 
43 __________________ _ 

48-------------------533 _________________ _ 
58 3 _________________ _ 

63 __________________ _ 
68 __________________ _ 
73 __________________ _ 
78 __________________ _ 
83 __________________ _ 

Augered test hole 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

5 
30 
57 

150 
540 

19 
17 
12 
8 
9 

22 
22 
13 

25 
150 
285 
750 

2, 700 
95 
85 
60 
40 
45 

110 
110 
65 

Coefficient of transmissibility ___________ ..., ________ ---- 4, 520 

1 Depth to bottom of sampled interval. 
2At 60° F. 
a Sand zones logged by the driller. 

much greater than the laboratory-determined value for 
samples obtained by bailing is, at first, rather sur­
prising when it is considered that the samples tested 
in the laboratory p~obably were disproportionately 
low in the finer particles. Possibly the seemingly wide 
discrepancy stems from the difference in direction of 
flow with respect to orientation of the particles that 
constituted the tested materials. The direction of water 
movement through the aquifer to the pumped well in 
the field test is largely lateral, whereas it is vertical 
through the sample in the laboratory permeameter. 

The relation of permeability to orientation of grains 
and direction of water movement has been discussed 
by Weeks (1964, p. D193) as follows: 

Anisotropic permeability in clastic sediments is due in part 
to the orientation of the constituent grains. Plate-shaped grains 
within the sediments tend to be oriented with their :flat surfaces 
approximately parallel to the bedding plane. Such orientation 
minimizes the vertical cross-sectional area and, by increasing 
the tortuosity of the vertically interconnected pores, reduces the 
vertical permeability. 

Thus, even though they seemingly differ in the 
wrong direction, the transmissibility values computed 
from the pumping-test data and from the laboratory 
determinations of permeability may be equally valid 
for the direction of flow and the particle-size distri­
bution of the material tested. However, from the 
evidence obtained, there seems no way to determine 
which-the differences in the particle-size distribution 
of the tested materials, or the direction of flow through 
the materials with respect to orientation of the con­
stituent particles-accounts in larger measure for the 
discrepancy in the transmissibility values. 

In another paper, Norris and Fidler ( 1966) describe 
methods used to measure the average vertical perme­
ability of the aquifer at Piketon. The value obtained 
was 365 gpd per sq ft and is believed to be of the correct 
order of magnitude. As might be expected, this value 
falls between the two average values of vertical per­
meability determined in the laboratory. It is not so 
great as the average-890 gpd per sq ft-for the samples 
obtained by bailing, which contained more of the coarser 
and less of the finer particles; and it is not so small 
as the average-70 gpd per sq. ft-for the samples ob­
tained by augering, which contained less of the coarser 
and more of the finer particles. If the particle-size 
distribution of the samples tested in the laboratory had 
been the same as that of the sediment in place, the 
average laboratory value would have been much closer 
to the value obtained by the other methods. 

The reasons that are believed to ·account for the dis­
crepancies between the hydraulic constants determined 
in the laboratory and those computed from pumping­
test data may be summarized as follows : ( 1) The 
methods used to obtain the samples for laboratory 
testing were unsatisfactory because the distribution of 
particle sizes in the samples differed markedly from 
that of the undisturbed sediment in the field; ( 2) the 
direction of flow through the recompacted samples 
tested in the laboratory was normal to the bedding, 
whereas the direction of flow during the field test was 
parallel to the bedding. 
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INTERSTATE CORRELATION OF AQUIFERS, SOUTHWESTERN LOUISIANA 

AND SOUTHEASTERN TEXAS 

By A. N. TURCAN, JR., J. B. WESSELMAN, and CHABOT KILBURN, 
Baton Rouge, La., Houston, Tex., Lake Charles, La. 

A.bst1·act.-'l'hree major aquifers-the Chicot, Evangeline, and 
.Jasper-and two aquicludes-the Burkeville and one as yet un­
nnmed-nre recognized on nn interstate basis in part of the 
r..~ouisinnn-'l'exns Gulf Coast region. These hydrologic units 
consist of sediments of Miocene, Pliocene, nnd Pleistocene ages. 
Wells tnpping the aquifers supply nbout a billion gallons of 
water per day for industrial, · ngriculturnl, nnd municipal use. 

The U.S. Geological Survey recently constructed an 
analog model of the fresh-water aquifers that underlie 
an area of about 20,000 square miles of the West Gulf 
Coastal Plain in southeastern Texas and southwestern 
Louisiana (fig. 1). The average total yield of the 
industrial, irrigtttion, and municipal wells in this area, 
now about a billion gallons per day, is likely to in­
crease significantly. The availability of such large 
supplies of water is playing an important role in the 
economic development of this and other parts of the 
"booming" Gulf Coast region, and the model is ex­
pected to facilitate continuing study of this vital 
resource a:s it is further developed. 

Analysis of the many geologic and hydrologic data 
compiled preparatory to construction of the model 
led to the recognition of three distinct aquifers and 
two aquicludes. Two of the aquifers-the Chicot and 
t·he Evangeline-had been recognized in southwestern. 
Louisiana for some time previously, but their names 
had not been applied to the equivalent water-bearing 
strata in :southeastern Texas. The third aquifer, to 
which a name had not previously been applied in any 
part of the area, is here designated the Jasper after 
.Jasper County, Tex., which is within the area where 
t·he stratigraphic units constituting this aquifer either 
crop out or are near the land surface (Sellards anfl 
others, 1932, p. 741; Darton and others, 1937). The 
upper of the aquicludes, named the Burkeville for the 
town of Burkeville in Newton County, Tex., separates 
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FIGURE 1.-lndex map of Louisiana and eastern Texas, showing 
area of report and location of sections A -A' and B-B' (figs. 2 
and 3). 

t·he Jasper and Evangeline aquifers; the lower, as yet 
unnamed, underlies the Jasper. The relations of these 
5 hydrologic units to one another and the approximate 
positions of the interface between the fresh and saline 
water in each aquifer are shown by 2 geoliydrologic sec­
tions, one (fig. 2) along the strike and the other (fig. 3) 
along the dip of th!3 strata. Also shown are the spon­
taneous potential and short-normal resistivity curves 
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for each of the wells along the line of' section. The 
stratigraphic and hydrologic units composing each of 
the aquifers and aquicludes in the two States are indi­
cated in table 1. 

TABLE 1.-The principal aquifers and aquicludes of southwestern 
Louisiana and southeastern Texas, and corresponding strati­
graphic and hydrologic units 

Aquifer or Louisiana Texas 
aquiclude 

Beaumont Clay, Alta 
Lorna Sand of Rose 
(1943), and Lissie 

Prairie, Montgomer~, Formation of Pleis-
Bentley, and Wil- · tocene age; and 

Chi cot liana Formations of Willis Sand of Pli-
aquifer Pleistocene age ocene(?) age in 

(Jones and others, eastern Texas. 
1956). Alta Lorna Sand of 

Rose (1943) in the 
Houston district 
(Wood and others, 
1965). 

Foley Formation of 
Pliocene age (Jones Goliad Sand of Plio-
and others, 1956), or cene age in eastern 
Blounts Creek Texas. ''Heavily 

Evangeline Member of Fisk pumped layer'' in 
aquifer (1940) of the Flem- the Houston district 

ing Formation of (Wood and others, 
Kennedy (1892) of 1965). 
Miocene age.I 

Castor Creek Mem- Upper part of Lagarto 
ber of Fisk (1940) Clay of Miocene(?) 
of the Fleming age in eastern Texas. 

Burkeville Formation of Zone 2 in the 
aquiclude Kennedy (1892) of Houston district 

Miocene age. 1 (Wood and others, 
1965). 

Williamson Creek, 
Dough Hills, and 

Jasper 
Carnahan Bayou 
Members of Fisk 

Lower part of Lagarto 
Clay of Miocene(?) 

aquifer (1940) ofthe Flem- age and Oakville 
ing Formation of Sandstone of 
Kennedy (1892) of Miocene age. 
Miocene age.I 

Lena Member of Fisk 

Unnamed 
(1940) of the Flem-
ing Formation of 

Upper part of Ca ta-
houla Sandstone of 

a qui- Kennedy (1892) of Miocene(?) age in 
elude Miocene age.I eastern Texas. 

1Nomenclature involving the Fleming Formation (Kennedy, 1892; Fisk, 1940) has 
been accepted and used by the Louisiana Geological Survey; it does not necessarily 
conform to that of the U.S. Geological Survey. 

The purpose of this paper is to establish names for 
use in interstate correlation of the hydrologic units 
and to characterize each in terms of the stFatigraphic 
units composing them, their hydraulic constants, and 
their relative importance in the water supply of the 
area. 

CHICOT AQUIFER 

As defined by Jones (in Jones and others, 1956, 
p. 214), the Chicot aquifer (reservoir) in Louisiana 

includes the Prairie, Montgomery, Bentley, and Wil­
liana Formations of Pleistocene age. This aquif-er is 
traced into southeastern Texas and includes beds rec­
ognized as the .Beaumont Clay, the Alta Lorna Sand 
of Rose ( 1943), the Lissie Formation, and the Willis 
Sand. Traced southwestward, it is correlated with 
the Alta Lorna Sand of Rose ( 1943) in the Houston 
district. In southwestern Louisiana this aquifer is 
composed primarily of sand or of sand and gravel, 
and has a regional average coefficient of permeability 
of 1,500 gallons per day per square foot. The Chicot 
aquifer has average coefficients of pern1eability of 
about 1,400 gpd per sq ft in southeastern Texas and 
500 gpd per sq ft in Harris County east of Houston 
(R. IC Gabrysch, oral commun., 1965). The Alta 
Lorna Sand of Rose ( 1943) , a part of the Chi cot aqui­
fer in Texas, was described by Wood and others ( 1963) 
as oi1e of the "most prolikc aqui~ers of the Gulf Coast 
region. In Louisiana the Chicot aquifer supplies an 
average of 500 million gallons per day of water and 
is capable of providing additional large quantities. 
In Texas the Chicot aquifer supplies about 200 mgd. 

In Louisiana the base of the Chicot aquifer is equiv­
alent to the base of the Pleistocene beds (Jones and 
others, 1956), whereas in eastern Texas the 'Villis 
Sand, which is probably the base of the Chicot, is 
considered by the U.S. Geological Survey to be of 
Pliocene ( ? ) age. According to Baker ( 1964, p. 21) 
the age assignment of the Willis has been a contro­
versial issue for some time. Recent geologic studies 
in eastern Texas by Bernard and LeBlanc (in Ber­
nard and others, 1962), p. 177), and recent correla­
tions made in Jasper and Newton Counties, Tex., by 
Geological Survey workers, suggest that the Willis 
is of Pleistocene ( ~) age. 

The geologic names assigned to sediments of the Chi­
cot and Evangeline aquifers in the Houston district, 
as mapped by Wood and others (1965, fig. 3), con­
flict in part with those used for similar sediments far­
ther east in Texas. Regardless of the disagreement in 
assignment of the geologic names and ages of the 
formations which comprise them, the Chicot and Evan­
geline aquifers were mapped as continuous hydrologic 
units in Louisiana and into Texas (see fig. 2). 

EVANGELINE AQUIFER 

Jones (in Jones and others, 1956, p. 205) assigned 
the name Evangeline to a water-bearing heterogene­
ous sequence of sand and clay (Foley Formation) of 
Pliocene age that occurs below the base of the Pleisto­
cene sequence in southwestern Louisiana. He did not 
define the base of the Evangeline, partlv hecause the 
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information was scanty and partly because the objec­
tives of that study did not include mapping of the 
Evangeline aquifer. Rogers (in Rogers and Calandro, 
1965, p. 33) believed that the Evangeline aquifer was 
hydrologically correlative with the Blounts Creek 
Member of Fisk (1940) of the Miocene Fleming For­
mation of I\:ennedy ( 1892). The fact that both Fisk 
( 1940) and '¥ elch ( 1942) previously considered the 
sediments immediately below the base of the Pleisto­
cene sequence in Louisiana to be Fisk's Blounts Creek 
Member substantiates Rogers' correlation. Therefore, 
it is reasonable to conclude that, in Louisiana, the 
base of the Evangeline aquifer is the same as that of 
the Blounts Creek Member. 

The Chicot and Evangeline aquifers are separated 
in part of the area by a clay; where a clay is not 
present the aquifers can be differentiated by other 
criteria. Normally, this separation is made on the 
basis of grain size. V\Thereas the Chicot consists chiefly 
of coarse sand and gravel, the Evangeline is composed 
of finer grained sediments. The contact between these 
beds is usually recognizable on electrical logs because 
the resistivity of the Chicot aquifer generally is higher 
than that of the Evangeline aquifer. The aquifers are 
also distinguished on the basis of differences in water 
quality, drill cuttings, and permeability. These cri­
teria were used in identifying the contact of the Chicot 
with the Evangeline. The Evangeline aquifer was 
extended into Texas, where it includes sediments that 
are probably the Goliad Sand of Pliocene age in J as­
per and Newton Counties and other parts of southeast­
ern Texas; the Evangeline is correlated also with the 
"heavily pumped layer" of the Houston district, as 
mapped by Wood and Gabrysch (in 'V"ood and others, 
1965, fig. 3). (See table 1.) 

Although the Evangeline aquifer is not developed 
to any large degree as a source of water in south­
western Louisiana, it is a potential source for moderate 
to large supplies of water. In southeastern Texas, 
especially in the I-Iouston district and surrounding 
areas, this aquifer is the principal source of water 
and supplies an average of ab.-,ut 700 mgd. Jones 
and others ( 1954, p. 131) stated that the sands of the 
Evangeline aquifer in Louisiana have an estimated 
coefficient of permeability that ranges from about 250 
to 1,000 gpd per sq ft. ~{ore recent observations, how­
ever, indicate that the latter valu~ may be too high. 
The coefficient of permeability of the Blounts Creek 
Member of Fisk ( 1940) in Vern on Parish, La .. ranges 
fron1 150 to 300 gpd per sq ft (Rogers and Calandro, 
1965, p. 33), which is similar to that determined for 
the sands in the Evangeline aquifer in Texas. In the 
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Houston district and eastern Texas, the average co­
efficient of permeability of the Evangeline is about 
250 gpd per sq ft. 

BURKEVILLE AQUICLUDE 

A relatively thick and areally extensive .clay below 
the base of the Evangeline aquifer is referred to -as 
the Burkeville aquiclude. In southwestern Louisiana 
this aquiclude consists of the Castor Creek Member of 
Fisk ( 1940) of the Fleming Formation of l(ennedy 
( 1892), and in southeastern Texas it consists of the 
upper part of the Lagarto Clay, which is correlated 
with zone 2 (Wood and others, 1965; fig. 3) in the 
Houston area. This clay, which in some places is as 
thick as 300 feet, is an effective barrier to vertical 
movement of water. In addition to bei.ng a noticeable 
clay interval on electrical 'logs, the Burkeville aqui­
clude is traceable by means of the fossil gastropod 
Pota1nides matsoni. Rogers (in Rogers and Calandro, 
1965, p. 8) states that Fisk's Castor Creek Member 
contains this fossil, and Plumme.r (in Sellards and 
others, 1932, p. 7 48) reports the fossil in the Lagarto 
Clay also. The presence of the fossil in both rock 
units-the former in Louisiana and the latter in Texas 
-is believed to establish the equivalency of these units. 

JASPER AQUIFER 

The name Jasper is proposed for the aquifer which 
includes the Williamson Creek, Dough Hills, and Car­
nahan Bayou Members of Fisk (1940) of the Fleming 
Formation of J(ennedy ( 1892) . in Louisiana, and the 
lower part of 'the Lagarto Clay and the Oakville Sand­
stone in Texas. A clay identified as the Lena Member 
of Fisk ( 1940) of the Fleming Formation in Louis·­
iana (fig. 2) is believed to be equivalent to .the upper 
part of the Catahoula Sandstone in Texas (fig. 3), and 
is an excellent marker zone for the base of the Jasper 
aquifer. The depth to the top of the Jasper is known 
throughout the area, but the depth to the bottom is 
known only where the aquifer contains fresh water. 
Although the Jasper aquifer is tapped by only a few 
wells in Vernon and Rapides Parishes, La., and in 
southeastern Texas, it is a major potential source of 
water. Sands of the aquifer have a coefficient of per­
meability that ranges generally fron1 about 200 gpd 
per sq ft to 700 gpd per sq ft, and averages 500 gpd 
per sq ft. Additional information and widespread de­
velopment of this aquifer may necessitate its subdivi­
sion into smaller hydrologic units by region or by local 
area . 
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SUMMARY 

Definition and correlation of the three principal 
fresh-water aquifers that underline southeastern Texas 
and southwestern Louisiana should aid in the plan­
ning, on an interstate basis, for full development of 
these important sources of ground-water supplies. Al­
though, from present evidence, the upper and lower 
boundaries of the aquifers seem not to coincide in all 
parts of the area with the boundaries of recognized 
stratigraphic units, closer agreement between the boun­
daries may be apparent after additional geologic and 
hydrologic data become available. 
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RECONNAISSANCE SURVEY OF GROUND-WATER QUALITY IN THE GREAT BASIN 

By j.. H. FETH, Menlo Park, Calif. 

1.lbst1·aot.-The Great Basin is noted for its areas of excessive 
heat,. negligible precipitation, and c<>mmercially valuable brines. 
Nevertheless, virtually all valleys in the region produce some 
potable ground water. More than 80 percent of 2,731 analyses 
of ground water show less than 1,000 ppm of dissolved-solids, 
although some brines contain as much as 325,000 ppm, mostly 
sodium chloride. There is a wide diversity of chemical types; 
in the lower ranges of concentration the waters are typically of 
calcium or sodium bicarbonate types, whereas sodium or calcium 
sulfate or chloride types dominate the higher ranges. Some 
supplies are renewable, but in other basins all pumpage seem­
ingly is from storage alone. 

This report is a preliminary assessment of ( 1) the 
ndequacy of present knowledge. of the quality and 
quantity of ground ~vater in the Great Basin, and ( 2) 
the probable immediate and future needs for desalina­
tion of mineralized ground water. It is part of the 
U.S. Geological Survey's continuing study of saline 
ground-water resources of the Nation. 

The Great Basin, as outlined in figure 1, is a region 
in which all streams drain to closed lakes or playas 
n.nd none drain to the sea. It includes most of Nevada, 
large areas in California, Utah, and Oregon, a small 
part of southeastern Idaho, and a thin sliver along the 
southwestern border of Wyoming. Its present climate 
ranges ·from arid and semiarid on the valley floors to 
humid in the higher mountains within and peripheral 
to the Great Basin. Most of the Great Basin was 
without exterior drainage in Pleistocene time, .as it 
still is. Therefore, for tens of thousands of years 
water has been discharg~d frqm this p~rt of the basin 
only by evaporation and transpiration, and no salts 
have been carried out of the region by streamflow. 

OVERALL CHEMICAL QUALITY OF GROUND WATER 

Much of the hydrologic work in the Great Basin has 
been of the reconnaissance type ; few areas have been 
studied in detail. Consequently, chemical data are 
sparse for most of the area, and nonexistent for parts 
of it. Some hydrologic basins are represented by only 

120" 

Site of present 
production of brine 

114" 

I 

' 
-------f 

0 50 100 

EXPLANATION 

Site of past production 
of brine 

200 MILES 
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tion on ground-water 
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FIGURE I.-Outline map of the Great Basin, showing areas where 
data are available on water quality, and sites of past and 
present production of salines from brines. Boundary of Great 
Basin, except in Wyoming, after Snyder and others (1964). 
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2 or 3 analyses, others by 10 or even 40; but few are 
represented by as many as 100. In general, the number 
of analyses varies with the degree of development of 
ground water for man's use and with the intensity of 
the hydrologic studies that have been made of the 
basins. Those areas for which at. least some water­
quality information is on hand are shown in figure 1. 
The chemical analyses are in publications and open­
file reports of the U.S. Geological Survey and of the 
geological and water-resources agencies of the Great 
Basin States. 

Significantly, extremely few hydrologic basins for 
which data are available are without one or more 
sources of potable ground water. According to the 
standards established by the U.S. Public Health 
Service (1962, p. 34), water having more than 500 
parts per million of dissolved solids is not recom­
mended for public supplies if water of better quality 
is available. It is recognized by the Public Health 
Service, however, that water containing more than 
2,000 ppm of dissolved solids is used successfully in 

. some places. For the Great Basin as a whole, more 
than 80 percent of the available analyses sho·w water 
having less than 1,000 ppm of dissolved solids, and 57 
percent show water having less than 500 ppm. From 
a tabulation, by regions, of the percentages of analyses 
showing concentrations in different ranges, it is evident 
that from region to region within the Great Basin the 
distribution of ground-water salinities, as so far 
reported, is nearly the same (table 1) . 

There is a wide variety of chemical wa.ter types in 
the region. "'Vhere dissolved-solids concentrations are 
less than 500 ppm. calcium magnesium bicarbonate, 
calcium sodium bicarbonate, or sodium bicarbonate 
types are commonly found. Water with mixed anions 
is common in ranges from 500 to 2,000 ppm of dis­
solved solids, and sodium bicarbonate water continues 
as a type to concentrations greater than 1,000 ppm but 
not as great as 3,000 ppm. No water of calcium ~icar­
bonate nor calcium magnesium bicarbonate type has 
been reported from the Great Basin in concentrations 

exceeding 1,000 ppm. In the range of 2,000-10,000 
ppm, sodium is the dominant cation, and sulfate and 
especially chloride dominate the anions. Sodium sul­
fate and sodium chloride types are the more common; 
rarely, calcium sulfate and calcium chloride types 
occur. With but few exceptions, water having more 
than 10,000 ppm is of sodium chloride character. The 
rare exceptions are water of calcium chloride or calcium 
magnesium chloride type. Distribution and chemical 
types of water having 1,000 ppn1 or more of dissolved 
solids have been illustrated by Feth and others (1965, 
sheet 2). 

The potability and palatability of water are deter­
mined largely, though not entirely, by its anion content. 
A water with 1,000 ppm of dissolved solids, largely 
sodium bicarbonate, may taste a little flat, but it is 
potable. The same concentration of sqdium chloride is 
hardly tolerated save by persons long accustomed to its 
use. To a somewhat lesser degree, the same comparison 
can be made between sodium bicarbonate water and 
calcium or sodium sulfate water. So dissolved-solids 
content offers a general and convenient criterion for 
evaluating the potability of water. It is used as a 
general guideline in this discussion. 

In many closed-basin valleys, ground water contains 
small to modest concentrations o of dissolved solids 
except beneath or closely peripheral to a perennially 
wet or salt-encrusted playa. In those situations therl? 
is an artesian system in which the playa is the principal 
area of discharge. Concentration by evaporation, and 
perhaps concentration by ion filtration in the subplaya 
muds, lead to high mineral concentrations in water 
beneath the playa, whereas elsewhere in the system 
potable water can be found. The relationships and 
processes controlling occurrences of this kind are still 
poorly known. 

The data for Utah were examined critically to evalu­
ate the bias introduced into the tabulated values by 
grossly unaven regional distribution of analyses. In 
the Great Basin part of that State, about 60 percent 
of the 1,018 available analyses represent the heavily 
populated area that extends along· the west base of 

TABLE I.-Distribution of water-quality analyses by region and by concentration ranges 

Southeastern California Oregon and northeastern Nevada Utah Idaho Great Basin 
Dissolved-solids con· (Mojave Desert region) California 
centration (parts per 

million) 
Percent No. of Percent No. of Percent No. of Percent No. of Percent No. of Percent No. of 

analyses analyses analyses analyses analyses analyses 

Less than 500 ____ 545 50. 8 121 60. 5 230 57. 4 641 63. 0 17 42. 5 1,554 56. 9 
500-1,000_------ 297 27. 7 37 18. 5 116 28. 9 212 20. 8 9 22. 5 671 24.6 
1.000-2,000 __ ---- 150 14. 0 25 12. 5 36 9. 0 88 8. 6 9 22. 5 308 11. 3 
2,000-10.000 __ --- 66 6. 2 13 6. 5 17 4. 2 60 5. 9 5 12. 5 161 5. 9 
10,000-100,000_-- 14 1.3 4 2.0 2 .5 17 1.7 0 0 37 1.3 

TotaL __ - ___ -- 1,072 100 200 100 401 100 1,018 100 40 100 2, 731 100 

,. 
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the Wasatch Mountains from the northeast shore of 
Great Salt Lake southward to Utah Lake (fig. 2). 

38 

401 analyses ( 

0 

( 

A. 
.. Approx1mate boundary of 

Great Basin in Utah 

50 100 MILES 

FIGURE 2.-Map showing the area along the west base of the 
Wasatch Mountains (heavy shading), and other areas in Utah 
(light shading), for which data on ground-water quality are 
available. 

Runoff from the Wasatch Mountains is a source of 
abundant recharge, and the mineral content of the 
water is low. As might be expected, a larger percent­
age of ground-water samples from this part of Utah 
falls in the "less-than-500-ppm" range than from other 
areas in the State. Figure 3 shows graphically the 
proportions of the ground-water samples from the area 
at the west base of the \iV asatch Mountains, from other 
areas in Utah, and from the State as a whole that fall 
within different ranges of dissolved-solids concentra­
tion. The maximum difference between the percent­
ages in a single concentration range is 10.5 percent. 
Inasmuch as the maldistribution of samples from Utah 
presents the maximum opportunity for bias among the 
presently considered data, it is likely that the percent­
age values shown in table 1 are reasonably represen­
tative of actual conditions throughout those areas in 
the Great Basin for which water-quality data are 
available. 
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GROUND-WATER SAMPLES, IN PERCENT 

FIGURE 3.-Percentage distribution of ground-water samples 
from Utah in selected ranges of dissolved-solids concentration. 
Upper bar, area along west base of Wasatch Mountains (617 
analyses); middle bar, other areas (401 analyses); lower 
bar, State total (1,018 analyses). 

NEED ·FOR DESALINATION IN THE GREAT BASIN 

Although the chemical quality of the ground water 
is surprisingly good, considered on a regional basis, 
desalination of moderately to highly mineralized 
ground water locally may play a large part in the 
future economy of the Great Basin. In those areas 
within the Great Basin where all the developed sup­
plies of water contain more than 500 ppm of dissolved 
solids, and in those other areas where no potable 
waker can be obtained, desalination may prove to be 
the remedy for present water-supply problems. 

In much of the Great Basin the average annual 
recharge is less than the amount of water currently 
being pumped per year. In such areas the ground 
water used is obtained largely from nonrenewable 
storage, and that use is causing a decline in water 
levels. As this ground-water depletion continues, the 
hydraulic gradient will steepen, and eventually water 
of higher mineral content may be drawn into thE> 
potable-water aquifers in some basins. Elsewhere, 
supplies of potable water may approach exhaustion or 
their levels may be drawn down to below economic 
limits of pumping lift. It is likely that where saline 
ground water could be produced in large quantities, 
desalination or the importation of fresh water will 
become necessary if the local economy is to endure. 
Obviously, the relative rates and location of pumping, 
the amount of salvable discharge, and volumes of 
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potable ground water in storage will control the time 
when new sources of supply will become necessary in 
each individual basin. Meanwhile, further exploration 
of ground-water quality may disclose additional basins 
where even now potable water cannot be produced. So, 
locally, there may be an early demand for desalination; 
for the Great Basin as a whole, however, the demand 
seems to be some distance in the future. 

RENEWABLE AND NONRENEWABLE GROUND-WATER 
SUPPLIES 

The degree to which the ground-water resources in 
the valleys of the Great Basin are renewable obviously 
differs widely from place to place and is not easily 
determined. Ground-water basins adjacent to moun­
tains that receive 30 inches or more of precipitation 
yearly are recharged with water of good quality in 
fairly copious amounts. For example, gaging-sta;tion 
records for the Mojave River in the period 1931-60 
(U.S. Geological Survey, 1960, p. 274-279; 1963, p, 
192-194), near the headwaters of the stream and at 
Victorville, Calif., 20 miles downstream, show an aver­
age loss in the reach between those stations of about 
10,000 acre-feet per year. Even when allowance is 
made for losses by evapotranspiration this still leave5 
a residual amount of water, considerably larger than 
5,000 acre-feet per year, that presumably recharges 
the aquifers of the upper Mojave River Valley. That 
recharge is reflected by the fact that in the upper 
Mojave River Valley, 29 wells of the 75 sampled yield 
water with less than 10 ppm of chloride, and by the 
generally low concentrations of dissolved solids in 
water from wells near the river. Similarly, where 
recharge from the Wasatch Mountains in Utah is large, 
80 of 617 samples had chloride concentrations of less 
than 10 ppm. At those places the low chloride content 
of the ground water is evidence that the ground-water 
supply is being renewed. 

Some other sources of low-chloride water are less 
obvious. For example, 6 of 28 samples from the 
Amn,rgosa Desert, an area of very low precipitation on 
the border between Nevada and California, had less 
than 10 ppm of chloride. The overall distribution of 
water samples with low chloride content in the Great 
Basin is shown in table 2. 

Eakin (1966) has summarized evidence for deep 
circulation of ground water in a regional carbonate­
rock aquifer system that extends beneath several sur­
face drainage basins in southeastern Nevada, and 
Walker and Eakin ( 1963, p. 15, 20-21) inferred that 
much of the recharge to aquifers underlying the 
Amargosa Desert is derived by water movement from 

TABLE 2.-Areal distribution of water samples having <to ppm 
of chloride 

Samples with <10 ppm 
Number of chloride 

Area of 
samples 

Number Percentage 

Mojave Desert region ____________ 1,072 82 7. 6 
Oregon and northern California ___ 200 64 32 Nevada ________________________ 401 64 16 Utah ___________________________ 1, 018 158 15. 5 Idaho __________________________ 40 None 0 Total ______________________ 2, 731 368 13. 3 

beyond the desert boundaries through the interbasin 
aquifer system. Some occurrences of low-chloride 
water in basins where recharge from surface sources 
within the basin are negligible may be explained by 
transbasin ground-water percolation such as Eakin 
describes. 

In· other areas where low-chloride ground water 
occurs in the absence of obvious sources of recharge it 
is likely that water being pumped today originated as 
recharge during pluvial stages of the Pleistocene and, 
therefore, that the supply is not renewable. vVhen the 
supply of fresh water is exhausted in such areas, un­
potable water, if present, may have to be desalinized 
to make it suitable for use. A corollary of the concept 
that some of the ground water currently being used 
was derived from recharge during the Pleistocene 
Epoch is that long contact with aquifer minerals does 
not necessarily lead to large concentrations of dis­
solved-solids in the water. 

OCCURRENCE OF BRI·NES 

Concentrated brines are processed for their content 
of commercially useful minerals at 6 places at the pres­
ent time; at 14 other places brines have been processed 
in the past (fig. 1). Brines pumped from wells for 
mineral production contain as much as 325,000 ppm of 
dissolved solids. The brines typically underlie playas 
or salt-crusted marshes in the lowest-commonly nearly 
central-parts of the basins in which they occur. 
Snyder ( 1962) classified several of the varied hydro­
logic systems present in the Great Basin, and Stone 
( 1956) described various types of playas, including 
those like Searles Lake, Calif., which are occupied by 
bodies of crystalline salines. Most concentrated brines 
occur at shallow depth, and scanty data suggest that 
beneath at least some playas dissolved-solids concen­
trations decrease progressively with increasing depth. 
The available evidence indicates that potable water also 
occurs in virtually all basins where brines: are known 
to occur, except the basin of Searles Lake (G. I. Smith, 
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oral commun., 1965), and perhaps that in Clayton 
Valley, Nev. (Dole, 1913, p. 331-332). The degree 
of lateral and vertical interconnection between brine 
aquifers and potable-water aquifers remains, however, 
virtually unexplored. 

NEED FOR ADDITIONA'L HYDROLOGIC STUDIES 

Much more needs to be known regarding the hydrol­
ogy of the Great Basin as a whole before the full po­
tential of the region for water-resource development 
can be evaluated accurately. The rapid growth of 
population in the basin since World War II has made 
increasing demands upon available water. Develop­
ment of light industry, recreation, and agriculture is 
continuing. 

Evaluation of the renewable supplies should include 
determination not only of volumes of water withdrawn, 
but also of the fraction that is not consumptively used 
but is returned to the aquifers. Changes in chemical 
quality that result: from use and reuse of the water also 
should be determined. The rates at which the fresh­
water and saline-wn,ter aquifers are replenished natu­
raJly need to be kno,Yn, and possible means for aug­
menting the rates of replenishment should be explored. 
T'here is virtually no :information on volumes of saline 
water available for development. The lateral and ver­
tical relations between fresh and saline water in desert 
basins require study for the optimum utilization of 
fresh-water aquifers. 
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THE WINTER PHYTOPLANKTON, AND PHYSICAL AND CHEMICAL 

CHARACTERISTICS OF PRETTY LAKE, INDIANA 

By ROBERT G. LIPSCOMB, Fort Wayne, Ind. 

Abstract.-Wintertime data from a small lake show that after 
ice formed on the surface a distinct phytoplankton population 
developed and declined at a depth of water that suggests 
heterotrophy. Diatom species of the Bacillariophyceae were the 
dominant phytoplankton. During the peak concentration of cells 
Gyclotella bodanica Eulenstein predominated. The temperature 
of the lake increased by a few degrees during the ice-cover 
period, and the peak algal concentration was coincident with the 
maximum water temperature at a depth of 40 feet. Except for 
silica, nitrate, and pH, chemical data did not correlate with 
fluctuations in the phytoplankton population. By late season, 
quality of the deep water had been affected by winter stagnation; 
dissolved oxygen became deficient, pH decreased, and the decay 
product H2S (hydrogen sulfide) became readily detectable. 

~lost standing bodies of water in the middle lati­
tudes undergo complete mixing (overturn) in the :fall. 
Lipscomb (1966) described some of the botanical, phy­
sical, and chemical characteristics of this phenomenon 
for Pretty Lake, Lagrange County, Ind~ · In· that study 
it was shown that by late fall the water temperature 
and the concentration of dissolved oxygen were isomet­
ric in a column of water near the center of the lake, 
and that the phytoplankton population not only was 
fairly uniformly distributed throughout the column 
but also exhibited an appreciable increase in density 
that was approximately 80 percent dominated by a few 
species of diatoms (Bacillariophyceae). 

Welch ( 1952, p. 259) discussed some possible causes 
for this kind of phytoplankton increase, such as com­
plete aeration or at least greater aeration, and the 
release and circulation of deco~position products from 
the bottom. He concluded that overturn conditions 
apparently develop optimum conditions to which the 
diatoms. respond vigorously, often becoming the chief 
primary producers during these times. 

The formation of ice marks the beginning of an­
other interesting phase in the annual cycle of bodies 
of water. Wind-induced circulation, water evapora-

tion, and the free exchange of gases with the atmos­
phere do not occur under a cover of ice. The penetra­
tion of light into the water is affected largely by the 
quality and thickness of the ice and, to a lesser degree, 
by the extent of snow cover on the surface. 

Ice began to form on Pretty Lake in mid-December, 
and an attempt to study some of the phytoplankton 
dynamics within the lake was initiated on December 
27, when conditions were first reasonably safe to work 
on the ice. All data in this report pertain to a ver­
tical column of water near the center of the lake, and 
all depths of water recorded for the ice period were 
measured from the water surface within a hole in the 
1ce. The maximum depth of the lake is 82 feet. 

'THERMAL PATTERN 

The first data show a d~wnward trend in the aver­
age 'vatei· ··temperature from the overturn conditions 
of December 13 (fig. 1). By January 7, however, the 
colder upper layer of water was beginning to warm, 
under the influence of increased insolation and an in­
sulating ice cover. 

Pure water has its greatest density at 4 o U. This 
anomalous characteristic means that water warming to 
4 o C will sink and displace colder, less dense water 
beneath, producing circulation. Deep circulation 
doubtlessly was reduced as the water temperature in 
the column approached 4°C, and particularly as the 
water temperature between depths of about .5 and 20 
feet (see curves for 2-14-64 and 3-6-64, fig. 1) rose 
above 4°C owing to late-season warming. The break 
in the water-temperature curve at a depth of about 40 
feet (see curves for 2-14-64 and 3-6-64, fig. 1) rose 
a zone of water with a temperature slightly less than 
4°C which had its lower limit near the bottom of the 
lake. This layer sandwiched between zones of slightly 
warmer water, which persisted until breakup of the 
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FIGURE I.-Temperature profiles in the center of Pretty 
Lake, winter 1963-64. 

ice, probably resulted from the simultaneous increase 
in density, diffusion of solutes from the bottom sedi­
Jnents, and conduction of heat. into the thin layer of 
bottom water (Hutchinson, 1957, p. 454). 

THE PHYTOPLANKTON 
Distribution 

By January 10 the increasing insolation appeared to 
infiuence the phytoplankton populati~n, which had de­
clined from its concentration of December 13, early in 
the ice-cover period. Beginning at a depth o~ about 20 
feet (curve 1-10-64, fig. 2) the concentration of cells 
had begun to increase, and by February 14 it reached 
an estimated maximum of at least 230,000 cells per 
liter at a depth ·between 35 to 40 feet. However, it seems 
inconceivable that an nlgal peak developed at this.depth 
rn.nge, using light as a source of ener~gy, even as­
suming a low-intensity requirement. Although it has 
been shown that light transmission through clear ice 
may be 96 percent of that for lake water, the presence 
of air bubbles in the ice greatly reduces light transmis­
sion. Moreover, light transmission may be totally ob­
structed by snow cover ( Ruttner, 1963, p. 23). Bubble-

1-
IJJ 
IJJ 
~ 

10 

20 

30 

~ 40 

:i 
t 
IJJ 
0 

50 

60 

70 

'~ \ -,__ 
v-~ I\ ...... ...._ 
'\' l{-. '-....I 

' ' '0 ...... ~ I ~6- ..,...., 
\i ' \'? I ' 
h~ '~ I '-...., 
1\\~ \- I ' 
I\,~ ,,, I ' 

;\\~'a '. 
I \ \ I 'j\-: '\ 
\ 

\ \1 I 1\3 \ 
- \ ~ 16, \ 
I~,,, 1,~ \ 

!, I~ V \ II \ 
~ I~ I\ \It I 
~I; I \ 'I I 

I;:, I \ I~ 
I I \ I 1\ / 

I I ~ ~· ' •• I I I / 
I I 1 / 
II 1 I I // 
II 1 I I /br. 
II/ I I ..,/.,,.r.' 
11 I I / '!:' 
111-t I I // 
( l'f I 1 / 

It I~ I -1,.... 

:. ~!.-'~~ 
I (I ( I \ 
I/ I \ \ 

1
/ I I \ ' '0 I II \oo /I ... \ ,...,to., 

1 ;.,.. II "r \ "'-....\\ 
I !'f' I ~\ "'6-\~ ... 

I 1/fr 1\ ~\ u>\:.;,~ 
/ ,... I\ \ \ 

25 50 75 100 125 150 175 200 225 

TOTAL ALGAE, IN THOUSANDS OF CELLS PER LITER 

2 

4 

6 

8 

10 ~ 
IJJ 
1-
IJJ 
~ 

12 ~ 

:i 
1-a.. 

14 IJJ 
0 

16 

FIGURE 2.-Distribution of phytoplankton with depth at 
the center of Pretty Lake, winter 1963-64. 

free ice did not exist on Pretty Lake, and a partial to 
complete snow c.over was present throughout most of 
the study period, especially near the end, so that the 
transmission of light sufficient to. account for the 
development of the observed algal peak hardly seems 
plausible. 

Development of the concentration of cells without 
light, at the depth shown in figure 2, would require 
another source of energy for metabolism. The cells 
may have changed from autotrophism (self-nourish­
ing) to heterotrophism (nourishing from others) , a 
kind of change Rodhe ( 1955) has attributed to the 
productivity in the "microalgae" in subarctic lakes 
during conditions of heavy ice cover and weak light. 
It is suspected, however, that had the number of sam­
ples been greater near the surface of the lake, the 
·algal peak probably would be seen to have developed 
much higher, in the region of greater light intensity. 
In that. case the data presented here would suggest 
that cells settled out from the shallower, better-lighted 
water. 

Dia.toms predominated in the samples. l\fany of the 
dead cells were devoid of contents. The appearance 
of such cells at some level in the water marked the 
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beginning of the deterioration of the algal peak 
there. As one would expect, however, the number of 
these cells observed was significantly less than the num­
ber of dead cells near the bottom of the lake follow­
ing the development of the algal peak subsequent to 
the previous fall overturn (profile 12-13-63, fig. 2). 

Phytoplankton population-density declined toward 
the end of the period of ice cover, either under the 
influence of light deficiency due to greater thickness 
(approximately 1.6 feet) or low transparency of ice, or 
because of a deficiency in an organic source of energy. 
The observed peak population, nevertheless, was simul­
taneous with the maximum water temperature at a 
depth of 40 feet during the period of ice cover. 

Dominant forms 

Of .the four classes of algae represented in the phy­
toplankton, the diatoms predominated by a sizable and 
uniform margin (table 1). The diatoms (Bacillario­
phyceae) also predominated in the late fall, subse­
quent to the overturn (Lipscomb, 1966). Although the 
dominant species in both maximums were Asterionella 
formosa Hassell,. Fragilaria crotonensis Kitton, Oyclo­
tella bodanica Eulenstein, and llfelosira ambigua (Gru­
now) Mueller ,I their percentage concentrations differed 
as shown in table 2. Only 0. bodanica increased in per­
centage concentration as the phytoplankton population 
developed to its maximum. 

TABLE I.-Percentage concentration of dominant algal classes for 
all depths at the center of Pretty Lake, winter 1963-61,.. 

Date 

Classes of algae 
Dec. Jan. Jan. Feb. Mar. Mar. 

27 10 30 14 6 18 
----------

~yxophyceae __________________ 7 7 8 9 13 10 
Chlorophyceae _________________ 2 2 1 ---- ---- ----
Bacillariophyceae (diatoms) _____ 88 89 87 81 85 87 
Chrysophyceae ________________ 2 6 ---- ----Others ________________________ 3 2 2 4 2 3 

The Myxophyceae (table 1) were represented by 
nearly equal concentrations of Oscillatoria sp. and 
Aphanizomenon ·Jwlsaticum Richter (Dronet, 1959, p. 
102 and 112), which increased slowly to represent 
about 13 percent of the total algae present prior to 
ice breakup. Of the remaining classes of algae (table 
1), the Chlorophyceae (green algae) and the Chryso­
phyceae (golden-brown algae), the very small con­
centration of a few representative forms emphasizes 
their intolerance of the winter environment. 

1 Drs. Chas. W. Reimer and Ruth Patrick, Philadelphia Academy of 
Science, Philadelphia, Pa., identified the diatoms Asterionella formosa 
Hassell and Melosira ambigua (Grunow) MUeller, and verified the iden­
tification of other diatoms reported in this study. 

TABLE 2.-Percentage concentration of dominant diatom species 
from all depths at the center of Pretty Lake, winter 1963-61,.. 

Date 

Species of diatoms 
Dec. Dec. Jan. Jan. Feb. Mar. Mar. 

13 27 10 30 14 6 18 
------------

Asterionella formosa 1 _______ 29 23 23 18 3 ---- ----
Fragilaria crotonensis 1 ______ 26. 28 18 10 20 6 4 
Cyclotella bodanica _________ 18 25 32 55 54 75 72 
Melosira ambigua 1 _________ 9 7 8 4 3 2 1 
Others ___________________ 18 17 19 13 20 17 23 

1 Colonial forms; each colony is equated with a single cell of a noncolonial form in 
determination of concentration. 

CHEMICAL PROPERTIES 

Oxygen 

Dissolved oxygen is probably the most frequently 
used indicator of biological activity in limnological 
studies. It is a byproduct of photo-synthesis, and any 
increase in its concentration within an ice-covered lake 
is attributable to winter phytoplankton productivity. 
The ice cover on Pretty Lake was continuous during 
the study period, and as a result the dissolved-oxygen 
distribution throughout the column (profile 1-30-64, 
fig. 3A) was typical of dimictic (circulating twice 
annually) lakes as described by Hutchison ( 1957, p. 
627). Thus, winter stagnation, or the development of 
oxygen-free water at great depths due to biological 
and chemical oxidation of bottom sediments, which 
imports a readily detectable odor of H 2S (hydrogen 
sulfide), occurred during the last half of J anua.ry. At 
most depths the concentration of dissolved oxygen pro­
gressively decreased until ice breakup. However, there 
was an increase near the surface (profile 3-6-64, fig. 
3A) which is clearly correlated with the late-season 
warming (profile 3-6-64, fig. 1). Unfortunately, phy­
toplakton data are not available to explain this dis­
solved-oxygen increase more fully. In terms of per­
centage saturation the distribution of dissolved oxygen 
appeared as shown in fi~ure 3B. 

pH 

The pH of natural water is closely associated with 
C02 (carbon dioxide) concentration. The uptake and 
release of C02 in plant and animal metabolism upset 
the equilibrium in the water, and if it were not for the 
presence of buffering 1nixtures of weak acids and their 
salts, such as H 2C0a (carbonic acid) and Ca(HCOa)z 
(calcium bicarbonate), major and rapid fluctuations in 
pH would result (Ruttner, 1963, p. 61-72). It is im­
portant to living systems that such fluctuations do not 
occur. 
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FIGURE 3.-Vertical profiles of dissolved-oxygen concentrations and percentage saturation at the center of Pretty 
Lake, winter 1963-64. 

An inverse relation between the concentration of 
002 and pii is illustrated by the slight increase in 
pii (fig. 4) during the development of the phytoplank­
ton peak (see curve for 2-14-64, fig. 2), at a time when 
002 wopld have been assimilated. Near the bottom of 
the lake the pfi decreased progressively throughout the 
ice period owing to biological and chemical evolution 
of 002 (see following section). Near the surface of 
the lake, pi-I increased (that is, COz decreased) during 
the late-season warming. These changes attributed 
to increase in water temperature, may also have been 
clue in part to dilution by melting ice or to photosyn­
tlletic activity of the phytoplankton. 

Calcium (total hardness and alkalinity) 

The water in Pretty Lake is well l;mffered: The 
total hardness of the water, expressed as parts per 
million of Ca003 (calcium carbonate) (fig. 5), is 
believed to be due largely to the presence of Ca(HC03)2, 
which with Ca003 and H2003 make up the principal 
buffering mixtures in Pretty Lake. 

Ruttner (1963, p. 62) states that a certain surplus 
supply of C02 1nust remain in solution in water for 

Oa(HC03)2 to be stable, and that if this equilibrium 
C02 is lost (as by C02 uptake in photosynthesis, or 
by loss of 002 to the atmosphere), Ca(HC0a)2 is 
precipitated as Cn.C03 nnd free C02 is released in 
solution to bring nbout n new equilibrium. Within 
nn ice-covered lake this kind of reaction causes the 
deeper water to be relntively hard, n.nd to become hn.rder 
ns the season progresses (fig. 5). The concentration 
of calcium (fig. 6) and the alkalinity (fig. 7) increase in 
the deep water, which has low pH, as Ca(HC03) 2 

dissociates into Cn+2 (calcium ion) and HC03- 1 (bicar­
bonate ion), n.nd HC03 -I further dissocintes into H+1 

(hydrogen ion) and C03- 2 (carbonate ion) (Hem, 1959, 
p. 71). The concentration of Ca+2 and the hardness 
decrease at lesser depths, and the pH remains fairly 
stable, as shown in figures 6, 5, and 4, respectively. 

Silica 

Si02 (silica) is the chief constituent in the frustules 
(valves) of diatoms, and it can be utilized by these 
forms even when it is present in -the water in low 
concentrations (Hutchinson, 1957, p. 797). This is 
particularly true of planktonic species. The data in 
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FIGURE 4.-Vertical profiles of pH at the center of 
Pretty Lake, winter 1963-64. 

figure 8 show a decrease in the concentration of Si02 in 
the February 14 samples, coincident with the phyto­
plankton population peak (which was composed large­
ly of diatoms; see fig. 2, and table 1). The data show 
also that the concentration of cells at the bottom of 
the lake decreased concurrently, while the concentra­
tion of Si02 increased. In addition, much of the dia­
ton material collected was fragmentary. From these 
data it would seem that the diatom frustules were 
dissolving as they settled to the bottom of the lake. 
It has long been claimed by many workers that dia­
toms are extremely resistant to chemical breakdown 
in water. Large deposits of diatomaceous earth (mostly 
marine deposits) are known in many parts of the 
world to attest these claims. Welch ( 1952, p. 200) 
states that according to Conger ( 1941) the available 
evidence indicates that Si02 deposition by diatoms is a 
one-way process. Sverdrup and others (1942, p. 262) 
state an opposing view, that silicon removed from 
sea water by diatoms may return to solution after they 
die and that the high silicon content commonly found 
near the bottom is due to resolution of the settled sili­
ceous shells. More recently Ruttner ( 1963, p. 93) as­
serted that a rise in the silicate content in the hypo-

limnion after a diatom maximum of late summer 
and autumn is noteworthy, for it indicates that sili­
cates are released from the sediments. It is assumed 
that in this regard the result would be no different 
following a winter diatom maximum. The silicon 
cycle in nature is complex, and it is probable that 
under certain conditions each of these processes occurs . 

Phosphate 

Of all the elements in nature, phosphorus is most 
frequently thought to be one which limits life. Com­
pounds containing phosphorus are particularly import­
ant in energy-transformation reactions, but phosphorus 
is usually present in natural waters in such small 
amounts in relation to its concentration in cells that 
the needs of many life forms ·(living systems) are 
not met. On the other hand, in some natural 
waters phosphorus is relatively abundant, and there 
it can act as a fertilizer for growth in the living 
community. 

In this study the concentration of total phosphorus 
in the water is expressed as phosphate (fig. 9) . 
There was little relative change in the upper levels 
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FIGURE 6.-Vertical profiles of calcium concentration at 
the center of Pretty Lake, winter 1963-64. 

of the lake during the ice period. The largest change 
occurred at greater depths as st~gnation developed, 
and probably represented releases of phosphorous 
bound up in settling particulate matter (such as dis­
solving protoplasm in diatom cells) and phosphate ions 
frmn the mud surface at the bottom (Hutchinson, 1957, 
p. 735-737). 

Nitrate 

Nitrogen is an important constituent of proteins, 
which in turn are integral parts of the living sub­
stance protoplasm. N 2 (atmospheric nitrogen) is phy­
siologically unavailable to most green plants, but plays 
an important role in energy transformation for nitri­
fying or nitrogen-fixing bacteria and certain blue-green 
algae. NH3 (ammonia), N02-1 (nitrite), and NOa-1 

(nitrate) are products of nitrification and are natural 
sources of nitrogen for the chlorophyll-bearing plants, 
which include most of the alga~. Conversely, the 
denitrifying bacteria reduce compounds of nitrogen: 
N03-

1 is reduced to N02-\ then (rarely to N2) to NHa. 
Through man's influence inorganic nitrate fertilizers 
and sewage wastes have become additional sources 
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FIGURE 7.-Vertical profiles of alkalinity, expressed 
as concentration of HC03- 1, at the center of 
Pretty Lake, winter 1963-64. 

of N03- 1 • Nitrate nitrogen is the principal form of 
inorganic nitrogen in natural waters. 

Owing to uncertainties surrounding the sources of 
N03- 1 and its methods of determination, it has been 
difficult to correlate N03- 1 utilization with algal pop­
ulations in limnological studies. The values presented 
in figure 10 probably are high as a result of N02-1 inter­
ference, which was not taken into consideration early 
in the course of chemical analyses of water in the 
Pretty Lake project. Taras (1950) states that in 
water with greater than 0.2 ppm of N02-

1
, analyses will 

produce high N03 -
1 results that are erratic and unre­

producible. After the analyses shown in figure 10 had 
been made, it was found that the N02-

1 concentration 
in the water· in Pretty Lake, and especially in the deep 
water, far exceeds this limitation; thus the concentra­
tion of N02-

1 may have interfered with the NOa-1 

analyses. Because accuracy of determination of NOa-1 

is_ believed to be to the nearest tenth of a part per 
million (Hem, 1959, p. 116), analytical error in NOa-1 

analyses should be insignificant apart from the NOz-1 

interference. In view of these circumstances, only a 



D248 LIMNOLOGY 

SILICA (Si02), IN PARTS PER MILLION 

2 

4 

6 

8 

10 en 
0:: 
w 
1-w 

12 ::!! 

~ 
:i 
1-
Q.. 
w 
0 

FIGURE 8.-Vertical profiles of Si02 (silica) concentration at 
the center of Pretty Lake, winter 1963-64. 

limited interpretation of the data presented in figure 
10 will be attempted. 

Early in the period when the lake was covered with 
ice (profile 12-27-63, fig. 10) the maximum concentra­
tion of N03-

1 was found at a depth of about 40 feet, 
where the phytoplankton population (profile 12-27-63, 
fig. 2) was less than it had been at the fall overturn 
(profile 12-13-63, fig. 2). The lesser concentration of 
N03-

1 at the top and at the bottom of the lake prob­
ably represents utilization by phytoplankton and by 
denitrifying bacteria, respectively. 

By January 30, N03-
1 was not detectable at or below 

the depth of the early maximum, while above this 
depth it had increased appreciably. These data 
are suspect if, as discussed earlier, the algal popula­
tion peak developed high in the lake (see section on 
phytoplankton, first paragraph), for an increase in 
the concentration of N03- 1 with diminishing depth 
early in the peak development would be· inconsistent 
with increasing utilization by the algae. And, although 
a reduction in the concentration of N03-1 would be ex­
pected in the beginning, the deficiency shown at 40 feet 
can hardly explain the observed increase in the algal 
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FIGURE 9.-Vertical profiles of total 
phosphorus, expressed as concentration 
of phosphate, at the center of Pretty 
Lake, winter 1963-64. 

population concentration later at that depth. At the 
observed peak concentration of phytoplankton (2-14-
64, fig. 2), however, N03-

1 was detectable again. This 
was perhaps due to a stationary or beginning death 
phase of the algal population in which N03-1 utiliza­
tion would be significantly reduced or nonexistent. A 
N03-

1 deficiency now existed from about 60 feet to the 
bottom of the lake. By March 6, the concentration 
of phytoplankton was considerably less at 40 feet, 
and there had been an appreciable increase in the con­
centration of N03-

1
• 

SPRING OVERTURN 

Lakes in the middle latitudes which overturn in the 
fall usually overturn in the spring as well. Many of 
these lakes are ice covered during the winter. When 
such lakes become ice free again in the spring they 
often overturn very quickly. 

The ice breakup in Pretty Lake began with the melt­
ing of shore ice under relatively calm conditions. A 
p.eriod of warm weather preceded a brisk w~nd which 
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FIGURE 10.-Vertical profiles of nitrate (NOa-1) concentra­
tion at the center of Pretty Lake, winter 1963-64. 

finally removed the ice on March 17. When approxi­
mately 200 feet of water was exposed around most of 
the lake, wind and waves obliterated ·the remaining 
ice float in about 24 hours. 

On the following day, ]\{arch 18, the water tempera­
ture of the newly exposed lake was almost 4° C (fig. 
1), and vertical mixing was rapidly nearing comple­
tion. That spring overturn had already occurred is 
vividly illustrated in the isometry of most of the 
water properties. Only hardness (fig. 5) and Ca+2 

(fig. 6) show stratification beginning at a depth of 
about 20 feet. Below this depth, dissolving carbo­
nn,te minerals from the bottom probably had not yet 
had suflicient time to come into equilibrium with C02 in 
the circulating waters of the newly opened lake. 

SUMMARY 

This study shows some of the characteristics of 
winter phytoplankton dynamics in _a deep body of 

fresh water in the middle latitudes. . Species of dia­
toms were the dominant phytoplankton, and under a 
complete cover of ice the observed population con­
centration increased significantly at a depth of water 
which suggests heterotrophy. The population peak 
was coincident with the maximum water te1nperature 
at that depth late in the _ice-cover period; the tem­
perature of the water was a couple of degrees cen­
tigrade warmer than at the beginning of the period. 
The study has shown Pretty Lake to be an example 
of a dimictic lake in which winter stagnation devel­
oped late in the season. In the deep water, H2S 
replaced dissolved oxygen, and the pH decreased. 
The development of this temporary stagnation is an 
important process which affects water quality in deep 
lakes and reservoirs when the presence of a contin­
uous -ice -cover ·of sufficient duration results ·in anae­
robic conditions in the bottom water. The character­
istics of phytoplankton dynamics, and physical and 
chemical characteristics, \Vill differ from one lake or 
reservoir to another, of course, depending on indivi­
dual basin morphology, the weather, and many other 
factors. 
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DISTRIBUTION OF RADIOACTIVITY IN THE ALLUVIUM 

OF A DISPOSAL AREA AT LOS ALAMOS, NEW MEXICO 

By WILLIAM D. PURTYMUN, GEORGE L. JOHNSON/ 
and EDWARD C. JOHN, Albuquerque, N. Mex. 

Work a()lt'l£ in cooperation with the U.S. Atomic Energy Oomonission 

and the Los Alamos Scientific Laboratory 

Abstraot.-Fine particles in alluvial material in a disposal 
area for liquid radioactive wastes at Los Alamos have greater 
affinity for radionuclides than coarse particles; however, most 
of the radioactivity is in the coarse .waterial, which is more 
abundant. The radioactivity in the alluvium is dispersed by 
waste water and storm runoff and decreases with distance from 
the point of etHuent outfall. Most of the radionuclides are 
retained in the upper 3 feet of the deposits, resulting in very 
little change in the quality of the ground water perched in the 
alluvium. 

Liquid industrial wastes produced at the Los Ala­
mos Scientific Laboratory, in north-central New Mex­
ico, contain small but undesirable amounts of radio­
activity. These wastes are treated by chemical proc­
esses and by ion exchange to reduce the radioactivity 
to less than 10 percent of the MPC (maximum per­
missible concentration), as recommended by the In­
ternational Committee on Radiation Protection, before 
discharge to a disposal area in Mortandad Canyon, 
about 2 miles southeast of the community of Los Ala­
mos .. The effluent, diluted by waste water and storm 
runoff, infiltrates a small perched ground-water body 
in the alluvium (Abrahams and others, 1962). Some 
radionuclides in the effluent become bound to parti­
cles of the alluvium, thereby reducing the amount of 
radioactive contamination of the perched water. 

This report is based on data collected in a prelim­
inary study to determine possible areas of further 
investigation of transport of radionuclides ·on sedi­
ment. Samples of alluvium were collected from the 
surface to a depth of 3 feet at the point of effluent 

1 Los Alamos Scientific Laboratory of the University of California. 

outfall and at locations 3,500 feet and 5,800 feet down­
stream. The samples were air dried and mechanically 
separated into seven fractions ranging in particle size 
from silt and clay to granules. The seven fractions 
were anaiyzed for gross alpha, gamma, and beta radio­
activity and for radioactive strontium. The short 
duration of counting ( < 30 minutes per sample) pre­
cludes a quantitative interpretation of the data, but 
the data are believed to indicate qualitatively the 
distribution of the radionuclides within the various 
fractions of the alluvium samples. 

PARTICLE-SIZE DISTRIBUTION. 

The particles constituting the alluvium were de­
rived from weathering of the Bandelier Tuff. The 
granules are composed principally of tuff and pumice, 
and contain minor amounts of quartz and sanidine 
crystals. The fractions from fine to very coarse sand 
consist mainly of quartz and sanidine crystals and 
fragments with minor amounts of tuff, pumice, and 
mafic minerals. The silt and clay fraction is com­
posed mainly of the clay minerals montmorillonite 
and illite, which are the inajor end products of 
weathering of the tuff. 

A cumulative curve (fig. 1) of particle-size distribu­
tion in the alluvium near the point of effluent outfall 
from the treatment plant shows that 95 percent of the 
material, by weight, is in the size range from medium 
sand to granules, and that 5 percent is in the size 
range from clay and silt to fine sand. The largest 
percentage of alluvium, by weight, is very coarse sand, 
and the smallest percentage is fine sand. 
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FIGURE !.-Cumulative curve of particle-size distribution in 
alluvium near the point of effluent outfall from the waste­
treatment plant. 

RELATION OF RADIOACTIVITY TO PARTf.CLE SIZE AND 
MINE·RAL COMPOSITION 

The distribution of the radioactivity is correlated 
with both the size and the mineral composition of the 
particles. On a unit-weight basis more radioactivity 
was found in the silt and clay, very fine sand, and fine 
sand than in the coarser fractions (table 1) . The larg­
est proportion of the radioactivity was in the silt and 
clay, and the proportion decreased with increasing 
particle size. The silt and clay, very fine sand, and 
fine sand are composed of clay minerals or of materials 
that are rapidly weathering into clays. The clay mine­
rals 1nontmorillonite and illite, derived from weather­
ing of the tuff, have a relatiYely high ion-exchange 
capacity, and adsorb and retain radionuclides from the 
liquid wastes. 

Of the larger particles, the granules have a .high:er. 
concentration·. of gross gam~a and 'beta ·Tadioactivity, 
and more rad'loactive strontium- per unit weight than 
the more siliceous medium, coarse, and very coarse sand 
particles. This may be due to the fact that granules 
are primarily tuff and pumice of high microscopic 
porosity with large surface areas. Since the tuff and 
pumice are in the process of weathering, the pores con­
tain some clay which tends to bind radionuclides. 

DISTRIBUTION OF RADIOACliVITY IN THE ALLUVIUM 

A greater quantity of radionuc!ides was found in 
medium sand, coarse sand, very coarse sand, and gran­
ules than in the clay and silt, very fine sand, and fine 
sand. This is shown graphically in figure 2. The 
range from medium sand to granules makes up 95 per­
cent of the alluvial material and, though the ability of 
the particles in this size range to bind radionuclides is 
less than that of the particles in the range from clay 
and silt to fine sand, the material of medium-sand to 
granule sizes contains more radioactvity simply be­
cause there is more of the coarse material available. 

The radioactivity decreases with depth in the allu­
vium. Gross alpha activity decreases about 70 per­
cent, gross gamma activity about 98 percent, and gross 
beta activity about 99 percent between the surface and 
a depth of 3 feet. Nearly all the radioactive stron­
tium is retained within the upper foot of the alluvium. 

The radioactivity also decreases with distance from 
the point of effluent outfall. Table 2 indicates the 
concentration of radioactivity at the point of outfall 
and at two distances downstream. 

A buildup of radioactivity was expected in the allu­
vium near the point of effluent outfall; some radioac­
tivity did accumulate, as noted in table 2, during the 
first 2 years of discharge. Primarily, dispersion of the 
radionuclides from the outfall area is due to flushing 
of alluvial particles from the area by periodic discharge 

TABLE 1.-Gross alpha, gamma, and beta radioactivity, and radioactive strontium, per unit weight of fraction 
[Analyses by the Los Alamos Scientific Laboratory, Group H-7] 

Counts per minute per gram (dry weight) 

Particle diameter Weight Cumulative 
Fraction (mlllimeters) percent weight Type of radioactivity 

percent Radioactive 
strontium 

Gross alpha Gross gamma Gross beta 

Silt and clay _________________________ Less than 0. 074 1.0 1.0 45 128 1, 751 42 Very fine sand ________________________ 0. 074- . 147 3. 5 4. 5 33 75 799 49 
Fine sand _________________________ --- . 147- . 295 .5 5. 0 24 61 771 27 
Medium sand. _______________________ . 295- . 589 13. 5 18. 5 15 33 396 23 
Coarse sand __________________________ . 589-1. 17 25. 5 44. 0 8 32 414 17 
Very coarse sand _____________________ 1. 17 -2. 36 34. 0 78. 0 5 24 239 15 
Granule ____ - _______________________ -· 2. 36 -3. 96 22~ 0 100. 0 4 35 425 31 

224-352 0- 66- 17 
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FIGURE 2.-Gross alpha, gamma, and beta activity, and radio­
active strontium, inparticle-size fractions of alluvium at the 
point of effluent outfall from the treatment plant (in percentage 
of 100-gram samples). 

TABLE 2.-Radioactivity of surface alluvium at the disposal area 

Counts per minute per gram (dry weight) 

Type of radioactivity 
At point of 3,500 ft. from 5,800 ft. from 

outfall point of outfall point of outfall 
----------

Gross alpha _______________ 9 4 2 
Gross gamma _____________ 80 4 4 
Gross beta ________________ 482 22 0 
Radioactive strontium _____ 25 2 4 

of effluent, other waste water, and storm runoff. Ra­
dionuclides dislocated by flushing are redeposited with 
the translocated sediment. Radionuclides chemically 
dislocated are transported to an environment favorable 
for reprecipitation or for attachment to other alluvial 
n1a terials! 

The quality of the perched water in the disposal 
area has changed very little as disposal operations have 
continued. The negligible changes noted can be credited 
to an initial treatment of waste such that radionu­
clides are reduced to a level well below the 1\IPC. Fur­
ther, dilution of the treated effluent by nonradioactive 
waste water and storm runoff, as well as retention of 
radionuclides by the particles which constitute the allu­
vium, combine to produce a "waste stream" that is of 
high quality in itself. Thus, the infiltration of such a 
waste stream has· had little effect on the quality of the 
perched water. 
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DESIGN . AND CONSTRUCTION OF A UNIQUE INJECTION WELL 

ON LONG ISLAND, NEW YORK 

Bv PHILIP COHEN and C. N. DURFOR, Mineola, N.Y. 

Work done in cooperation witl!, the Nassau Oounty Department of Public Works 

Abstract.-An injection well of unique design and construc­
tion recently completed on Long Island, N.Y., will be used in 
making a series of artificial-recharge experiments with highly 
treated sewage-plunt effluent. The well, about 500 feet deep, 
consists of two adjacent fiberglass casings (18 inches und 4 
inches in diameter) and 7 auxiliary pipes, 4 of which are made 
of fiberglass and 3 of polyvinyl chloride. Fiberglass was used 
because of its ndvantageous chemical and strength character­
istics. A stainless-steel well screen, 62 feet long, is attached to 
the bottom end of each casing. Water will be injected into 
the aquifer through the large casing and screen, and hydraulic­
head changes will be mensured at several points within the well 
and fllterpack. Geochemical reactions related to the head 
changes will be monito'red by means of instruments in each 
screen. 

A unique experimental injection well, designed by 
personnel of the U.S. Geological Survey, was completed 
on Long Island, N.Y., in the autumn of 1965. The 
well, which is in the community of Bay Park, Nassau 
County, will be used in a series of artificial-recharge 
experiments during the next several years. The experi­
ments are designed· to help evaluate the feasibility of a 
proposed network of "barrier" injection wells intended 
to retard or prevent the landward movement of salty 
water from the Atlantic Ocean into fresh-water aqui­
fers that underlie Long Island. More specifically, the 
artificial-recharge experiments will be designed to. in­
vestigate the physical and chemical factors that affect 
the rntes at which sewa.ge-plant effluent-treated to meet 
the commonly accepted standards for drinking water 
-can be :injected into deep saturated deposits of sand 
and silty. sand. 

Clogging of the well screen, the filterpack, or the 
adjacent aquifer materials is a major cause of failure 
of injection wells. Another common cause of failure 
is physical or chemical deterioration of the well screen 
or casing (Sniegocki, 1963, p. 3). Accordingly, many 

of the features of the Bay Park experimental injection 
well were designed to study these causes of failure and, 
if possible, to develop methods of minimizing or pre­
venting them. 

CONSTRUCTION OF THE WELL 

The major elements of the experimental well (fig. 1) 
are the 18-inch-diameter 1 casing and the 16-inch-dia­
meter screen attached thereto (hereafter termed the 
"injection casing" and "injection screen," respectively). 
Other elements of the well include (a) the so-called 
annular-space observation well adjacent to the injec­
tion casing and screen, in the space between them and 
the wall of the drilled hole; (b) a deep pressure-meas­
uring pipe which enters the injection casing just above 
the screen; (c) two tremie pipes extending into the 
filterpack which surrounds the well screens; (d) an 
injection pipe for water; and (e) dry wells, each 2 
inches in diameter, which will accommodate the counter­
weights of three float-operated measuring instruments. 
(For clarity, the dry wells are not shown in fig. 1.) 

The first step in the construction of the well was the 
drilling of an 8-inch-diameter test hole by the stand­
ard hydraulic-rotary method to a depth of 742 feet 
below land surface. Ninety cores were obtained during 
the drilling, and electric and gamma-ray logs were 
made soon after the hole was completed. On the basis 
of data from the cores and logs, the injection zone was 
selected and other details of the well design were com­
pleted. The test hole was backfilled with sand and 
then was reamed to a diameter of 36 inches by the 
reverse-rotary method to a depth of 508 feet. A plug 

1 All diameters of pipes, casings, and screens listed in this report are 
nominal. 
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3-in .-diameter 
fiberglass 
tremie pipe 

4-in.-diameter 
annular-space 
observation­
well casing 

5- in .- X 62-ft­
long stainless­
steel annular­
space observa­
tion-well screen 

lD-ft-long stain­
less- steel sand 
traps 
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injection casing 
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3-in.-diameter fiberglass 
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ft.-thick layer of 
fine sand 
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stainless-steel 
injection screen 

FIGURE I.-Schematic diagram showing experimental injection 
well at Bay Park, Long Island, N.Y. Not to scale. 

of cement grout, 15 feet thick, was emplaced in the 
bottom of the hole. 

All casings, screens, and pipes shown in figure 1, 
plus pipes for the three dry wells, were lowered into 
the hole as a single bundle. The bundle was supported 
from above by a clamp attached to the 18-inch-diame­
ter casing; the other pipes and casings were bound to 
the 18-inch casing with stainless-steel straps. After 
the bundle was in place, a filterpack consisting of very 
coarse sand and very fine gravel was emplaced in the 
annular space to a height of 11 feet above the screens. 
A layer of poorly sorted fine sand, 2-feet thick, was 
placed above the filterpack. Finally, the remainder of 
the hole was backfilled with cement grout. 

Water will be injected through the 4-inch-diameter 
injection pipe into the injection casing, and thence 
through the injection screen into the aquifer. Valves 

will be installed in the 4-inch injection pipe at the land 
surface so that the water can be introduced into the 
injection casing either at land surface or at a depth 
of 192 feet below land surface. This arrangement will 
permit making a series of experiments to study the 
effectiveness of deep injection pipes (currently used in 
many injection wells) in reducing clogging. A depth 
of 192 feet was chosen so that the injected water can be 
introduced into the injection casing about 40 feet below 
the bowls of a turbine pump that will be installed in 
the well. This will avoid the possibility of turbulence 
associated with the flow of injected water past the 
pump column and bowls. 

The l-inch-diameter pressure-measuring pipe opens 
into the injection casing at a depth of 415 feet below 
land surface, or 3 feet above the top of the injection 
screen. At land surface the l-inch pipe will be 
attached to a pressure-sensing instrument that will pro­
vide a continuous record of the changes in head in the 
well during the injection experiments. The pressure­
measuring pipe was designed to open into the injection 
casing as close to the injection screen as feasible in 
order to measure the injection head immediately before 
the water moves through the screen into the filterpack 
and thence into the aquifer. 

A portable geochemical-geophysical probe will be 
used in the injection screen during most of the experi­
ments. This probe, with related equipment, will pro­
vide a continuous record of the temperature, specific 
conductance, dissolved oxygen, pH, and Eh of the 
water immediately before it moves through the screen 
into the filterpack. In addition, corrosion probes of 
the electrical-resistance type, similar to those described 
by Clarke (1963, p. 12-29), will be lowered into the 
injection screen to measure corrosion characteristics of 
different materials that could be used in the proposed 
network of injection wells. 

The screen of the annular-space observation well is 
5 inches in diameter, and the casing and sand trap are 
each 4 inches in diameter; they are the same lengths as 
those of the injection casing, screen, and sand trap. 
The screen of the annular-space observation well is 
roughly in the middle of the filterpack-that is, about 
midway between the injection screen and the wall of 
the drill hole. Head measurements and geochemical 
data, obtained from the annular-space observation well 
by means of a geochemical-geophysical probe identical 
to the one in the injection screen, will be used to study 
clogging, related geochemical phenomena, and accom­
panying head losses associated with the movement of 
water through the injection screen into the filterpack. 
If the need arises, the annular-space observation well 
will be used to add chemicals to the well. 
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The tremie pi pes, each 3 :inches in diameter, extend 
about 3 feet into the filterpack. These pipes will be 
used for continuous monitoring of the height of the 
filterpack, and, if necessary, for adding additional filter­
pack material to the annular space. 

The 3 dry wells range in depth from 40 to 150 feet. 
The deepest dry well will accommodate the counter­
weight of a float-operated recorder that will monitor 
the water level in the annular-space observation well. 
The other 2 dry wells are for the counterweights of 2 
instruments that will be used for monitoring the level 
of the filterpack in the tremie pipes. 

A 50-horsepower turbine pump having an intake 
setting n,t 150 feet below land surface will be installed 
:in the injection casing. The pump will be used in 
redeveloping the well after the injection experiments, 
in obtaining water samples for chemical and bacteriol­
ogical analysis before and after the tests, and in study­
ing the hydraulic effects of the recharge experiments 
on the well and the adjacent aquifer material-especial­
ly changes in permeability caused by clogging. 

CHEMI:CAL AND PHYSICA1L PROPERTIES OF MATERIALS 
USED IN THE WELL 

The chemical properties of materials used in con­
structing the well were of special concern. On Long 
Island, since 1933, the drilling of industrial wells that 
yield more than 100,000 gallons per day has been pro­
hibited by law unless the water is returned to the 
ground through "diffusion" wells or other approved 
structures (Johnson, 1948, p. 1160-1161). According­
ly, hundreds of recharge wells have been constructed. 
Many of them have failed because of chemical and 
biochemical reactions involving iron- that is, iron 
naturally in solution in the ground water, iron com­
pounds (mainly FeS 2 ) in the aquifer materials, and 
iron :in the mild-steel casings and pumps. Thus, in 
order t9 facilitate studies of corrosion, encrustation, 
n.nd clogging-especially those involving the chemistry 
of iron-it was decided that, insofar as possible and 
practical, mild steel would not be used to construct and 
equip the experimental well. 

Materials that were considered for the casings and 
other pipes in the well were stainless steel, vinyl-coated 
aluminum, mild steel coated with chemically stable 
liners such as epoxy resin and coal-tar enamel, poly­
vinyl chloride, fiberglass reinforced with epoxy or 
polyester resin (hereafter referred to as "fiberglass"), 
and asbestos cement. In addition to chemical proper­
ties, the other major factors that were considered were 
the strength of the material, its adaptability for use in 
well construction, and its cost. After considering these 
and other factors, the writers decided that fiberglass 

pipe, with watertight quick-disconnect couplings, would 
be the most satisfactory material for the casings and 
for most of the other pipes of the experimental well. 
Polyvinyl-chloride pipes were chosen for the dry wells. 

The tensile strength of fiberglass pipe is closely 
related to the geometry of the fiberglass windings and is 
ordinarily much greater than that required in well 
construction. For example, the 18-inch-diameter 
fiberglass injection casing reportedly can withstand a 
pull of more than 250,000 pounds; the quick-disconnect 
couplings used to join the 40-foot lengths of 18-inch 
fiberglass pipe were designed to withstand a pull of 
100,000 pounds. Similarly, the ability of the fiberglass 
pipe to withstand internal pressure exceeds the internal 
pressures anticipated during the planned exp.eriments 
by more than an order of magnitude. The major 
element of concern regarding the strength of the 
fiberglass pipe, therefore, was its collapse pressure, or 
its ability to withstand differential external circumfer­
ential pressure. 

Differential external pressure exerted on the casings 
by a given thickness of saturated porous deposits in 
which static ground-water levels are about at land 
surface (as is the case at the site of the experimental 
well) was estimated from the equation 

where 

p K(Ws-Ww)h, 
144 

P=differential external pressure, in pounds per 
square inch, 

K=a dimensionless constant dependent mainly 
on the angle of internal friction of the 
material, 

Ws=dry weight of the porous material, in pounds 
per cubic foot, 

Ww=weight of water, in lb per cu ft, and 
h= the height of the column of material, in feet. 

The dry weight of the deposits was assumed to be 
130 l b per cu .ft. As a safety factor in the design of 
the casings and pipes, it was assumed that K would be 
equal to 0.50-that is, that the casings would have to 
withstand differential external pressure equivalent to 
at least half the weight of the column of saturated 
material. Curve 1 in figure 2 shows the differential 
external pressure to which"the casings would he subject 
if the preceding assumptions are fulfilled. The curve 
shows that the maximum pressure on the bottom of the 
18-inch casing ( 418 feet below land surface) that would 
result from the weight of the overlying saturated de­
posits is about 100 poun4s per square inch. 

If the injection screen should become severely clogged 
during an injection experiment, the water level in the 
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FIGURE 2.-Relation between the differential external pressures 
exerted on a casing and the height of a column of enclosing 
material. Curve 1 shows the pressure exerted by saturated 
sedimentary deposits. Curve 2 shows the pressure exerted by 
the saturated deposits plus differential hydrostatic pressure 
that would result if the well clogged during pumping (dis­
charge) and the water level in the casing were drawn down 
to the pump intake. Curve 3 shows the pressure exerted by 
liquid cement grout weighing 150 lbs per cu ft. 

injection casing might decline to the level of the pump 
intake (150 feet below land surface) during the pump­
ing phases of the experiment. Under this condition, 
the difference between water levels inside and outside 
the casing, equivalent to. a hydrostatic head of 150 feet, 
could cause a maximum differential external pressure 
on the casing wall of about 6.5 psi. The resulting dif­
ferential pressure would increase (at a rate of about 
0.43 psi per foot of depth) from zero at the land sur­
face to about 65 psi at a depth of 150 feet and would 
remain constant below that depth. The sum of the 
differential external pressure resulting from the weight 
of the saturated deposits plus that resulting from pump­
ing when the screen is severely clogged is shown as 
curve 2 in figure 2. The maximum differential ·pres­
sure on the lowest parts of the casings and pipes from 
these causes would be about 160 psi. 

After the annular space above the filterpack was 
filled with cement grout, only the lower few feet of the 
casings and pipes would be subjected to the pressures 
described in the foregoing paragraph; the remaining 
portions would be encased in cement and thereby would 
be protected. During the grouting procedure, however, 
the casings and pipes below a depth of 150 feet 
could have been subjected to an even greater pressure 
than that shown in curve 2 of figure 2. Before the 
cement hardened, the column of grout, which might 
weigh as much as 150 lb per cu ft, could have caused a 
differential pressure of about 0.6 .Psi per foot qf column, 

or about 260 psi at the bottom of the casing (curve 3 of 
figure 2). 

If the fiberglass pipe is assumed to have the physical 
properties of a thin-walled elastic tube, the collapse 
pressure (the differential external pressure at which the 
pipe would fail) can be computed from the equation 
(Roark, 1965, p. 354) 

where 

O=collapse pressure, in psi, 
E= bulk modulus of elasticity, in pounds per square 

inch, 
,u=Poisson's ratio, 
t=wall thickness of the pipe, in inches, and 
r=radius of the pipe, in inches. 

The bulk modulus of elasticity of the fiberglass pipe 
used in the well is about 4 million psi; Poisson's ratio 
for the material is about 0.20. 

It is apparent from the formula that the collapse 
pressure of the fiberglass pipe is directly proportional 
to the cube of the wall thickness and is inversely pro­
portional to the cube of the radius of the pipe. Inas­
much as the cost of the fiberglass pipe is roughly pro­
portional to the volume of fiberglass and resin, the use 
of pipes having th~ smallest possible wall thickness 
consistent with the collapse-pressure requirements was 
advantageous. Therefore, the contractor was required 
to pour the cement grout in two distinct phases­
allowing sufficient time for the first batch to harden 
before adding the remainder of the cement. The 
casings and pipes were thereby subjected to only half 
the differential external pressure (about 130 psi) that 
would have resulted if the entire column of cement 
grout had been poured at one time and if the entire 
column had remained fluid for a finite period of time. 

The wall thicknesses, computed collapse pressures, 
and other pertinent data regarding the fiberglass casing 
and pipes are summarized in table 1. The 18-inch 

TABLE I.-Dimensions and collapse pressures of fiberglass pipes 
?.tsed in the Bay Park experimental injection well 

Nominal Wall Collapse 
Designation of pipe diameter thickness pressure 

(inches) (inches) (psi) 

Injection casing _________________ 18 0. 55 240 
Annular-space observation-well 

casing ________________________ 4 15 440 
Injection pipe ___________________ 4 12 220 
Tremie pipes ____________________ 3 .11 405 
Pressure-measuring pipe __________ 1 1• 06 1,800 

I Standard wall thickness available from the factory. 

\ 
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casing was made of fiberglass reinforced with polyester 
resin; the other casing and pipes listed in the table 
were made of fiberglass reinforced with epoxy resin. 

The screens of the injection well and the annular­
space observation w·ell are of the continuous wire­
wrapped type and are made of type-304 stainless steel. 
The sand traps and the related fittings are also made 
of type-304 stainless steel. The slot sizes of the screens 
are 0.060 inch. This size was chosen in order to retain 
about 80 percent of the filterpack, which consists of 
n.bout 71 percent very coarse sand and about 28 percent 
very .fine grn vel. The filterpack consists almost entire­
ly of subrounded, moderately spherical particles of 
quartz, chert, and quartzite; it has a very high labora­
tory coefficient of permeability-about 18,000 gallons 
per day per sqmtre foot. Preliminary pumping-test 
data indicate that the screen and gravel pack are high­
ly efficient and that well losses are minimal. The well 
had a specific capacity of 35 gallons per minute per 
foot of drawdown after 8 hours of pumping at a rate 
of 1,000 gpm. ·During development, the well had simi­
lar specific capacities after somewhat shorter periods 
of pumping at various rates ranging up to about 2,500 
gpm. Even at the highest rate of pumping, the well 
yielded water that was virtually sediment free after 
only a few days of development. 

Clarke (1963, p. 39) describes a successful experi­
mental, gun-perforated small-diameter, fiberglass well, 
1,000 feet in depth, in Libya. In addition, more than 

400 wells equipped with 10-inch-diameter fiberglass 
casings and saw-slotted fiberglass screens reportedly 
have been completed in Pakistan during 1964-65. To 
the best of the writers' knowledge, however, the ex­
perimental well described in this report is the first 
water well constructed in the 'Vestern :tlemisphere that 
has a fiberglass casing; and, the only water well in the 
world (as of 1965) that has multiple fiberglass casings 
and pi pes, and a fiberglass casing as large as 18 inches 
in diameter. 

Despite the fact that fiberglass presently is 2 to 4 
times more expensive than mild steel, its use in experi­
mental wells involving multiple casings and complex 
construction problems, and its use in special-purpose 
wells in highly corr,osive environments, seems to be 
justified on the basis of the experience gained during 
the construction of the Bay Park injection well. 
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FLUOROMETRIC ANALYSIS OF THE ALUMINUM ION IN NATURAL WATERS 

Bv DONALD E. DONALDSON, Menlo Park, Calif. 

Abstract.-Aluminum ions combine with Pontachrome Blue 
Black R (PBBR) at a pH of 4.8 to form a fluorescent complex 
which serves for quantitative determination of aluminum. 'l'he 
method is sensitive to 0.002 ppm of aluminum. Up to 8 ppm of 
fluoride can be tolerated. Bathophenanthroline retards the 
ferrous and ferric ions. The amount of dye necessary to com­
plex the mqst concentrated alup1inl.lm standar\1. wa~ 0.50 ,mg 
per 50 ml solution. The Al-PBBR complex reaches full fluor­
escent development in 65 minutes. The interfering ions in the 
determination of aluminum by this method are Fe, Ga, Co, UOa, 
Cu, Ti, and Ni. 

PREVIOUS FLUOROMETRIC INVESTIGATIONS ON 
ALUMINUM 

The fluorescence resulting from the presence of alu­
minum in solutions containing certain organic dyes 
offers promise for the quantitative determination of 
small concentrations of aluminum. Weissler and 
'Vhite ( 1946) reported that Pontachrome Blue Black 
R (PBBR) is suitable for a fluorescent reagent for the 
quantitative measurement of aluminum in steel, bronze, 
and minerals. Simons and others ( 1953) used the same 
reagent to measure parts per billion aluminum content 
in the surface waters of the Gulf of Mexico and the 
Atlantic Ocean. Will (1961) reported that the dye 
material, morin (2' ,3,4' ,5,7) -pentahydroxyflavone), was 
a useful reagent for the measurement of aluminum in 
the parts per billion range in high-purity boiler con­
densates. Rub ins and Hagstrom ( 1959) reported using 
8-quinolinol in the quantitative determination of alu­
minum in plant tissue. 

The morin and PBBR dyes have both been used 
for determining small quantities of aluminum in natu­
ral waters. The morin reagent is more sensitive to 
aluminum than is PBBR; however, as is mentioned 
by White and Lowe (1940), the morin method requires 
more control over the concentration of dye, tempera­
ture, and pH than is needed for PBBR. Will (1961) 
reported that low concentrations of fluoride. and phos­
phate, 5 ppb and 20 ppb, respectively, interfere in the 
morin method. The Pontachrome procedure was 

judged superior because it is less subject to fluoride 
and phosphate interference. Both methods are sub­
ject to interference .from iron. A method of overcom­
ing this interference for the PBBR procedure has been 
developed. 

APPARATUS AND REAGENTS 

A Turner fluorometer, model 111 was us~d to make 
the fluorometric measurements. The instrument was 
equipped with a general-purpose ultraviolet lamp. A 
Turner 1-60 +58 filter combination was used for exci­
tation ( 546 millimicrons) and a Turner filter No. 23A 
( 570 mf-t) was used for fluorescence. Calibrated pyrex 
test tubes (12 mm X 75 mm) were used for sample 
cells in the instrument. 

Measurements of pH were made with Beckman 
models Nand M4C radiometer pH meters. 

All O'lassware was washed in hot water with deter-o 
O'ent and thoroucrhly rinsed with distilled water. The 
b b 

O'lassware was then treated with 1:1 reagent-grade hy-o 
drochloric acid, rinsed with distilled water, and finally 
with de-ionized water. Special attention to cleaning 
is necessary in trace constituent work to obtain con­
sistent results. 
De-ionized water. The water used to prepare all solutions was 

first distilled in a Barnstead still and then passed through an 
Amberlite MB-1 ion-exchange resin. 

Aluminum stock solution. 1 milliliter = 10 micrograms of Al+ 3
• 

Dissolve 0.1758 grams of reagent grade AlK(S04 ) 2 ·12H2 0 in 
de-ionized water containing 1-2 ml of concentrated sulfuric 
acid. Dilute to 1 liter. 

Aluminum working solution. 1 ml = 1.0 p..g of Al+:l. Dilute 10 
ml of the aluminum stocl\: solution of 100 ml with de-ionized 
water. A fresh solution was prepared prior to each analysis. 

Acetic acid, 0.885111. Dilute 200 ml of reagent-grade glacial 
acetic acid to 4 liters with de-ionized water. 

Ammonium acetate, 6.49M. Dissolve 500 g of reagent-grade 
ammonium acetate in 1 liter of de-ionized water. 

Ethyl alcohol, 95 percent. Redistilled in an aU-glass still. Un­
distilled ethyl alcohol contains trace contaminants which in 
turn fluoresce at the wavelengths employed in the analysis. 
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Bathophenanthroline, 0.001511£. Dissolve 125 milligrams of 
bathophenanthroline (G. :F'. Smith Chemical Co., Columbus, 
Ohio) in 250 ml of 95-percent distilled ethyl alcohol. Store 
in refrigerator. 'l'he solution is stable for approximately n 
month under these conditions. 

Pontachrome Blue Black R, 1 ml=1.00 mg. Dissolve 1.000 g of 
reagent-grnde Pontachrome Blue Black R (E. I. DuPont de 
Nemours and Co., 'Vilmington, Del.) in 1 liter of distilled 
ethyl alcohol. This solution is stable for several months. As 
a substitute, Superchrome Blue B Extra (National Aniline 
Div.) was tested and found to be suitable for the procedure. 
'l'he DuPont company also manufactures Pontachrome Blue 

Black RM which is reportedly the same as PBBR. 

AN·AL YTICAL PROCEDURE 

1. Pipet a volume of sample containing less than 5.0 p,g of Al+3 

(25 ml maximum) into a 100-ml beaker. 
2. Prepnre two nluminum-free blanks from de-ionized water 

and sutficien t standards ( 1.0 p,g to 5.0 p,g of Al +3) . 

3. Add 5.0 ml of 0.885M acetic acid to each solution and heat 
for 2 hours just below the boiling temperature on a hotplate. 

4. Cool the solutions to room temperature and add 1.0 ml of 
6.49.M ammonium acetate solution. The pH of the solutions 
should be between 4.6 and 4.8. If necessary, adjust the pH 
with 0.885M acetic acid. 

5. Transfer each solution quantitatively into a 50-ml volu­
metric flask. 

6. If iron is present, add 0.5 ml of 0.0015M bathophenanthro­
linc. In the presence of iron, bathophenanthrolinc will yield 
n. reddish color. 

7. To each of the solutions add 0.5 ml of PBBR solution and 
bring all volumes to the 50-ml mark with de-ionized water 
and mix thoroughly. 

8. Allow all the solutions to stand for 2 hours at room tempera­
ture. The Al-PBBR complex is stabl.c for at .least a week. 

!). Measure the fluorescence intensity of each solution using 
the described filter system. 

10. Plot fluorescence intensity readings against the aluminum 
concentration of standards and calculate aluminum concen­
trations of samples from the curve. 

Typical fluorescence readings of standards arc 

l'g Al +3/50 ml Fluorescent intensity (slit X 16) 

0. 0--------------------------- 2. 0 
1. o___________________________ 19.0 
2. o___________________________ 38.0 
3.0___________________________ 52.0 
4. o ________________________ .___ 68 
5. o_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 86 

· FACTO.RS A.FFECTING :FLUORESCENCE 

Ana.lytical methods based on fluorescence excited by 
ultraviolet radiation are subject to interferences which 
may either increase or decrease the fluorescence inten­
sity. The amounts of reagents, pH, and ti'me of stand­
ing after addition of reagents also may influence the 
results. Optimum conditions for the PBBR procedure 
have been determined by experiments. 

FluoTescence as a function of dye concentration.­
Two series of samples were prepared in 50-ml volume-

tric flasks using constant amounts of aluminum ( 4.0 
J.L.g of AI+ 3 ). The pH in one group was adjusted to 4.80 
with ammonium acetate and acetic acid. In ihe other 
group, the pH was adjusted to 4.55. The dye concen­
tration was varied from sample to sample, so as to 
give a range of 0.0 mg to 1.25 mg. After 2 hours 
standing, fluorescence was attained using 0.25 .mg to 
0.50 mg of dye at pH 4.80. At pH 4.55, maximum 
fluorescence was reached between 0.35 mg and 0.60 mg. 

Fl/uores(]ence as a function of pH.-Twelve solutions 
were prepared; each solution contained an equal amount 
of aluminum ( 4.0 J.Lg of Al + 3

). The pH of the samples 
was adjusted to values ranging from 4.0 to 6.0 . with 
varying amounts of acetic acid and ammonium acetate. 
The solution~ were then treated with 0.5 mg of PBBR 
solution, made up to 50 ml, and allowed to .stand 2 
hours. The pH and fluorescence of each sample was 
then measured. under these conditions, the optimum 
pH is between 4.6 and 4.8. 

Fluorescence as a function of time.-Five test solu­
tions were prepared according to the analytical proce- · 
dure. The first of the test solutions contained 0.25 
mg of PBBR dye, the second, 0.50 mg, the third, 0.75 
mg, the fourth, 1.00 mg, and the fifth, 1.24 mg. The 
samples were allowed to stand 15 minutes prior to the 
initial reading. The time required for stability of 
fluorescence was approximately 50 minutes for those 
samples containing 0.50 mg to, 0.75 mg of dye. ~hEt 
fluorescence of the sample containing 0.25 mg c.on­
tinued to increase and finally went off the scale. For 
concentrations of 1.0 mg to 1.25 mg of PBBR, the sys­
tem ·stabilized at approximately 65 minutes. After. 
these 2 solutions had stood 168 hours, the fluorescence 
measured was nearly the same as at 65 minutes. 

The effect of interfering ions on fiuoTescenae.­
W eissler and White ( 1946) reported that ferric ions 
destroy the fll}.orescence produced by the Al-PBBR 
complex. They overcame the interference of iron as 
well q,s that of copper, nickel, chromium, and cobalt 
by mercury cathode electrolysis. Ishibashi and others 
(1957) reported that other interfering ions in the 
Pontachrome ·Bl-ue Black R .method were Fe+3 , Ga, 
Co, and vanadic acid, and that large .amounts of Cu,, Ti, 
an<;l Ni interfere seriously. Poss.idoni de Albinati 
·( 19(33) stu~ied t~1e. effects of 70 different elements on 
th~ .. PBBR method. Ainong those ions creating a 
serious problem were Cu+\ Fe+3

, Fe+2 , Co+2, N02-I, 
Bi+\ and F-1

• Amounts of most of these ions that 
occur commonly in natural waters are too small to 
merit concern. However, ferrous and ferric iron may 
constitute serious interferences. Of the two iron spe­
cies, the ferrous iron appears to have a more disturb­
ing influence on the system. Bathophenanthroline and 
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TABLE 1.-The effects of bathophenanthroline on aluminum 
recovery in the presence of iron 

Bathophen- Al+3 Al+3 
Ratio anthroline added ~g) recovered ~g) 

0.0015M (ml) 
-----·-------1----·1-----1----·--

AI+a:Fe+3 
1:20 __________________ _ 
1:20 __________________ _ 
1:20 __________________ _ 

1:5--------------------1:10 __________________ _ 
1:15 __________________ _ 
1:20 __________________ _ 
1:25 __________________ _ 
1:30 __________________ _ 

Al-ta: Fe+2 

1:5--------------------1:10 __________________ _ 
1:15 __________________ _ 
1:20 __________________ _ 
1:25 __________________ _ 
1:30 __________________ _ 

1:5--------------------1:5 ___________________ _ 
1:15 __________________ _ 

0 
0 
.5 

0 
0 
0 
0 
0 
0 

.5 

.5 

.5 

.5 

.5 

.5 

.5 

.5 

.5 

0. 50 
. 50 
. 50 

1. 00 
1. 00 
1. 00 
1. 00 
1. 00 
1. 00 

1. 00 
1. 00 
1. 00 
1. 00 
1. 00 
1. 00 
1.0 
1.0 
1.0 

0. 36 
. 44 
. 52 

1. 18 
1. 35 
1. 35 
1. 23 
. 80 
. 19 

. 98 

. 98 

. 98 

. 98 

. 95 

. 86 

. 91 

. 97 
1.0 

TABLE 2.-Tolerance to diverse ions in the aluminum determination 
byPBBR 

Maximum Maximum 
Ion tolerance Ion tolerance 

{ppm) (ppm) 

Boron ___________ 100 Manganese _______ 4. 0 
Ca1cium _________ 800 Strontium _______ 250 
Fluoride _________ 8. 0 Sulfate __________ 1,000 
Magnesium ______ 200 Nitrate __________ 40 
Potassium _______ 1, 000 Phosphate _______ 8 
Sodium __________ 1, 000 

possibly tartaric acid can be used to decrease the inter­
ference of iron, as illustrated in table 1. The experi­
mental data shows that bathophenanthroline will elim­
inate interference from iron when the ratio Fe/ AI is 
as great as 25. 

Table 2 indicates the maximum concentrations of 
other elements normally found in natural waters which 
may be tolerated in the aluminum determination by 
PBBR. 

SOlUTIONS OF ALUMINUM HYDROXIDE POLYMER 

Most procedures for determining aluminum fail 
when the element is present as a hydroxide polymer. 
To obtain the aluminum hydroxide polymer, a solu­
tion of aluminum perchlorate was treated with. sodium 
hydroxide in an amount sufficient to give a ratio of 
aluminum combined to OH-1 of slightly over 1 :3. 
After this material was aged for 10 days, the solution 
was free from any visible precipitate or turbidity. 

The solution at the time of preparation contained 12.4 
parts per million of aluminum. The pH of the solu­
tion at the time of analysis was 6.25. To determine 
the .amount of aluminum present, 1-ml aliquots of the 
aged solution were pipetted into a series of thirteen 
100-ml beakers. Acetic acid, 0.6M, was added in vary­
ing amounts to the last 10 samples of the test group. 
The first three samples contained no acid, only test 
solution. The samples were treated with enough de­
ionized water to bring all volumes to approximately 
80 ml. All solutions, including those not treated with 
acid, were heated on a hot plate 2 hours and cooled to 
room temperature. The samples were transferred 
quantitatively to 100-ml volumetric flasks and diluted 
to mark with de-ionized water. Fluorometric analysis 
was performed on the samples to measure the alumi­
num present. The results in table 3 show that approx­
imately one-sixth of the aluminum originally present 
was determined in the unacidified samples, but that 
the acid and heat treatment generally brought all or 
most of the aluminum to a state where it could be 
determined. 

TABLE 3.-The effects of varying amounts of 0.6M acetic acid on 
the aluminum hydroxide polymer 

Sample 

1 _______________________ _ 
2 _______________________ _ 
3 _______________________ _ 

4------------------------5 _______________________ _ 
6 _______________________ _ 
7 _______________________ _ 

8------------------------9 _______________________ _ 
10 ______________________ _ 
11 ______________________ _ 
12 ______________________ _ 
13 ______________________ _ 

0.6M acetic AlH AlH re-
acid (ml) present (ppm) covered (ppm) 

0 
0 
0 

10 
20 
30 
40 

5 
15 
25 
40 
60 
80 

12. 4 
12. 4 
12. 4 
12.4 
12. 4 
12. 4 
12. 4 
12. 4 
12. 4 
12. 4 
12. 4 
12.4 
12. 4 

1.8 
2. 0 
1.8 

12. 2 
12.4 
11. 6 
12. 4 
10. 0 
12.4 
10. g 
12. 4 
11. 4 
12. 8 

EXPERIMENTAL RESU'L TS 

Recovery of added alwminum by PBBR.-An ex­
periment was performed to determine the aluminum 
recoverable from spiked tap water using the described 
analytical procedure. Eight solutions were prepared 
using tap water as the diluting agent. The pH of 
the samples prior to the addition of varying amounts 
of aluminum was 8.9. The first solution was analyzed 
to determine the amount of aluminum present. To 
the other 7 solutions varying amounts of aluminum 
were added so that a range of 0.01 ppm to 1.0 ppm 
of Al+3 existed. Fluorometric analysis indicated that 
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TABLE 4.-Recovery of added ·aluminum by PBBR from spiked TABLE 5.-Fluorometric analysis versus spectrophotometrt~c analysis 
tap ·water [Results in parts per million of Al+3] 

Al+a Al+3 Al+3 AI+a 
Sample ad dod recovered Sample added recovered 

(ppm) (ppm) (ppm) (ppm) 

l _________ 
0. 000 0. 006 

6 _________ 
0. 070 0. 072 2 _________ 

. 010 . 016 
7 _________ 

. 100 . 102 3 _________ 
. 020 . 025 

s _________ 
.150 . 161 4 _________ 

. 040 . 046 
g _________ 

1. 000 . 950 5 _________ 
. 060 . 060 

0.006 ppm of Al+3 was present in the tap water ini­
tially (table 4). 

Fluorometria analysis versus spectrophotometric 
analysis.-Three samples containing unknown amounts 
of aluminum were analyzed by three chemists. One 
chemist determined aluminum· on the three unknown 
solutions using the Ferron procedure as described by 
Rainwater and Thatcher (1960, p. 97). Another 
chemist used Eriochrome Cyanine RC. A third chem­
ist measured aluminum using two different fluoro­
metric procedures, namely, the Pontachrome (PBBR) 
method and the morin method. The results are shown 
in table 5. 

CONCLUSIONS 

The fluorometric determination of aluminum using 
Pontachrome Blue Black R has proved to be a reliable 
and sensitive method. The minimum detectable concen­
tration of aluminum is 0.002 ppm. The procedure 
is simple and rapid. Consistency in the addition of 
the reagents, control of pH, and time regulation 
have led to reproducible and accurate results. 

Spectro-
photometric Fluorometric analysis 

Sample analysis Eriochrome 
Cyanine RC 

Ferron PBBR Morin 
----
1 ______________ 

0. 14 0. 17 0. 16 0. 18 2 ______________ 
. 32 . 23 . 31 . 33 3 ______________ 

1. 20 1. 20 1. 21 1. 21 
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