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FOREWORD

The scientific and economic results of work by the United States Geological Survey during
the fiscal year 1961, the 12 months ending June 30, 1961, are summarized in 4 volumes. This
volume includes 143 short papers on subjects in the fields of geology, hydrology, and related
sciences, prepared by members of the Geologic, Water Resources, and Conservation Divisions
of the Survey. Some are announcements of new discoveries or observations on problems of
limited scope, which may or may not be described in greater detail subsequently. Others
summarize conclusions drawn from more extensive or continuing investigations, which in large
part will be described in greater detail in reports to be published at a later date.

Professional Paper 424-A provides a synopsis of the more important new findings result-
ing from work during the fiscal year. Professional Papers 424-B and 424-C contain addi-
tional short paperslike those in the present volume.

TroMas B. Novan,
Director.
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GEOLOGY OF METALLIFEROUS DEPOSITS

293. POTASSIC FELDSPATHIZATION AND THORIUM DEPOSITION IN THE WET MOUNTAINS, COLORADO

By Grorce PraIr and Frances G. Fisaer, Washington, D.C.

Thorium, an element 2.4 times more abundant than
uranium in the granitic rocks of the earth’s crust, is
rare as & hypogene constituent in hydrothermal veins,
and the few hydrothermal deposits of thorium so far
discovered are obviously the result of special processes.
Similarities in the settings of the three largest hydro-
thermal districts—the Wet Mountains and Powderhorn
aren in Colorado and the Lemhi Pass area in Idaho—
provide clues as to what these processes may be. Each
district lies in deeply reddened (hematitized) fractured
siliceous Precambrian rocks within a few miles of
Tertiary volcanic rocks, which are presumed to have
formerly capped the thorium-bearing rocks.

In this paper a working hypothesis is presented re-
lating thorium deposition in the Wet Mountains to po-
tassic feldspathization of granite along weathered,
oxidized fractures beneath an impervious cap of vol-
canic rocks. A substantial body of chemical and min-
ernlogical information indicates that the potassic felds-
pathization resulted from reaction of the granite with
aqueous solutions of moderate temperature but rela-
tively high pH. The role played by the volcanic cap
must be clarified through further field work.

The work of Christman, Heyman, Dellwig, and Gott
(1953), of Christman, Brock, Pearson, and Singewald
(1960), and of Singewald and Brock (oral communica-
tion, 1959) has shown that the so-called veins in the
Wet Mountains are sporadically metallized linear shear
and breccia zones as much as 5 miles long. ' The com-
position of the ore changes along strike from sphalerite
and galena in carbonate-barite-quartz matrix, to barite
aggregates with or without quartz-carbonate gangue, to
red K-feldspar masses, some of which enclose the largest
and highest grade thorium deposits. Thorium occurs

principally as thorite and (or) thorogummite in dis-

seminations, stringers, blebs, shoots, and pods. It also

occurs, in at least one group of prospects, as a new min-
eral: a hydrated calcium thorium phosphate.

A working hypothesis for the origin of the thorium
deposits, based on 3 months’ field work and laboratory
studies, is outlined in the following paragraphs.

1. Although the breccia zones cut a wide variety of
igneous and metamorphic rocks, large high-grade
thorium deposits are developed only in granite.

2. Such granite has undergone intensive and extensive
feldspathization, resulting in vuggy aggregates of
course- to fine-grained red potassic feldspar contain-
ing less than 4 percent Ab and having the optics of
low temperature microcline.. Terminated K-feldspar
crystals commonly project comb-fashion into open
spaces, suggesting formation at no great depth.

3. The feldspathized zones are strongly hematitized.
Early hematite impregnates coarse “relict” micro-
cline and commonly the cores, but rarely the rims,
of smaller “recrystallized” microcline laths and gives
rise to the typical “red rock” of the miners.

4. During potassic feldspathization of the granite,
large quantities of Si0,, MgO, CaO, Na,O and BaO
were dissolved into the altering solutions and incorp-
orated into the principal gangue minerals (quartz,
barite, dolomite, and calcite) of fissure fillings. Na,O
‘commonly migrated farther into the wall rocks to
form replacement bodies of sodic amphibole and
pyroxene.

5. Elements in which the feldspathized aggregates are
enriched (Fe®, Al, Th, Y, and locally Nd, Ce, La, Be,
Nb) are those normally concentrated in granite and
syenite during magmatic differentiation. These en-
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riched elements belong to Goldschmidt’s (1937) hy-
drolyzate group, having limited solubilities in alkalic
solutions, and are thus predisposed to form residual
concentrations. Because they could not be accommo-
dated in the growing feldspar crystals, they were
expelled into the adjacent spongy matrix to form an
enriched protore.

6. Because part of the feldspathization involved a
simple replacement of K* for Na* in the feldspar
lattice, with the associated Al** remaining behind,
the altering solutions developed a considerable excess
of Na,O over that which could react with Al,O; to
form albite; in short they took on the compositional
peculiarities prerequisite to form sodic amphiboles
and pyroxenes (Ernst, 1958, p. 202). Aggregates of
fibrous blue magnesio-riebeckite developed wherever
such sodic solutions encountered a source of MgO
(diabase dikes and metagabbro layers; and mafic min-
erals in the granite along an outer sodic “front”).
Elsewhere, presumably under drier conditions
(Ernst, 1960, fig. 3a), jade green acmite was the end
product of sodic replacement.

7. Thorium minerals belong to a late stage in a complex
paragenetic sequence, and are believed to represent
a re-concentration from the enriched protore. Such
short-range thorium transport as may have occurred
is tentatively attributed to carbonate complexing in
solutions of appropriate alkalinity.

Hemley (1959) studied the relative stability of the
successive products of potassic hydrothermal alteration
(clay minerals, mica, K-feldspar) in solutions of vary-
ing K*/H* content at temperatures ranging from 200°C
to 500°C using a closed bomb technique.  He found
that K-feldspar was the stable phase not only at higher
temperatures but also at moderate temperatures pro-
vided only that the pH is maintained sufficiently high.
Later Hemley (written communication, 1960) extended
his experimental results to include sodic compositions;
the preliminary indications are that K-feldspar, buf not
albite, is stable over an intermediate range of pH.
Lacking information as to the K* and Na* content of
the feldspathizing solutions in the Wet Mountains,
quantitative limits cannot be placed upon this inter-
mediate pH range. However, the relative stability re-
lationships developed in the laboratory appear to be
borne out in a rather striking way in the field. More
recently, Morey and Fournier (1961) qualitatively con-
firmed Hemley’s results when they succeeded in leach-
ing the exsolved albite from coarse perthite leaving the

R

GEOLOGICAL SURVEY RESEARCH 1961

K-feldspar behind. This was accomplished by pumnip-
ing water at a pressure of 3,000 pounds per square inch
and a temperature of 300°C through an open system
containing the feldspar.

From the evidence here summarized the origin of the
thorium deposits in the Wet Mountains is reconstructed
as follows: -

The early-formed breccia zones served as conduits
for ground waters and became deeply oxidized in their
uppermost portions prior to the onset of vulcanism.
Once these condnits were capped by impervious vol-
canic rock, the “trapped” groundwaters heated by the
regional rise in the geotherms lay in contact with partly
weathered silicate rocks for an appreciable length of
time and acquired a relatively high pH. The high pH
in turn set in motion the process of potassic feldspathi-
zation, and secretion of thorium and formation of the
enriched protore resulted from this process.

To an unknown extent the alkaline waters may have
been augmented by (a) surface waters which took on
a high pH. as they seeped downward through the partly
glassy volcanic cover, and (b) hydrothermal solutions,
presumably of higher temperature but lower pH, com-
ing from below. Scattered lead-zinc deposits are in-
ferred to have been formed from hydrothermal solutions
under more strongly reducing conditions and at greater
depth than the thorium ores, but as part of a more or
less continuous process. Such acid, reducing solutions
rising to higher zones, would become “buffered” at a
higher pH by the ubiquitous iron hydroxides there con-
centrated and eventually would become indistinguish-
able from the “trapped” liquid.
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294, STRUCTURAL FRAMEWORK OF THE ILLINOIS-KENTUCKY MINING DISTRICT AND ITS RELATION TO
. : MINERAL DEPOSITS

By A. V. Hevy, Jr., and M.

The Illinois-Kentucky mining district is centered in
the most complexly faulted area in the central craton
of the United States. Structural studies suggest that
the mineral district lies within a collapsed, block-
faulted, sliced, and partly rotated domal anticline that
is located at and near the intersections of several major
fault lineaments.

REGIONAL FAULT LINEAMENTS

Six major fault lineaments can be recognized in the
region (fig. 294.1). (1) The New Madrid fault zone
extends from near Vincennes, Ind., southwestward

R. Brocg, Beltsville, Md.

through and beyond New Madrid, Mo. (2) The Rough
Creek-Shawneetown fault zone is traceable from the
collapsed Jessamine dome of central Kentucky west-
ward to the New Madrid fault zone, where it curves
around the northwest end of the domal anticline and
joins the west side of the New Madrid fault zone.
(8) The Ste. Genevieve fault zone begins south of St.
Louis and trends southeastward into northernmost
Tennessee. (4) The Cottage Grove fault is traceable

. across southern Illinois to the Mississippi River, where

it may end against the Ste. Genevieve system. Faults
of similar westward trend are traceable through the
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southeast Missouri lead district to the Crooked Creek
disturbance. (5) The zone of westward-trending
faults along the south boundary of the western Ken-
tucky coal basin joins the New Madrid fault zone in
the southern part of the mining district. (6) Many
vertical faults with a northwest trend (fig. 294.2) lie’
along the axis of the collapsed domal anticline of the
Illinois-Kentucky district and are traceable beyond it
into the southern part of the Illinois basin. The in-
dividual fractures are cut and displaced by faults of
the other systems. Many fractures are filled with
mafic dikes. The mafic dikes suggest that these faults
are deep-seated tensional fractures that formed during
the development of the domal anticline.

The north end of the Mississippi River embayment
of the Coastal Plain and major parts of the channels
of the Mississippi, Ohio, and Wabash Rivers in this
region are very probably partly controlled by long-
continuing movements along the New Madrid and Ste.
Genevieve fault systems. The largest of these two
fault lineaments is the New Madrid fault zone, which
has broken the rocks in the mining district into many
narrow fault blocks and wedges that have a north-
eastward elongation. Woollard (1958, p. 1144) sug-
gests that this fault zone is the southwestern part of a
major structural break in the craton that extends north-
eastward beheath the sedimentary rocks into the St.
Lawrence Valley as one of the great lineaments of
North America.

The New Madrid zone, the Ste. Genevieve fault zone,
and the curved west end of the Rough Creek-Shawnee-
town fault zone are tectonically active today. The
New Madrid fault zone is one of the most active seismic
areas in the country at the present time, including the
wide part of the zone crossing the Illinois-Kentucky
district; more than 25 earthquakes have been recorded
along the zone since 1937. Several of the most violent
earthquakes of historic time were in the New Madrid
series of 1811 to 1813 (Fuller, 1912).

STRUCTURES NEAR AND IN THE DISTRICT

The Illinois-Kentucky mining district lies within the
northern part of a collapsed north-northwest trending
domal anticline. The north end of the fold terminates
against the arcuate west end of ‘the Rough Creek-
Shawneetown fault, which in this area is a high-angle
thrust fault that has over 3,000 feet of vertical dis-
placement (fig. 294.2). A branch fault, probably of
the same attitude, extends southeastward from the main
fault at least as far as Saline Mines, Il

The main Rough Creek-Shawneetown fault system
is a zone of shearing that shows evidence of being a
wrench-fault system combined with a lesser high-angle
thrust component of movement along steep, southward-
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dipping fault planes. The principal component of
movement was strike slip that probably moved the
north wall westward. The New Madrid fault zone ap-
parently acted as shear-relief fractures for the Rough
Creek-Shawneetown zone. The fault zone along the
south boundary of the western Kentucky basin shows
vertical and lateral displacements similar to the Rough
Creek-Shawneetown zone. '

The Cottage Grove fault is probably a weaker ver-
tical wrench fault accompanied by scissors-type vertical
displacements (Clark and Royds, 1948, p. 1748), as
shown by the arrangement of the abundant subsidiary
northwest-trending faults along it. The patterns of
these subsidiary faults suggest that the main com-
ponent of movement was strike slip, and that the rocks
on the north side of the Cottage Grove fault moved
eastward in relation to those south of the fault. This is
the reverse of movement along the Rough Creek-Shaw-
neetown fault. The relative alinements of the Cottage
Grove and Rough Creek-Shawneetown fault systems
suggest that the Cottage Grove fault may be simply a -
west-trending branch of the Rough Creek-Shawnee-
town fault,

HICKS DOME

The faulted anticline within the mining district is
dominated by Hicks dome, a circular structure that has
about 4,000 feet of vertical uplift and a diameter of
about 9 miles. The dome contains a cluster of mineral-
ized explosion breccias in the Devonian rocks in its
center and several other explosion breccias on its flanks.
Near the periphery of the dome are clusters of both
radial and concentric ring faults (Weller, Grogan, and
Tippie, 1952, pl. 4; Stonehouse and Wilson, 1955).
Many of these fractures contain veins that have been
mined for fluorite and zinc. The changes in the pat-
tern of the northeast-trending faults in the dome area
suggest that faulting is younger than doming (fig.
294. 2).

Eight altered dikes of peridotite having alkaline
affinities lie within the dome. An altered northeast-
trending dike just east of the center is radioactive and
enriched in rare earths, barium, beryllium, niobium,
gallium, and scandium similar to the fluorite-thorium-
rare-earth breccias in the center of the dome. The
magnetite of the dike is reported to be abnormally rich
in zinc. Other dikes in the dome strike northwest-
ward—parallel to all dikes elsewhere in the area and
to the axis of the domal anticline.

Some of the central breccias have been drilled
(Brown, Emery, and Meyer, 1954) and trenched, and
one radioactive breccia, that of the Rose mine, has been
mined for fluorite. The deepest hole, the Hamp hole,
was drilled to a depth of 2,944 feet and ended in in-
tensely brecciated Ordovician rocks. The last 1,600
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feet penetrated strongly mineralized breccia containing
a matrix of 2 to 10 percent fluorite, much barite, quartz,
calcite, and a little pyrite, sphalerite, galena, biotite, and
apatite. Thorium, rare earths, beryllium, zirconium,
and niobium are intimately associated with the fluorite
and barite and increase in amount with these minerals.
The mineralogy of the shallow drilling and trenches
was studied by Trace (1960), who identified an unusual
yttrium-thorium monazite and florencite. The lead-
alpha age of this monazite is 90 to 100 million years, or
middle Cretaceous (T. W. Stern, oral communication,
1960).

The monazite is relatively unfractionated and is of
the deep-seated type that is most likely to have been
deposited originally at great depth in the earth’s crust
(W. C. Overstreet, oral communication, 1960), thus
strengthening the suggestion by Brown, Emery, and
Meyer (1954) that the breccias are mineralized dia-
tremes and Hicks dome is a cryptovolcanic structure.
The presence of similar elements in both the mineralized
breccias and the nearby dike, and also the abundance of
fluorspar in the breccias, suggest a genetic relation be-
tween the two and to the rest of the fluorspar-zinc dis-
trict. Fluorine, gallium, niobium, and barium are
typical of igneous rocks of the alkaline series and are
characteristic of mineral deposits closely associated with
such rocks.

ORIGIN OF THE DOMAL ANTICLINE

The axis of the domal anticline from an apex at Hicks
‘dome plunges gently southeastward into northern Ken-
tucky, where it is apparently displaced southwestward
by faulting (fig. 294.2), and extends south through
western Kentucky as the Kuttawa arch; the fold flat-
tens and dies out south of Princeton, Ky.

Unlike other domal uplifts of the region, such as the
Ozark dome, the anticline formed during a relatively
short period in post-Pennsylvanian time, probably mid-

dle Cretaceous, because the Pennsylvanian and older:

rocks are unthinned over the anticline. This domal
folding probably was the result of the intrusion of a
magma deep within the Precambrian basement at the
intersection of several basement fault lineaments. The
body was large, as is shown by the widespread extent
of the satellitic dikes and explosion breccias in the
area. The first tension fractures to open during up-
lifting were those parallel to anticlinal axes, as pro-

R
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posed by Weller and others (1927). The mafic dikes
that occupy many of these are thought to be only
slightly younger than the fractures. A gaseous ex-
plosion took place on the apex of the structure to form
the smaller dome (Hicks dome) and its diatremes. Part
of its gas and steam may have formed from the con-
nate waters and petroleum in the heated Paleozoic rocks
overlying the magma. Subsequent cooling and shrink-
age of the igneous rocks partly lowered the anticline.
This action was combined with a compressive force-
couple acting along the Rough Creek-Shawneetown
fault zone, which compressed and rotated the north
end of the fold in a counter-clockwise direction to de-
velop the numerous northeast-trending fault blocks.
Mineralized, heated solutions moved upward along the
previously formed faults and breccias and selectively
deposited the minerals. The Mississippi River embay-
ment was formed in Late Cretaceous time by down-
warping of the block south of the intersection of the
New Madrid fault zone and the Ste. Genevieve fault
zone.
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295. POSSIBLE RELATION BETWEEN HYDROGEN SULFIDE-BEARING HYDROCARBONS IN FAULT-LINE OIL
FIELDS AND URANIUM DEPOSITS IN THE SOUTHEAST TEXAS COASTAL PLAIN

By D. Hoye EareLe and Avice D. Weeks, Austin, Tex., and Washington, D.C.

Since 1954, when uranium was discovered in western
Karnes County, in the Coastal Plain of southeast
Texas, exploration activities for oil and gas and for
uranium have been intimately associated. The ura-
nium deposits were accidentally discovered during an
airborne survey being conducted for a private oil oper-
ator on the theory that oil is associated with anomalous
radioactivity. The uranium deposits were found in
an area where oil has been produced for several decades
from traps in comparatively shallow Tertiary sand-
stone beds along faults (fig. 295.1). The beds have a
gentle regional dip to the southeast. The faults trend
northeastward, nearly parallel to the strike of the beds,
and the oil accumulations generally are located where
the faults bend slightly, producing an arcuate pattern
that is convex updip. The faults seem to be part of
the Mexia fault system, described by A. W. Weeks
(1945, p. 1734). The beds along the principal faults
are upthrown to the southeast; faults with the opposite
displacement lie northwest of some of the main faults.
The faults are generally en echelon; individual faults
may extend from 5 to 25 miles. Faulting apparently
began early in Late Cretaceous time, and movement on
some was intermittent until at least Miocene time (A.
W. Weeks, 1945, p. 1736).

Most of the uranium deposits are slightly up dip
from faults upthrown to the east (Fashing and Hob-
son faults) and within a grabenlike area between these
faults and the Falls City fault a few miles to the west
(fig. 295. 1). The host rocks in the deposits are the
alternating nonmarine and shallow-marine tuffaceous
rocks in the upper part of the Jackson group (late
Eocene) ; these sediments were covered, until recent
geologic time, by the nonmarine Catahoula tuff (Mio-
cene(?)). Deposits in near-surface pits are mostly
oxidized and consist of yellow uranium minerals in
films on bedding planes and disseminated in the sand-
stone. A few small pockets of unoxidized ore are in
dark-gray pyritic clay under the main ore-bearing
sandstone and contain disseminated black ore minerals
and minute concretionary grains of uraninite, indicat-
ing precipitation in a reducing environment.

The deposition of ore may have been brought about
by a channeling of ground water into the graben-like

‘and Bunker, 1958).

area where there was a suitable reducing environment
for precipitation of uranium (Eargle, 1958; MacKallor
Alteration of the tuffaceous sedi-
ments by ground water may have produced heulandite
and released alkalies, silica, and several trace elements
including uranium (Weeks, Levin, and Bowen, 1958).
The uranium was redistributed by the alkaline ground
water and locally precipitated; the reducing conditions
were caused by decay of plant fragments or by hydro-
gen sulfide, which was derived from decaying organic
matter in the host rocks or derived as seepage of hydro-
gen sulfide gas from the deeper Edwards limestone.
The amount of hydrogen sulfide seepage necessary to
form the deposits would be very small compared to
the amount available in the Edwards. The mechanism
has been described for another uranium deposit at
Palangana salt dome, Texas (Weeks and Eargle, 1960).
In 1958 a large high-pressure gas field was discov-
ered along the Fashing fault only a few miles south-,
west of the richer uranium deposits; the gas is pro/
duced from the Edwards limestone (Lower Cretaceous)
and is rich in hydrogen sulfide and distillate. Several
other discoveries of sulfur-rich petroleum near other
uranium localities in the Karnes region have been made
since 1958. In 1959 the Person oil field in northern
Karnes County, producing sour gas from the Edwards
limestone, was discovered in an area where a surface
radioactivity anomaly and some uranium minerals have
been found. The Person field is about 20 miles north-
east of deposits being mined in western Karnes County.
Although the fault that forms the oil trap in this field
is not known to cut formations younger than Paleo-
cene, other faults in this area may have provided access
for hydrogen sulfide seepage into overlying rocks.
Three additional, widely scattered oil wells have
recently been drilled along this trend from the Edwards
limestone, each one a few miles down the dip from
uranium prospects. The Bright and Schiff 1 Kunkel
well, drilled in 1960, is about 314 miles south of Falls
City, and is about 8 miles east of and down the dip from
an uranium prospect near the San Antonio River. The
Standard of Texas 1 Manka well, also drilled in 1960,
about 414 miles southeast of Falls City, is less than 2



D-8

GEOLOGICAL SURVEY RESEARCH 1961

+¢ !
Superior 0il Co

GONZALES 1 Dubose

DEWITT

———_——-L——.

+ Standard of Texa
+o6°1 Manka

OKarnes City
Kenedy O

|
| LIVE OAK
|

O Campbellton

ATASCOSA \&. | .
OWhitsett

¢] 5 10 MILES
|

Fieure 295.1.—O0il and gas fields and uranium occurrences in the Karnes County area, southeastern

Texas.

EXPLANATION
®
Well or core hole having high radioactivity anomaly
+
Uranium prospect
R
Uranium mine
lé

Outcropping fault
U, upthrown stde; D, downthrown side

e e

D

Buried fault cutting Eocene sands,
projected to surface
U, upthrown side; D, downthrown side

RORE A

Buried fault cutting Lower Cretaceous
limestone, projected to surface
U, upthrown side; D, downthrown side

%

Oil field producing from Eocene sands

&

0il field producing from Lower Cretaceous limestone

Gas field producing from Eocene sands

D

Gas field producing from Lower Cretaceous limestone
[ ]

New oil discovery, Lower Cretaceous limestone

-r



~+

SHORT PAPERS IN THE GEOLOGIC AND HYDROLOGIC SCIENCES, ARTICLES 293—435 D-9

miles down the dip from two uranium prospects and is
near two subsurface radioactive anomalies, found at a
depth of about 100 feet by the gamma-ray logging of
two wells. The Superior Oil Co. 1 Dubose well in
southern Gonzales County, drilled late in 1960, is down
the dip from an uranium prospect. Between the
uranium prospect and the well in Gonzales County are
several wells producing radioactive waters; a sample
of water from one of these wells contained 10,700 puc/
liter of radon-222 and 106uuc/liter of radium-226
(A. B. Tanner, written communication, 1956).

The presence of hydrogen sulfide-bearing oil and
gas near the uranium occurrences suggests that hydro-
gel. sulfide from the oil and gas was the reducing agent
that caused precipitation of the uranium.

R
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296. RELATION OF FOLD STRUCTURES TO DISTRIBUTION OF LEAD AND ZINC MINERALIZATION IN THE
BELMONT AND CALAMINE QUADRANGLES, LAFAYETTE COUNTY, WISCONSIN

By Warter S. West and Harry Kremic, Washington, D.C. and Beltsville, Md.

Work ‘done in cooperation with the Wisconsin Geological and Natural History Survey

The Belmont and Calamine quadrangles, Lafayette
County, Wis., lie wholly within the Upper Mississippi
Valley zinc-lead district. Exposed in this area are
Middle and Upper Ordovician rocks consisting of a few
hundred feet of beds of carbonate rock and minor
amounts of interbedded shale. These are underlain by
as much as 340 feet of quartz sandstone, and, below this,
by more than 1,000 feet of carbonate rocks, shale, and
sandstone of Cambrian and Early Ordovician age
(table 296.1). At many places in the Belmont and
Calamine quadrangles, particularly in the latter, dolo-
mite is prevalent in the exposed carbonate rock
sequence.

The Ordovician strata have a regional dip of less
than 1° SSW except where they have been folded. The
axes of major folds and locations of domes and basins
in the two quadrangles, as determined by structure con-
tour maps of the top of the Platteville formation, are
shown on figure 296.1. Most of the folds have ampli-
tudes of only a few tens of feet; the greatest structural
relief is about 190 feet on the top of the Platteville
formation from the crest of the southernmost anticline
in the Belmont quadrangle to the trough of the syncline
in the southwestern part of .the quadrangle.

804498 0—61——2

Shown on figure 296.1, also, are the locations of mines,
prospect pits, and drill holes in“which lead and zinc
minerals have been found in significant amounts.
Groups of dots indicate general areas where ore was
mined. Trace amounts of lead or zinc minerals were
found at many localities not shown on the map, and
some workings where lead was mined in early days may
have been obliterated and cannot be located.

We offer the following explanation of how the ore
bodies were emplaced. We suggest that limestone beds
in the Platteville and Decorah formations at one time
were the uppermost linestone beds beneath an erosion
surface on the Galena dolomite (Du Bois, 1945) or
the Maquoketa shale (Brown and Whitlow, 1960), and
that meteoric waters moved through joints and frac-
tures in the rocks, dissolving and thinning the limestone
beds preferentially. Some compaction of residual ma-
terial and slumping in the partly dissolved beds may
have occurred late in this period. During a period of
tectonism, possibly contemporaneous with the waning -
period of solution or perhaps distinetly later, the solu-
tion-thinned beds and some adjoining beds were brec-
ciated, sets of inclined fractures formed, and beds over-
lying the zones of solution-thinning sagged into the
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TaBLe 296.1.—Stratigraphic section of rocks exposed in the Belmont and Calamine quadrangles, Wis.

Thickness
(feet)

Series Formation

Description

Upper Ordovician Maquoketa shale 40+

Shale, gray or blue, and dolomite, gray; phosphatic nodules and de-
pauperate fossils in thin zone near base; occurs in the northwes
corner of the Belmont quadrangle.

Galena dolomite 220+

Dolomite, buff to grayish-orange, and numerous interbedded thin layers
of nodular chert in lower half; limestone in the lower part of the
formation locally in the west-central part of the Belmont quadrangle;
zinc-lead deposits in fractures in the lower part of the formation and
lead-zinc deposits along vertical crevices higher in the formation;
underlies and crops out over large areas.

Decorah 30-35

Dolomite and limestone, gray to buff or grayish orange; entirely
dolomitic at many places; underlies large areas; zinc-lead ores in
inclined and horizontal fractures, and in solution-thinned and brec-
ciated zones.

Middle Ordovician

Platteville 654

Dolomite in lower part, buff to pale-gray; limestone or dolomite in
middle part, light-gray; limestone or dolomite in upper part, pale
purplish gray, aphanitic or fine-grained; entire formation is dolomite
at many places; underlies large areas but outcrop area is small;
zinc-lead ores in fractured, brecciated, and solution-thinned zones in
upper part.

St. Peter sandstone 354

Quartz sandstone, white to yellowish, crossbedded friable; iron-oxide-
cemented layer near top; underlies large areas but exposed only in
valleys.

voids. Still later, solutions carrying the ore elements
entered the fractures, breccias, and solution-thinned
zones and deposited the ore minerals.

The solutions which deposited the ore minerals
probably differed considerably from those responsible
for the major thinning of the host rocks, as is indicated
by the following facts: (a) Some ore-cemented brec-
cias contain angular rock fragments that show only
minor solution effects. (b) The footwall sides of
heavily mineralized inclined fractures show relatively
extensive thinning, whereas the hangingwall sides show
relatively little. This suggests that the major parts
of the solution preceded the inclined fractures, which
formed prior to mineralization. (¢) A thin film of
iron sulfide, which generally coats the host rocks of
the ore, probably inhibited reaction of the ore solutions
with the carbonate rocks.

Ore deposits in the dolomite of the Galena developed
in somewhat similar stages as has been suggested by
Bradbury (1959). Extensive solution of rock occurred
along vertical joints and fractures in some beds. Inter-
stitial calcite in beds of calcareous dolomite was dis-
solved preferentially, and cavernous and porous zones
were produced. The remaining parts of the dolomite
beds were sufficiently strong to prevent extensive col-

lapsing within and above the porous and cavernous
beds. Ore solutions later entered these zones and de-
posited the sulfides.

If the proposed sequence of events leading to the
emplacement of the ore deposits is correct, then ore
bodies might be found in shallow surface synclines
caused by the sagging beds over solution-thinned zones.

It has been suggested that synclinal basins are favor-
able places in which to prospect for ore in the Upper
Mississippi Valley district (Grant, 1906, p. 85 and 86;
Heyl and others, 1959, p. 170-172). We suggest, how-
ever, that the widespread and possibly random dis-
tribution of mineralized sites with respect to the folds
is an indication that in the Belmont and Calamine
quadrangles the tectonically folded structures are not
useful guides to ore deposits, and that localization of
ore deposits was not controlled by these folds. All
sites of lead deposits in vertical crevices in the two
quadrangles are places that were pervaded by solutions
capable of dissolving limestone and by solutions carry-
ing the ore elements. If the fracture systems provided
access to the underlying Decorah and Platteville for-
mations where they contained limestone beds, it is
likely that solution thinning would have occurred in
the limestone layers, and collapse features would have

“
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formed in which ore deposits could have been deposited.
Where the underlying rocks were dolomite, solution
thinning would have been negligible. Where layers of
rock bridge partly dissolved beds, ore deposits could
exist with no structural expression at the surface.
Such sites of mineralization may occur in the north-
central and south-central parts of the Calamine quad-
rangle. If the original solution thinning occurred
prior to the major folding as is suggested here, there
may be only a fortuitious relation between the folds and
the ore deposits, regardless of whether the ore minerals
were deposited before, during, or after the folding,

REFERENCES

Bradbury, J. C., 1959, Crevice lead-zinc deposits of northwestern
Illinois : Illinois Geol. Survey Rept. Inv. 2100.

Brown, C:. B, and Whitlow, J. W., 1960, Geology of the Dubuque
South quadrangle: U.S. Geol. Survey Bull. 1123-A [1961].

DuBois, E. P., 1945, Subsurface relations of the Maquoketa and
Trenton formations in Illinois: Illinois Geol. Survey Rept.
Inv. 105.

Grant, U. S., 1906, Report on the lead and zinc deposits of
Wisconsin, with an atlas of detailed maps: Wisconsin Geol.
and Nat. History Survey Bull. 14, Econ. ser. 9, p. 85 and '86.

Heyl, A. V., Jr., Agnew, A. F., Lyous, BE. J., and Behre, C. H,, Jr.,
1959, The geology of the upper Mississippi Valley zinc-lead
district: U.S. Geol. Survey Prof. Paper 309.

HYDROLOGIC STUDIES

297. RESERVOIR STORAGE FOR SHORT-PERIOD STREAMFLOW REGULATION
By G. N. MesniEr, R. E. Ourman, and W. B. Laxeeein, Washington, D.C.

Several graphs were prepared as part of studies for
the Senate Select Committee (1960) for computation
of the storage required to increase low flow of streams
in major river basins. These may be of use or interest
in the solution of other similar problems. The graphs,
shown on.figures 297.1-297.3, present generalized sets
of curves expressing the relation between regulated
flow and required storage. The ordinate is regulated
flow expressed in ratio to the mean, the abscissa is the
required storage capacity in days, and the parameter
is the variability index. The variability index, as
defined by Lane and Lei (1950), is the standard devia-
tion of the common logarithms of the daily discharges.
Storage capacity, reported in days, represents the vol-
ume in ratio to the mean flow of the river. Thus, a
capacity of 20 days is a volume equal to a flow of 20
days at the mean rate.

Given the mean flow and the variability index charac-
teristic of a region, an estimate may be made of the
storage required to sustain flows of increasing
magnitude.

Figure 297.1, showing the maximum storage re-
" quired, was prepared by mass-curve analysis (Linsley
and Franzini, 1955, p. 138-140) of the monthly flows
of 25 different streams in the conterminous United
States. Storage required for draft rates of 20, 40, 60,
and 80 percent of the mean was then determined by
customary mass-curve techniques. The data for the

several streams were then grouped in terms of their
variability indices and averaged. Figure 297.1 there-
fore represents a rough estimate of the storage required
for streamflow regulation during the most adverse or
lowest sequences in a particular period of streamflow
record.

Figures 297.2 and 297.3 represent the amounts of
storage required, assuming that the low flows are equal
to the lowest flows that occur in 1 year in 20, and in 1
year in 5. These requirements are less stringent than
the requirements assumed for figure 297.1 and there-
fore yield lower estimates for volumes of storage.

Two principal factors control the amount of storage—

the first is variability, and the second is the sequential

10
g i
2 15
= 05— o
Q S=Variability
2 & index
£ .
= A
=
a 021
=
s
=
o] )
= 0 | 1 | | | 1
’ 10 20 50 100 200 500

DAYS STORAGE

FioUure 297.1.—Storage required for streamflow regulation
during periods of low flow equal to the lowest flow of record.
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FI1ouRre 297.2.—Storage required for streamflow regulation
during periods of low flow equal to the low flow of 1 year
in 20.

order in which the flows occur. - Variability is evaluated
by the variability index, but because the index is based
on the variability of daily flows it may not be repre-
sentative of the variability among longer periods. The
sequential order is largely controlled by the seasonal
regimen; the greater the tendency for low flows to
occur in a consecutive sequence, the greater the stoTtage
requirement. The sequential effects are evaluated im-
plicitly in the graphs.

In constructing the figures, widely varying results
for different streams were averaged and smooth curves
constructed. Part of the differences represent inherent
differences among the streams, and part is due to the
behavior of each stream during the particular period
of streamflow record. Different periods of record would
not only indicate different amounts of storage required,
but different values of the variability index as well.
Figures 297.1-297.3 average out these components, and
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Ficure 297.3.—Storage required for streamflow regulation
during periods of low flow equal to the low flow of 1 year in 5.

are, therefore, averages of both place and time, a fact
that restricts their usefulness.

Although curves such as those shown may not be
applied to any particular stream, or a particular period
of years, they can be used in a general way to form
estimates of storage needed for short-term regulation
of streams. )

The curves show that required storage increases
greatly with increase in the variability index and with
increase in the regulated flow. -
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208. RESERVOIR STORAGE—GENERAL SOLUTION OF A QUEUE MODEL
By W. B. LaneseiN, Washington, D.C.

Formal application of the theory of queues to the

design or operation of reservoir storage usually leads

to a set or system of simultaneous linear equations that

must be solved for each specific case. However, a gen-

eral solution appears possible if certain approxi-
mations are made. In this example, a three-state
approximate solution is described for the case when

a uniform draft rate upon the reservoir is required.
In the solution, it is assumed or specified that:

1. Random inflows during successive units of time are
approximated by a trinomial probability distribu-
tion. The distribution supposes that the inflow
in any interval of time has one of three values,
B+A,B,and B—A. The value of B is the draft
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rate, and the value of A and of the probabilities
associated with each of these quantities B+ A4, B,
B— A, is such that their mean and standard devia-
tions are equal to the mean (@) and standard de-
viation (s) of the inflows as given.

2. The reservoir capacity contains n integral units of
volume, each equal to 4.

3. Reservoir contents at the beginning or end of any
unit of time may be in one of the n+2 states, which
are empty, between empty and A, between 4 and
24, .. ... or full.

4. Reservoir storage in a unit of time may (a) decrease
one unit when inflow equals B— A, for which the
probability is ¢, (b) remain the same when inflow
equals B, for which the probability is »; or (c)
increase one unit when inflow equals B+4, for
which the probability is p.

5. The probability of changing more than one unit is
neglected, so the alternatives above are the only
possible ones. Hence,

g+r+p=10.

These probabilities are subject to the boundary condi-
tions imposed by an empty reservoir when a decrease
in contents is not possible, or by a full reservoir when
an increase in the contents is not possible. These con-
ditions can be stated as follows:

1. When empty at a given time, the probability that
the reservoir will remain empty at end of next
interval of time equals the probability of inflow
less than the uniform rate of draft, B. The prob-
ability of this occurrence is go.

2. When empty at a given time, the probability that
at the end of the next interval of time the reservoir
will be in the first storage range, between zero and
4, is equal to the probability of inflow greater
than B. The probability of this occurrence is p,.
By definition

got+po=1.0

3. When the reservoir is initially full, the probability
that the reservoir will remain full at the end of
the next interval of time is equal to the probability
of an inflow greater than B. The probability of
this occurrence is po.

4. When the reservoir is initially full, the probability
that the reservoir will be in the storage range
below the spillway at the end of the next interval
of time is equal to the probability of inflow less
than B. The probability of this inflow is g.

These statements can be expressed as a matrix, as
follows: ‘
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STATES AT BEGINNING OF INTERVALS
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STATES AT END OF INTERVALS
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Subject to the condition that
P0+Po_1+P1.2+o .o . _-P(n-l)-n+Pn=1-0

Note that the probabilities in each column total unity
because these represent all possible alternatives.

The solution of this set of simultaneous equations
leads to the following results for the probabilities of the
reservoir spilling and of being empty:

2)
9o

O O ONG

P,

SO
T B O ONE

where P, is the probability that reservoir spills, P, is
the probability that reservoir is empty, and, n is the
reservoir capacity in ratio to A.

The number of terms in the denominator of the above
fractions equals the number of storage states; that is,
n+2. The value of P, is also equal to the probability
of “failure”’; that is, the probability that discharge from
the reservoir will be less than B, the design rate of draft.

The values of p, ¢, and A are defined by the following
equations:

p—q=y/A

A=/EE
1—r

r=1—p—g

y=(Q—B)/s
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The values of p, and g, are read from the given distri-
bution of reservoir inflows. The value of p, is the prob-
ability of inflow greater than B and g, the probability of
inflow less than B. The sum of p, and ¢, equals unity.

Calculations have been made for probability of spill-
ing (P.) and of empty (P,) for various combinations
of capacity and draft rates. The results are given non-
dimensional form on figure 298.1 for a normal and ran-

CAPACITY, IN RATIO TO STANDARD DEVIATION
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dom distribution of inflows and on figure 298.2 for a
logarithmic normal distribution of inflows having a
coefficient of skew equal to 1.0.

The same curves can be applied to the case where the
reservoir is operated so that discharge does not exceed
some rate B. In this case, y=(B—@)/s and the
“empty” and “spill curves of figures 298.1 and 298.2 are
to be interchanged.

CAPACITY, IN RATIO TO STANDARD DEVIATION

o. | S 10 20 50 80
PROBABILITY, IN PERCENT
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Freure 298.1.—Probabilities of reservoir being empty or spilling,
normal distribution of inflows.

(o] | S 10 20 50 80
PROBABILITY, IN PERCENT

90 95 99

FIaure 298.2.—Probabilities of reservoir being empty or spilling, )
logarithmic distribution of inflows, skewness=1.0.
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ORIGIN OF REGRESSIVE RIPPLES EXPLAINED IN TERMS OF FLUID-MECHANIC PROCESSES

By Aran V. JoprLing, Washington, D.C.

Work done in cooperation with Harvard University

As defined here, a regressive ripple suite refers to a
sequence of asymmetric ripples oriented in the direction
opposite to the general movement of current flow. Such
ripples should be distinguished from the antidune rip-
ples described by Shrock (1948) and others. Regres-
sive ripples were recorded by me ! during the course of

1 Jopling, A. V., 1960, An experimental study on the mechanics of
bedding : Unpub. Ph. D. Thesis, Harvard Univ., 358 p.

an experimental flume investigation on the mechanics
of bedding. The origin of this particular type of
structure is related to flow separation (Rouse, 1946,
p- 232-234) that occurs when a current expands over a
sharp discontinuity (such as a delta front) in a channel
floor. Flow separation generates a vortex system in
the lee of the discontinuity. For a deltaic transition,
a reverse circulation or backflow is directed toward and
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up the foreset slope, aud therefore any “normal” ripples
developed as bottomset structures in response to reverse
circulation are regressive only with respect to the gen-
eral flow direction.

So far as the writer is aware, naturally occurring
regressive ripples in the bottomset deposit of a cross-
bedded unit have not yet been recorded, although it
seems probable that they exist.

For subcritical transitions, and for those supercriti-

cal-suberitical transitions in which the Froude number

is not much in excess of one, as in most natural streams,
the varied flow pattern resembles jet expansion over
a finite discontinuity. The hydraulic phenomena in
the immediate vicinity of the delta front are those of
free-turbulence shear flow, with restrictions imposed by
the boundary geometry. .The hydraulic geometry and
zonal terminology adopted here for the flow transition
are diagrammatically illustrated on figure 299.1.

.. Consideration is given only to a transition character-
ized by a relatively low concentration of suspended
sediment. A high concentration results in a gravity
underflow (turbidity current) that moves along the
bottomset floor, and the flow pattern assumes an
entirely different character.

Based on a jet analogy, the zone of no diffusion (fig.
299.1) may be simply regarded as a vestigial phase
of the upstream flow regime extending for a limited
distance beyond the lip of the delta. This zone is
unaffected by the eddies of lateral mixing that are
developed marginal to the expanding “jet,” and its

_velocity distribution is similar to that of the upstream
flow (with a progressive, basal “truncation” in the
downstream direction).

The region of mixing, on the other hand, is charac-
terized by a rapidly altering distribution of velocity
and by strong macro-turbulence activity. Hydraulic
parameters such as the locus line of zero velocity and
the line of no diffusion, can be designated only in a
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nominal sense on account of the statistical nature of
the mixing processes involved.

The processes of fluid entrainment (resulting from
flow expansion) and return flow (necessary to satisfy
the continuity relationship) motivate a relatively stable
eddy that gyrates in the toe sector of the delta. This
is the eddy, already referred to, that is responsible for
the development of regressive ripples. A series of
measurements in a laboratory flume indicated that the
maximum velocity of backflow (reverse circulation)
ranged from about 14 to 14 that of the mean velocity
of streamflow upstream from the delta front. The
value depends upon the velocity of the flow, and upon
the depth-ratio (ratio of depth at the lip to depth at
the toe of the delta). For Reynolds numbers less than
3 x 104, and for a deltaic discontinuity with a 30-degree
slope and a wide range of depth-ratios, most of the
velocity-ratios lay between 14 and 14.

Theoretical considerations alone, based on a general
knowledge of the hydraulic geometry of flow expansion,
should suffice, therefore, to explain the occurrence of
regressive ripples in a bottomset deposit.

The experimental results from a number of delta-
building runs demonstrate that 3 types of ripples may
develop in the bottomset deposits of a crossbedded unit:
(a) progressive ripples that migrate in the downstream
direction, (b) regressive ripples that develop within
the zone of reverse circulation, and (¢) hummocky,
nondirectional ripples (current marks) that represent
a transitional phase between (a) and (b).

The progressive ripples are “normal” current ripples
that are directed downstream beyond the zone of re-
verse circulation. There is nothing unusual about their
occurrence. However, as the delta front and the zone
of backflow advance, the progressive ripples are
changed—either partly or fully—into regressive rip-
ples. Hummocky, nondirectional ripples result if the
transformation is incomplete.

Length of zane of reverse circulation |
about 7+ times thickness of delta

—‘ Velocity distribution

Large scate
eddies

_ = Progressive ripples Hummocky ripples

Zone of mixing andr

Zone of no diffusion of eddies l
of free-turbulence shear flow

free turbulence Topset beds

T of -- o )
F _Wear
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FicUure 299.1.—Schematic representation of zonal terminology for a flow transition over a delta front.
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The hummocky type of ripple characteristically
forms near the diffuse termination of the zone of re-
verse circulation. Whether 'the transformation to
regressive ripples is completed will depend on the ve-
locity of the backflow, the intensity of turbulence in,
the locale of the delta front, and the relative rates of
foreset and bottomset deposition. Therefore, the rip-
ples -at the delta toe may be either regressive or
hummocky.

The question arises concerning the probability of the
burial and preservation of regressive and hummocky
ripples as integral bottomset structures underlying the
deltaic foresets. Flume observations demonstrated
that the essential ripple-geometry could be preserved
in spite of the periodic impact of slumping foreset de-
tritus. In several delta-building runs involving the
deposition of angular crossbeds, the only observable
effect caused by slump was a slight to moderate distor-

‘tion or puckering of the bottomset ripples, and, for the

tangential type of unit, the evidence indicated that the
ripples could be completely preserved.

The occurrence of regressive ripples in experimental
models suggests that eventually they will be found in
nature. The juxtaposition of regressively rippled bot-

tomsets and deltaic foresets could conceivably pose a
perplexing problem in the interpretation of paleocur-
rent directions. If ripple orientation were used as a
diagnostic index, the conventional interpretation of
current direction would be 180 degrees in error. Fur-
thermore, the preservation of hummocky ripples could
also pose an enigmatic problem in field analysis.

If regressive ripples were recognizable in a field oc-
currence of crossbedding, it should be possible to esti-
mate the strength of the original current, on the
assumption that the ratio of the velocity of backflow
to that of the stream is roughly 1:4. The minimum
velocity for the initiation of ripples in sandy sediments
generally lies somewhere in the range 14 to 1 foot per
second, and therefore the occurrence of regressive rip-
ples in a crossbedded sandstone unit would suggest a
stream velocity of not less than 2 feet per second. The
structure, therefore, may serve as a subordinate cri-
terion in studies of environmental interpretation.
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300, THE SIGNIFICANCE OF THE FALL VELOCITY AND EFFECTIVE FALL DIAMETER OF BED MATERIALS

By Witutam L. Hausuiwp, Daryr B. Simons, and Evererr V. Ricuaroson, Fort Collins, Colo.

Particle-size distribution of bed materials based
upon the fall velocity of the particles will vary with
the characteristics of the fluid. Results of size analyses
conducted in the visual-accumulation tube for a sample
of the Elkhorn River, Nebr., sand in distilled water and
in 1, 5, and 10 percent by weight bentonite in distilled

- water are shown on figure 300.1. The distribution in

distilled water is in terms of fall diameters obtained
directly from the standard fall velocity; fall diameter
and standard fall velocity are defined in a report of
the United States Inter-Agency Committee on Water
Resources (1957). The distributions in the bentonite-
water dispersions ave described in terms of an effective
fall diameter (effective size). The effective fall diame-
ter of a particle for a given sedimentation medium and
temperature is the diameter of a quartz sphere whose
standard fall velocity equals the average terminal fall
velocity of a particle when it falls alone in an infinite
extent of the medium at the given temperature.

The influence of effective size of particles on the me-
chanics of flow in alluvial channels was studied in
flume experiments by changing the fall velocities of
bed materials through variation of the sedimentation
medium, and by using bed materials of different sizes
and specific gravities. The sedimentation medium was
changed by adding fine sediment (bentonite) to the
flow, and by varying the temperature of clear water
(Hubbell and Ali, Art. 301). Changes in the effettive
sizes of particle were found to change the forms of bed
roughness, resistance to flow, and sediment transport.

For the fine-sediment study, the bed material used
in the flumes was natural sand with median fall diame-
ters of 0.54 mm and 0.47 mm, and the fall velocity and
effective fall diameter of the bed-material particles were
decreased by the addition of bentonite as the fine sedi-
ment. The forms of bed roughness, resistance to flow
in terms of a dimensionless form of Chezy’s coefficient
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F1eure 300.1.—The particle size distribution of an Elkhorn River, Nebr., sand sample based on its fall velocity in various
concentrations of bentonite dispersed in distilled water. (Analyzed in the visual-accumulation tube.)

of discharge, C/y/g, and concentrations of the total
bed-material transport are given in table 300.1 for the
water-sand flow with bentonite and without bentonite.

When sufficient bentonite was added to the water-
sand mixture the resistance to flow and the total bed-
material in transport decreased in the lower flow
regime with ripples and dunes and increased in -the
upper flow regime with standing waves and antidunes.
(See Art. 165.) The addition of bentonite changed
the transition dunes to a plane bed and the flow changed
from the lower to the upper regime. Also, the form of
bed, resistance to flow, and bed material in transport
for the water-sand flow with bentonite and a coarse bed
material were similar to those developed in flume ex-
periments using water and finer bed materials. Com-
parison with experiments in an 8-foot-wide flume

(Simons and Richardson, 1960) shows that the median -

fall diameter of this finer bed material for similarity of
flow and transport phenomena would be the same as
the effective median fall diameter of the coarser bed
material in the water-bentonite dispersion.

The use of the effective size or actual fall velocity of
the bed material leads to a more thorough understand-

ing and explanation of phenomena that occur in natural
streams, including seasonal variations. At a nearly
constant discharge, a change occurs in bed form, resist-
ance to flow, and sediment transport between summer
and winter flows in the Loup Rivers of Nebraska (Hub-
bell, 1960). The fall velocity and, therefore, effective
size decreases with the decreasing water temperatures
during’ the autumn and winter because viscosity in-
creases with decreased temperature. The form of bed
roughness changes during the winter to conform with
the smaller effective size, and, therefore, the resistance -
to flow decreases and the amount of bed material in
transport increases.

The fall velocity and the effective fall diameter of
sediment particles decrease with increase in the vis- -

_cosity of the liquid. In natural streams viscosity is in-

creased by increase in the load of fine sediment, or by
decrease in temperature. The apparent viscosity of
aqueous dispersions of fine sediments depends, therefore,
mainly on concentration, temperature, composition and
structure of the clays, state of flocculation and neutrali-
zation—but it is complicated by many other factors.
(See Bingham, 1922 ; Hermans, 1953 ; Street, 1958 ; and
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TasLE 300.1.—The effect of concentration of bentonite on form of
bed roughness, resistance to flow, and total bed-material transport
in flume studies

Concentration
Flow regime and concentra- Resistance of total
tion of bentonite in the Form of bed to flow bed-material
wm.erl;set:nl:l] i?l‘l’gx )(pnrts roughness (CVg) Eiplgtr:lg:;geg
million)
Lower regime:
Without bentonite...| Ripples_...__... 10. 4 12
4,800 ppm bentonite.[ Rounded ripples_ 14. 4 2
Lower regime: °
Without bentonite.._| Dunes__.______ 85 . 1,020
63,700 ppm ben- Rounded sand 12. 4 521
tonite. waves.
Transition:
Without bentonite___|-____.______ ae- 8.1 1, 700
44,100 ppm ben- Plane___.______ 12. 7 2, 960
tonite.
Upper regime:
Without bentonite___| Standing waves_ 15. 7 3, 330
58,700 ppm ben- Antidunes__..__ 12. 3 22, 300
tonite.
Upper regime:
Without bentonite...| Antidunes..__.__ 12. 5 9, 180
51,900 ppm ben- Violent anti- 9.0 50, 000
tonite. dunes.

Wood, Granquist, and Krieger, 1955.) The apparent
viscosity of 0.5-, 1-, 2-, 3-, 5-, and 10-percent bentonite

D-19

and 3-, 5-, and 10-percent kaolin (by weight) disper-
sions in water were measured with a Stormer Viscosi-

meter. At a temperature of 20° C, the viscosity of a

5-percent (by weight) aqueous dispersion of bentonite -
is about 2.5 times greater than that of distilled water
and a 5-percent dispersion of kaolin is about 1.5 times
more viscous than distilled water. :

The visual-accumulation tube for the direct deter-
mination of the effective fall-diameter distribution was
used in a number of tests. Test conditions were con-
trolled so that the settling velocities of the three sand
samples depended only on the characteristics of the
sedimentation medium, which were varied by using
different concentrations of aqueous dispersions of
bentonite or kaolin. The variation of median effective
fall diameter as determined from these tests is shown
on figures 300.2 and 300.3.

Also shown on figures 300.2 and 300.3 are the effective
median fall diameters computed from the fall velocities
by use of the empirical relation between the drag co-
efficient and the Reynolds number given in a report of
the United States Inter-Agency Committes on Water
Resources (1957, fig. 1). The agreement between the
computed and the measured effective median fall diam-
eters indicates that the size distributions obtained in
the visual-accumulation tube closely approximated the
true effective fall diameter distributions.
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Fieure 300.2.—Variation of effective fall diameter and fall velocity with change in percent of bentonite in water.
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Fieure 300.3.—Varidtion of effective fall diameter and fall velocity with change in percent of kaolin in water.

The influence of temperature on effective fall diam-
eter in distilled water can be determined from the in-
formation given in the above-mentioned report. Pre-
liminary results indicate that the particle-size
distribution of light-weight bed materials in terms of
effective fall diameters can be obtained directly from
analyses made in the visual-accumulation tube.
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301. QUALITATIVE EFFECTS OF TEMPERATURE ON FLOW PHENOMENA IN ALLUVIAL CHANNELS
By D. W. HueseLL and Kuavm Ar-Smarke Avi, Fort Collins, Colo.

Laboratory and field investigations have shown that
flow phenomena can change significantly when the
water temperature changes. Lane and others (1949)
reported that for comparable mean daily discharges in
the Colorado River, daily suspended-bed-material dis-
charges are from two to three times greater in the
winter than they are in the summer. Straub (1954)
found similar increases in the Missouri River. Studies
on the Middle Loup River (Hubbell and others, 1956)
indicated that total bed-material discharges as meas-
ured at a turbulence flume, as well as suspended-bed-
material discharges, are greater at low water tempera-
tures than they are at high temperatures, and that flow
resistance is the least at low temperatures. However,
in laboratory studies, Hlo (1939) found that total bed-
material discharges increase as the water temperature
increases, and M. G. Mostafa (written communication,
1949) concluded that a fluid having a high viscosity
would in most cases transport a lower total bed-material
discharge than a fluid having a low viscosity; in other
words, an increase in water temperature should usually
increase the total bed-material discharge.

Because of the contrary findings, a laboratory study
was undertaken to examine temperature effects
throughout a wide range of flow conditions. The study

was conducted in a recirculation-type flume that is 2 -

feet wide and 60 feet long. Temperature of the water-
sediment mixture was controlled by adding either
steam or cold water to the system. The bed material
used in the study was sand from the bed of the Elkhorn
River near Waterloo, Nebr.; its median fall diameter
(U.S. Inter-Agency Committee on Water Resources,
1957) was 0.31 mm. Runs for a range of flow condi-
tions, from plane bed and no sediment movement to
violent antidunes !, were made in pairs in which tem-
perature was the only variable purposely changed. The
depth of flow in the initial run of each pair was set at
about 0.55 feet.

Figure 301.1 shows the differences in concentration
of the total bed-material discharge, flow resistance, and
bed form that occurred between the runs in each pair.
In general, when the bed form was ripples or dunes
with superposed ripples, the concentration of the total
bed-material discharge was greatest in the high tem-

1 Simons and Richardson (1961) have described each of the various
bed forms and their attendant characteristics within this range. Only
the standing wave form of bed roughness was not investigated in this
study.

perature run; when the bed form was dunes or plane
bed, no general trend was apparent; and when the bed
form was antidunes, the concentration of the total bed-
material discharge was greatest in the low temperature
run.

The concept of the change in “effective size” with
temperature, and the changes in the concentration of
total bed-material discharge and the flow resistance with
shear provide the basis for an explanation of the effect
of temperature changes on flow phenomena.

Experiments with different bed materials (D. B.
Simons and E. V. Richardson, oral communication,
1960) have shown that the size of the bed material, as
characterized by the median fall diameter, affects flow
phenomena. Because the fall diameter is determined
from fall velocity, the variations in flow phenomena
that occur with different fall diameters actually reflect
the effects of the fall velocity of the bed material. To
illustrate this point, Haushild and others (Art. 300)
in a flume experiment with a water-bentonite mixture
and a bed of coarse material showed that the bed forms,
flow resistance, and concentration of total bed-material
discharge were similar to those developed in a flume
experiment, with clear water and a finer bed material.
In order to express with a linear dimension the equi-
valency between particles having the same fall velocity,
they used the term “effective fall diameter” . By
definition, whenever the viscosity of the stream liquid
changes because of a temperature change, the effective
median fall diameter changes. Also, two particles with
different characteristics will have the same effective fall
diameter if, when they fall in different liquids, their
fall velocities are the same.

For a given bed material, channel shape, viscosity,
and depth, flume experiments have shown that the
concentration of total bed-material discharge and flow
resistance vary with shear on the bed. If any of these
factors change, the relations between concentration of
bed material in transport and shear and flow resistance
and shear change. Figure 301.2 shows concentration-
shear relations for two different bed materials having
median diameters of 0.28 and 0.45 mm. The curve for
the 0.28-mm bed material is based on data collected by
Simons and Richardson (1961) in an 8-foot-wide flume;

2The effective fall diameter of a particle is the diameter of a quartz
sphere whose standard fall velocity equals the velocity of the particle
when it falls alone in quiescent stream fluid of infinite extent and at the
stream temperature.
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Fieure 301.1.—Change in flow resistance and concentration of the total bed-material discharge with temperature for each
pair of flume runs.

the curve for the 0.45-mm bed material is based on data
collected in the same flume (Simons, Richardson, and
Albertson, 1961). Both curves are defined for a depth
range of 0.5 to 0.7 foot and a relatively narrow tem-
perature range. :

The implication of the effective-size and concentra-
tion-shear relations is that if the properties of the water
change through a temperature change, the effective
median fall diameter changes and the stream adjusts to
new concentration-shear and flow resistance-shear rela-
tions. In the adjustment, the shear, the total concen-
tration, the flow resistance, the bed form, and sometimes
the flow regime change until an equilibrium is reached
in which the mutual associations of all variables satisfy

final concentration-shear and flow resistance-shear rela-
tions. For example, consider that in a flume experi-
ment the initial conditions are such that the median
fall diameter of the bed material is 0.36 mm. Assume
that when the water temperature is increased to 70° C
(an extreme case) and the effective median fall diameter
of the bed material changes to 0.45 mm, the concentra-
tion-shear relation becomes that given on figure 301.2,
in which value “a” represents the shear. If the tem-
perature is decreased to 0° C, the effective median fall
diameter would be reduced to 0.28 mm and if the slope
decreased slightly because of the change, the shear
would decrease slightly, say to value “b”, and the con-
centration would decrease from 240 to 64 ppm. Or, if



SHORT PAPERS IN THE GEOLOGIC AND HYDROLOGIC SCIENCES, ARTICLES 293—435

D-23

1.0
/f
Jd
B /
g ¢ e
o T ——T—T— 1+ H———T T THtT—— T~ TH —%—— -
o t
§ //./ | |
5 W P /}‘ |
|
o o )~
e L > el Il |
g |
3 S m A ( ; C
gol w — '. — s
) a — " Forms of bed roughness [
- b ANP=i , 028mm" 0.45mmY [I
s Y 8e ©  Ripples a U
a | _ar” ® Dunes - |
2 ¢ Transition & I
:‘.’f’ g e el gy g :_—_:;>=“‘{g/—77,"{ ®  Plane @ |
® A | r‘H/ i ® Antidunes = I
5 LT | : '
L | Flow depth 05-07 ft. :
l : 1/ Median fall diameter |
l | of bed material i
O'OIG 10 100 1000 10000 60p00

Concentration of total bed-material discharge,in parts per million

FIoURE 301.2.—Relation between bed shear and concentration of total bed-material discharge in an 8-foot-wide flume for
relatively constant water temperature and depth.

the shear at the hot-water temperature is given by “¢”
‘and the change in slope when the temperature is
decreased to 0° C causes a decrease in shear to “d”, the
concentration would increase from 20,000 to 43,000 ppm.
However, if the depth also changed with the decrease in
temperature, the changes in concentration could not be
predicted because alterations in the other variables
would cause an adjustment to a new, undefined, concen-
tration-shear relation.
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By F. A. Konour, Miami, Fla.

Work done in cooperation with Dade County, Florida

DISPERSION-MOTIVATED FLUCTUATIONS OF GROUND-WATER LEVELS IN WELLS

There are many generally known causes of fluctuation
- of ground-water levels. Some of the more common are
recharge by rainfall, pumping, tidal action, earth-
quakes, evapotranspiration, and changes in atmospheric
pressure. In areas of salt-water contamination, fluctu-
ations of water level may be caused, also, by dispersion
phenomena in the casing of wells that tap the zone of
diffusion between fresh and salt water (fig. 302.1).
Generally, the cause of water-level fluctuations of this
kind is obscure in that the fluctuations are related
directly not only to changes in ground-water potential,
but also to the density of water in the observation well.
Thus, careful interpretation is required to insure that
water-level measurements are meaningful. The pur-
pose of this paper is to illustrate how dispersion may
cause a change of water level in a well.

FLUCTUATION INDUCED BY PUMPING

In the course of routine water sampling, certain wells
in the Miami area, Florida, appeared to have residual
water-level drawdowns of several tenths of a foot after
being pumped. Owing to the high permeability of the
Biscayne aquifer in the Miami area (50,000 to 70,000
gallons per day per square foot) residual drawdowns
of this magnitude are not expected as the result of
pumping for short periods at low rates. In wells
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Froure 302.1.—Cross section through the Silver Bluff area,
Miami, Fla., showing the zone of diffusion, November 2, 1953.

equipped with continuous water-level recorders no
recovery from pumping levels occurred (fig. 302.2).
After repeated pumpings (each one producing a similar
drawdown), no persistent decline of water level relative
to other wells was detected. ‘

The reason for the drawdown and lack of recovery
is apparent in figure 302.3 in which the water levels
of wells F198 and F192 are plotted against the chloride
concentration of water in the casing of well F198.
Well F192 is a short distance from well F198 and is
used to determine the regional fluctuations of water
level. Before well F198 was pumped on March 12,
its water level was 0.21 foot higher than that in well
F192. After pumping stopped, the chloride content
(and consequently the density) of water in the casing
of well F198 had increased to 7,950 ppm (parts per
million) and the water level was 0.16 foot lower than
that of well F192. During the afternoon of March 12
and on March 13 and 14, the water in the casing fresh-
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FIGURE 302.2—Hydrographs showing residual drawdown of
water level caused by dispersion after pumping well G580.
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water levels in well F198.

ened so rapidly that the daily-average water level rose
in opposition to the regional decline in water level, as
shown by the hydrograph of well F192. Subse-
quently, the hydrographs of the two wells gradually
diverged as the chloride content of the water in well
F198 decreased to its pre-pumping concentration.

This test clearly shows that the water level of a well
fluctuates as a result of dispersion-motivated changes
in the density of the water. In most wells, the recov-
ery of water level resulting from dispersion is imper-
ceptible from water-stage data and can be detected only
by comparison with water levels in companion wells
or by continuously monitoring the density of water
in the well. This emphasizes that in studies of aqui-
fers containing water of highly variable quality, con-
siderable care must be taken to assure that observed
water-level fluctuations truly represent changes in
ground-water potential.

WATER-LEVEL FLUCTUATIONS UNDER
NATURAL CONDITIONS

The dispersion rate shown in the test on well F198
was considered to be of significance to analysis of water-
stage data, and it directed attention to whether the
" upward rate of dispersion in the well was as great as

604498 0—61——3

. gravity.
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the downward rate. A test was devised to observe the
relative rates of dispersion with and against the pull of
The test consisted of collecting water samples
in and below the casing of well F192 and comparing the
water level of well F192 with that of another well that
was not affected by the change in density. It was ex-
pected that a rapid freshening of the water in the
casing would occur when the salt-water front (fig.
302.1) was pushed seaward by the high water-table con-

* ditions during the rainy season. The dispersion in this

case would be downward, aided by gravity. As the
water table declined below a certain critical altitude
the salt-front movement would reverse, and the chloride
concentration of water in the aquifer below the bottom
of the casing would increase to a higher value than that
of water in the casing. The dispersion in this case
would oppose gravity.

On figure 3024 (p. D-26), the changes in chloride
concentration of water in and below the casing of well
F192 are compared with the difference in water level

- between wells F'192 and G294. Since well G294 is a

shallow fresh-water well at the same location as F192,
changes in its water level reflect true changes in ground-
water potential and may be used for comparison. The
difference in water level between the two wells, then,
shows the fluctuation of water level caused by dis-
persion of salt water in the casing of well F192.

The high water levels of late September and October
1953 produced a sharp decrease in chloride content at
the 60.7-foot depth in well F192. The decrease in
chloride content at the 46.7-foot depth (in the casing)
lagged only slightly behind. In comparison, the
difference in water level between wells F192 and 294
decreased in direct relation to the freshening of the
water in the casing of well F192.

" Between December 1953 and May 1954, the chloride
concentration below the casing gradually increased ap-

. proximately 4,000 ppm; during the same period, the

chloride content of the water in the casing increased
less than 300 ppm. The upward rate of dispersion in
the casing of well F192 apparently was much slower
than the downward rate. However, the water-level
difference between the wells increased in relation to the
increase in chloride content of the water in the casing.
This is shown by the upward trend of the difference
curve from January to May 1954, before rainfall
started another cycle. Thus, under completely natural
conditions, the water level in a salty well may fluctuate
by a dispersion mechanism that is not entirely de-
pendent on changes in ground-water potentials.
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DISPERSION WITH OSCILLATING FLOW IN A GRANULAR MATERIAL

By Wiuis K. Kure, Denver, Colo.

To explain the discrepancy between observed and
calculated intrusion of salt water into some coastal
aquifers, Cooper (1959, p. 461) states that the disper-
sion of salts produced by oscillatory motion of the salt-
water front in a coastal aquifer induces a salt-water
flow from the sea floor into the zone of diffusion and

back to the sea. The experiment reported here gives
the coefficient of dispersion of salt at the boundary be-
tween bodies of salt and fresh water in oscillatory
motion in a granular material.

A lucite column 4 inches in diameter (A4, fig. 303.1)
was filled with Ottawa sand, a sieved sand having an
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Froure 303.1.—Apparatus used to measure the coefficient of
dispersion. (Letters are explained in text.)

effective grain size of 0.70 mm, a Hazen uniformity
coeflicient of 1.03, and a porosity of 36.5 percent. An
interface was established near the center of the column,
B, below which the sand was saturated with salt water
containing 200 parts per million potassium chloride,
and above which the sand was saturated with fresh
water. The bottom of the column was connected to a
salt-water reservoir, C, through flexible tubing. The
reservoir was moved up and down by means of a cable
attached to a rotating wheel, D, at the rate of one cycle
per hour. The fresh water and salt water in the sand
oscillated at the same frequency as the water level in
the reservoir. The amplitude of the water in the sand
was 0.63 foot, the amplitude of the reservoir water level
was 0.47 foot, and the amplitude of the free water sur-
face in the column was 0.23 foot. The time lag between
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water-level fluctuations in the reservoir and those in
the column was determined experimentally prior to the
test and the test was started with this time lag already
present so dynamic equilibrium was reached instantane-
ously. The conductivity of this water was measured
by electrode pairs spaced along the length of the column.
At the end of the first, second, fourth, sixth, and eighth
cycles, the movement of the interface was temporarily
interrupted and conductivity profiles were observed by
switching a recorder to each electrode in turn. Cali-
bration of the electrodes permitted determination of
the concentrations of salt at the electrode positions.

Figure 303.2 shows the concentration of salt in the
column at the end of eight cycles. The relation is
given by: o
2 z :

=erf erf u 1
Co e 2\/Ft W

in which z is the distance in feet from original interface
measured positively in the direction of decreasing con-
centration; D is the dispersion coefficient in square
feet per second; ¢ is the elapsed time in seconds; C is the
concentration at distance z in parts per million; and C,

. is the initial concentration of salt solution in parts per
million. By definition,

1

W m?
u=2/2+/Dt, or D=W 2)

The » and  values in equation 2 are the points common
to curves determined by plotting % versus erf » and the

20
absolute value of 2 versus the absolute value of 1——0'

The latter curve is determined using concentration
values for potassium chloride measured at one particu-
lar time. Figure 303.3 shows the two curves in match-
ing position for ¢=28,800 seconds. The match-point
coordinates are u=1.02, and r=0.38. These values,
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Ficurg 303.2.—Distribution of potassium chloride at the end of
eight cycles.
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substituted in equation 2, result in a dispersion coef-
ficient of 1.204X107¢ ft* per second or 0.00112- cm? per
second.

The average interstitial velocity (7) can be determined
by the formula

4o
2

7=

®3)

in which z is the amplitude of the free water surface
above the sand in centimeters; n is the number of cycles;
t is the time, in seconds, required for n cycles; and ¢
is the porosity. Using this formula, the average inter-
stitial velocity for the experimental conditions is 0.213
cm per second.

Figure 303.4 compares the results of the experiment
with the relation reported by Rifai and others (1956,
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p. 90) between the dispersion of salt and the average
interstitial velocity in Ottawa sand under conditions of
unidirectional flow. -The effective grain size for the
Ottawa sand used by Rifai and others (1956) was 0.45
mm, which is somewhat smaller than that of the sand
used in this study, but the uniformity coefficient—a
much more critical value (Orlob and Radhakrishna,
1958, p. 656)—was 1.30. This value is very nearly the
value of 1.03 for the sand used in the present experi-
ment. Although to date the study is inconclusive, the
close comparison of results shown on figure 303.4 indi-
cates that dispersion takes place at about the same rate
in oscillatory motion as in unidirectional motion.
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Ficure 303.4.—Comparison of experimental results with data
of Rifai and others (1956).
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304. CHEMICAL CHARACTER OF PRECIPITATION AT MENLO PARK, CALIFORNIA
By H. C. Wrarreseap and J. H. Fern, Menlo Park, Calif.

During the winters of 1957-58 and 1958-59, samples
of precipitation were collected at Menlo Park, Calif.,
as a part of a study of the influences of precipitation
on the chemical composition of surface runoff in West-
ern Conterminous United States. Several innovations
in the definitions of precipitation were instituted which
are reflected in the analysis of the various precipitation
phases collected. The sample collector was a sheet of
semirigid polyethylene about 4 feet square supported on
a wooden frame, and draining through a polyethylene
funnel into a 4-liter Pyrex glass bottle. The following
definitions are required to clarify the terms used in dis-
cussing the chemlcal character of the precipitation

' co]lected

Precipitation Water-soluble, gaseous, liquid, and solid mate-
rial that falls from the atmosphere.

. Rain Precipitation that falls as liquid water, and is collected
on a freshly cleaned nonreactive surface. '

Dry precipitation Precipitation that falls between periods of
rain. Dry precipitation consists of the water-soluble part
of dust, occluded gases, and other constituents of un-
explored nature that fall on the collector and are washed
into the collecting bottle by distilled water. Analysis of
the resulting solution has no meaning in terms of concen-
tration, because the concentration depends on the amount
of water used to wash the collector clean. The ratios of
most constituents probably have significance, however.

Bulk precipifation A combination of rain and dry premplta-
tion.

Each of the three phases of precipitation, rain, bulk,
and dry precipitation, exhibits its own unique char-
acter—as was found by a comparison of the three
phases collected at Menlo Park. Several interrelations
were recognized and some correlations made with the
physical environment. A few examples of these rela-
tions are presented below to illustrate the influences op-
erating to produce the chemical character of the
precipitation.

Menlo Park is about 30 miles southeast of San Fran-
cisco near the south end of San Francisco Bay and in
the northern part of the Santa Clara Valley. This
valley is one of the largest of the many valleys in the
California Coast Range region, and follows the general
northwest-southeast alinement of the surrounding
mountains. The Santa Cruz Mountains, having a
maximum altitude of about 2,000 feet, lie between
Menlo Park and the Pacific Ocean to the west. The
Diablo Range forms the eastern boundary of the Santa
Clara Valley. The valley extends with variable width
for some 60 miles, and gradually narrows to a point

about 30 miles south of Menlo Park, where the Gabilan
Range, the southern extension of the Santa Cruz Moun-
tains, converges with the Diablo Range forming a
funnel-shaped valley out of which the locally produced
atmospheric contaminants are carried by the surface
winds.

The valley is fairly well isolated from maritime winds
because of the range of mountains to the west. Also,
during most of the year, a temperature inversion exists
along the entire Pacific Coast, having its base at an
average altitude of 1,200 to 1 500 feet, This acts as
a lid on the valley and conta,ins most of the locally pro-
duced air contaminants. Of equal importance is the
fact that sea salts have little direct chance to invade
the valley under stable meteorological conditions and,
hence, have little if any influence on the chemical com-
position of dry precipitation. In contrast, during the
winter rainy season, the influence of sea salts is more
apparent. Consequently, the chemistry of rain col-
lected at Menlo Park reflects the influence of the sea
as well as the effect of the locally produced mineral
constituents.

Figures 304.1-304.3 show the general chemical char-
acter of the three types of precipitation sampled at
Menlo Park during the two winters of observation.
Rain and bulk precipitation are of a mixed type, with
bicarbonate and chloride the-dominant anions; dry
precipitation is principally calcium sulfate.

The variations in the chemical composition of the
rain at Menlo Park suggest, that there are several fac-
tors influencing this phase. The proximity of the ocean,

‘coupled with the fact that most of the rainstorms origi-

nate in a maritime environment, would offer a source
of sodium and chloride. The inference is that the pre-
cipitation regime is composed of rain, nucleating in
clouds rich in carbon dioxide and containing sodium-
chloride particles derived from the ocean. The rain
then falls through air, which at lower levels contains
varying proportions of continental mineralization, pri-
marily calcium and magnesium salts. Figure 304.3 in-

_dicates that the salts in the air over Menlo Park are
© primarily calcium sulfate.

The chemical character of dry precipitation collected
at Menlo Park supports the contention that, except
during rains, local continental mineralization contri-
butes more material by direct fallout to streams in this
area than do maritime sources. The contribution of the
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F1cURE 304.1.—Graph showing general chemical character of
rainwater collected at Menlo Park, Calif., 1957-59.

ocean, as represented by the presence of sodium and
chloride, is negligible in the diagram (fig. 304.3) that
illustrates the chemical character of dry precipitation.

Bulk precipitation represents a combination, in vary-
ing proportions, of rain and dry precipitation. Physi-

AN 8
AN L YAVAVAVAVAVAN . ‘
AV \VAVA YAV, N IVAVAN
NN NNNNNN
® & B b
crons PERCENTAGE REACTING VALUES o

FIGURE 304.2.—Graph showing general chemical character of

bulg precipitation collected at Menlo Park, Calif., 1957-59.
/
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F1eurE 304.3.—Graph showing general chemical character of
dry precipitation collected at Menlo Park, Calif., 1957-59.

cally, it is dry precipitation washed into the collecting
vessel by rainwater, and as such, reflects the chemical
composition of both phases to different degrees. The
chemical composition of bulk precipitation is dominated

. largely by the bicarbonate ion. The composition of the

cations is variable and is not dominated by any one ion
although calcium is most abundant. In the samples
collected at Menlo Park, bulk precipitation most nearly
exhibits the properties of the local dry precipitation in
that it tends toward a calcium-magnesium composition.
However, rain in this area also is influential in affecting
the chemical composition of the bulk precipitation.
This is seen in the trend of some samples toward a

- - sodium-chloride composition.

The division of precipitation into the three general -
categories presented here permits tentative assignment
of the sources of mineralization reaching the ground
and the streams in the Menlo Park area. During the
winter rains, the influence is predominantly maritime,

. as shown by the sodium-chloride character of the avail-

able salts. During dry periods, local continental min-
eralization contributes the major, if not the entire part

- of the airborne salts. In periods of alternately wet and
~ dry weather, the influence of both of these sources is

seen. It seems, then, that bulk precipitation is a more
meaningful phase of precipitation than rain when con-
sidering the contribution of atmospheric salts to the
chemical character of the surface water.

n
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305. MECHANICAL UNIFORM PACKING OF POROUS MEDIA

By Donarp A. Morris and WirLis K. Kure, Denver, Colo.

Work done in cooperation with California Department of Water Resources ‘

Preliminary work during a field and laboratory
study of the drainage of unconsolidated porous media
indicated a nonuniform distribution of porosity in beads
or sand manually packed by tapping the sides of
columns with a rubber mallet. The resulting porosities
ranged from 34 to 40 percent, a range considered too
great for reliable experimental studies. A technique
for uniform packing of glass beads or natural sand in
a 60-inch segmented column has been devised that
utilizes an almost noiseless vibratory packer. '

Several kinds of commercial packers, including vibra-
tory and jolting types, were tested, and the vibratory
packer was selected as the most suitable. The vibratory
packer chosen has a pulsating electromagnet and oper-
ates at 60 vibrations per second. A rheostat controls
the vibration amplitude, which can be varied from 0.04
to 0.18 cm.

After the operational characteristics of the packer
were determined for zero-to-capacity loading (300
pounds), a study was made of the effects of amplitude,
surcharge, and packing period on the uniformity of
packing for both short and long columns filled with
porous media.

The first tests involved filling 12 duplicate short
columns, 14.6 cm long and 5.1 ecm in diameter, with
0.120-mm glass beads, and vibrating them at amplitudes
ranging from 0.05 to 0.17 cm. The resulting porosities
for the samples ranged from 38.8 to 40 percent. A
standard packing amplitude of 0.09 cm was selected
arbitrarily.

The effect of surcharge was determined by compar-
ing porosities obtained with and without a 200-gram
weight placed on the glass beads during vibration at
0.09 cm amplitude. A difference in porosity of only
0.8 percent was obtained. The use of a surcharge was
therefore considered unnecessary.

The vibration of the columns over periods of from

5 to 200 seconds at an amplitude of 0.09 cm indicated
that porosity was not appreciably affected by length
of time of vibration within this range. To minimize
sorting effects, a standard vibration period of 10 seconds
was adopted.’ :

The technique evolved for packing short columns
then was extended to the packing of 0.120-mm glass
beads in columns 60 inches long and 1 to 4 inches in di-’
ameter. - After packing for 10 seconds at an amplitude
of 0.09 cm, segments of the columns were separated and
the porosity of each segment, was determined. Figure
305.1 (p. D-32) shows the distribution of porosity ver-
tically throughout one of these columns which was 1
inch in diameter. The porosities generally ranged
from about 38 to 40 percent and averaged about 39 per-
cent. The porosity was quite uniform throughout the
column and the reproducibility between columns was
good. The vertical reproducibility of porosity in the

" 4-inch columns was good, but the porosity ranged more

widely in the 4-inch columns than in the 1-inch columns.

To test this technique further, duplicate segmented
60-inch ‘columns 1 inch in diameter were filled with a
natural sand -(commercially produced by Del Monte
Corp.), 20-mesh (0.83-mm), and the same packing pro-
cedure was followed. The resulting porosities (fig.
305.2, p. D-32) were somewhat lower (35 to 38 percent)
than for glass beads, probably because of the greater
range of particle sizes and shapes of the sand. The
porosity was quite uniform throughout the length of
the column, and again the reproducibility was con-
sistently good.

A mechanical vibratory packer set at a vibration
amplitude of 0.09 cm and operated for 10 seconds with-
out a surcharge is now the standard method used in
the laboratory to obtain uniform packing of porous
media in long columns.
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306.

POST-CAMBRIAN IGNEOUS ROCKS OF THE CENTRAL CRATON, WESTERN APPALACHIAN MOUNTAINS

AND GULF COASTAL PLAIN OF THE UNITED STATES
By M. R. Brock and A. V. Hevy, Jr., Beltsville, Md.

Igneous rocks intrude Paleozoic and younger sedi-
mentary rocks at many places in the craton of the
Central and Eastern Interior, plus the Gulf Coastal
Plain of the United States. Numerous intrusives dis-
covered by drilling in recent years are not widely
known. In the course of a comprehensive study of
ore-deposits controls in this region, the authors have
searched the literature rather thoroughly for igneous
rock localities and plotted these on a map (fig. 306.1),
together with the outlines of the mining districts that
have produced sulfide ores, to see what correlation exists
between them.

The intrusive bodies form stocks, plugs, sills, and
dikes. Extensive petrographic studies by many persons
show that the volume of the alkalic group predomi-
nates over the volume of the subalkalic group in this
part of the country. This relation is inverse to the
great preponderance of subalkalic intrusives in other
parts of the continent and in general throughout the
world.

The twofold division of the igneous rocks into the
alkalic and subalkalic groups corresponds closely to
Daly’s usage (1933). The alkalic rock series is abnor-
mally high in sodium and potassium and deficient in
silica. The equivalent members in the subalkalic series
are lower in alkalies and higher in silica. Each of these
series has been subdivided and plotted on the map with
distinctive symbols. In addition, intrusive breccias
that contain igneous material are also shown.

Intermittent igneous activity in the region took
place from Ordovician to Quaternary time, but most in-
trusive bodies are of Cretaceous age. The intrusive
rocks that extend southwestward from northern New
Jersey through western Virginia to northeastern Ten-
nessee range in age from Ordovician to at least Triassic.
Many of these have been dated only as post-Ordovician
or post-Pennsylvanian, depending on the age of the
rocks they cut.

Mica peridotite is sparsely distributed in western
Pennsylvania and eastern Kentucky. The small stocks
in eastern Kentucky arve fresh kimberlite, but those in
western Pennsylvania are carbonatized. These rocks
are dated only as younger than the Devonian and
Pennsylvanian sedimentary rocks that are intruded.

Dikes and plugs of mica periodotite and lampro-
phyre in the central Mississippi Valley are believed
to be either late Paleozoic or Cretaceous in age. A lead-
alpha age on monazite from an intrusive breccia in
this region suggests a Cretaceous age (oral communi-
cation, T. W. Stern, U.S. Geological Survey), and hence
the closely associated lamprophyre and peridotite may
also be Cretaceous.

A great variety of mostly alkalic rocks in the lower
Mississippi Valley-Arkansas region intruded sediments
during the Mesozoic era. Some are believed to be of
Triassic age, but most are Cretaceous. The northeast-
trending Balcones fault zone in Texas. contains large
numbers of igneous rocks assigned to both the Cretace-
ous and the Tertiary periods. Those in western Texas
are Tertiary in age and are among several alkalic-rock
subprovinces of that age along the extensive forelands
east of the Rocky Mountains. Northeastern New
Mexico also contains volcanic rocks of Quaternary age.
Scattered intrusives between central Missouri and Colo-
rado range in age from early Paleozoic to Cretaceous,
and possibly to Tertiary. Numerous diabase rocks in
Florida, Georgia, and Alabama are Triassic and Tri-
assic(?) in age.

The many complex stocks plus transitional variations
in composition within some dikes are evidence of mag-
matic differentiation and, to a lesser degree, of contami-
nation through partial assimilation of wall rocks.
Because of the differentiation and contamination it is
hazardous to assign a specific composition to the source
melt. However, studies by Kennedy and Anderson
(1938) on tholeite basalt and olivine basalt show that
differentiation of the first produces the range of subalk-
alic rocks and differentiation of the second gives the
range of alkalic rocks.

Alkalic rocks are said by Beloussov (1960, p. 4136)
to occur mainly in the platform regions of the world.
He, among others, considers that the upper portions
of the mantle are liquid under much of the continental
areas. Accordingly, the prolonged, more stable condi-
tions under the platform regions could be expected to
permit a high degree of gravitational differentiation
within the melt chambers. This differentiation may
proceed to the point permitting concentrations of the
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highly volatile elements, including much sodium and
potassium, in the uppermost levels of the mantle and
possibly within the lower parts of the crust. Breaching
of the chambers by deep-seated fractures would allow
exodus of the low-viscosity alkalic magma, giving rise
to the alkalic suite of igneous rocks. If the release of
pressure within the chamber is great and the exodus of
material rapid, the result will be, in some cases, gas-
charged highly explosive emanations. The intrusive
bodies, including explosive breccias, found along the
fault zone that extends from eastern Kentucky into
central Missouri may well have originated in this way.
Explosive breccias and volcanic emanations are assoc-
iated with alkalic rock provinces at many places in the
world. At least two of the many brecciated domal
structures, which are distributed over much of the
craton region between the Appalachian Mountains and
the Rocky Mountains and described as cryptovolcanos
by Bucher (1933) and others, can be adequately ex-
plained by explosive forces originating in this way.
Except for the two which contain igneous material,
these brecciated domes have been omitted from figure
306.1 because of their questionable origin. However,
the locations of several are shown in another paper
(Heyl and Brock, Art. 294, fig. 294.1). Most of the
cryptovolcanic structures of the region are located on
structural highs of regional magnitude, and at least
one, in central Missouri, is situated on a large fault.

Igneous rocks have been found within 8 of the 19
mining districts shown on figure 306.1. The distribu-
tion of the deposits of fluorspar-zinc-barite-lead ore and
intrusive rocks in the Illinois-Kentucky mining district
are better shown in another paper by Heyl and Brock,
Art. 294, fig. 294.2. Other mineralized districts which
are too small to show on figure 306.1 are closely asso-
ciated with these intrusives in Texas, Kansas, Missouri,
and Pennsylvania. Eleven mining districts, including
three large producers of ores, contain no known in-
trusive rock.

REFERENCES

Applin, P. L., 1951, Preliminary report on buried pre-Mesozoic
rocks in Florida and adjacent states: U.S. Geol. Survey
Cirec. 91, 28 p.

Baker, C. L., 1927, Exploratory geology of a part of south-
western Trans-Pecos, Texas: Univ. Texas Bur. Econ.
Geology Bull. 2745, 70 p.

R

D-35

Beloussov, V. V., 1960, Development of the earth and tecto-
genesis : Jour. Geophys. Research, v. 65, no. 12, p. 4127-4146.

Bucher, W. H., 1933, Cryptovolcanic structures in the United
States: Internat. Geol. Cong. 16th, Rept., v. 2, p. 1055-1084.

Byrne, F. B, Parish, K. L., and Crumpton, C. F., 1956, Igneéus
intrusions in Riley County, Kansas: Am. Assoc. Petroleum
Geologists Bull., v. 40, no. 2, p. 377-387.

Clegg, K. E.,, and Bradbury, J. C., 1956, Intrusive rocks of
Illinois and their economic significance: Illinois Geol. Sur-
vey, Rept. Inv. 197,19 p.

Currier, L. W., 1923, Fluorspar deposits of Kentucky: Ken-
tucky Geol. Survey Bull., ser. 6, v. 13, 198 p.

Daly, R. A., 1933, Igneous rocks and the depths of the earth:
New York, McGraw-Hill Book Co., 598 p.

Goldich, 8. 8., and Elms, M. A., 1949, Stratigraphy and petrology
of the Buck Hill quadrangle, Texas: Geol. Soc. America
Bull,, v. 60, no. 7, p. 1133-1182.

Gould, C. N., 1923, Crystalline rocks of the Plains: Geol. Soe.
America Bull,, v. 34, no. 3, p. 541-560. -

Irving, J. D., 1904, Economic resources of the northern Black

¥ Hills: U.S. Geol. Survey Prof. Paper 26, 222 p.

Johnson, R. W., Jr., and Milton, Charles, 1955, Dike rocks of
central-western Virginia [abs.]: Geol. Soc. America Bull,,
v. 66, no. 12, pt. 2, p. 1689-1690.

Kennedy, W. Q., and Anderson, E. M,, 1938, Crustal layers and
the origin of the magmas: Bull. Volcanol.,, ser. 2, v. 3, p.
23-82.

Knopf, Adolph, 1936, Igneous geology of the Spanish Peaks
region: Geol. Soc. America Bull,, v. 47, no. 11, p. 1727-1784.

Koenig, J. B., 1956, The petrography of certain igneous dikes
of Kentucky: Kentucky Geol. Survey Bull, ser. 9, no. 21,
57 p.

Lonsdale, J. T., 1927, Igneous rocks of the Balcones Fault re-
gion of Texas: Univ. Texas Bur. Econ. Geology Bull. 2744,
178 p.

1940, Igneous rocks of the Terlingua-Solitario region,
Texas: Geol. Soc. America Bull., v, 51, no. 10, p. 1539-1626.

Martens, J. H. C., 1923, Study of the igneous rocks of Ithaca,
New York, and vicinity [abs.]: Geol. Soc. America Bull,,
v. 34, no. 1, p. 99.

Moody, C. L., 1949, Mesozoic igneous rocks of northern Gulf
Coastal Plain: Am. Assoc. Petroleum Geologists Bull., v. 33,
no. 8, p. 1410-1428.

Stobbe, H. R., 1949, Petrology of volcanic rocks of northeastern
New Mexico: Geol. Soc. America Bull., v. 60, no. 6, p. 1041~
1093.

Tarr, W. A., and Keller, W, D., 1933, Post-Devonian igneous in-
trusions in southeastern Missouri: Jour. Geology, v. 41, no.
8, p. 815-823. .

Thomas, E. P., 1950, Mississippi structures and their relation
to oil accumulation: Am. Assoc. Petroleum Geologists Bull.,
v. 34, no. 7, p. 1502-1506.

Williams, J. F., 1890, The igneous rocks of Arkansas: Arkan-
sas Geol. Survey Ann. Rept., v. 2,391 p.




D-36

GEOLOGICAL SURVEY RESEARCH 1961

307. UNDERSEEPAGE ALONG LEVEE 30, DADE COUNTY, FLORIDA

By Howarp Kiein and C. B. SHERWOOD, Miami, Fla.

Work done in cooperation with the Central and Southern Florida Flood Control District

The initial flood-control project in southern Florida
was the construction of a levee west of the Atlantic
Coastal Ridge, to retard the eastward overland flow of
flood waters from the Everglades. The southern ter-
minus of the levee system is shown on figure 307.1.
When the flood-control system is completed, a part of
the excess waters will be impounded in conservation
area 3 (fig. 307.1), west of the levees.

A proposed method of flood control in area B, east of
the levees (fig. 307.1), is to reduce ground-water stor-
age by means of a network of canals and a series of
.pumping stations. The pumps will be located along
the levees and will discharge water from area B into
conservation area 3. Initially, it was proposed that

.the water stage in area B be controlled at sea level to

give flood protection during major storms.

In the following, determination of the underflow
occurring along a section of the levee under 1960 water-
level conditions is used to predict underflow between
conservation area 3 and area B for other postulated
controlled conditions.

The levee area is underlain to about 50 feet below
msl (mean sea level) by the Biscayne aquifer, a body
of highly permeable limestone. The aquifer is floored
.by relatively impermeable silt.

Figure 307.2 gives details of the geology near the
northern end of Levee 30. A marl and muck blanket
overlies a thin layer of Miami oolite which is riddled
by solution openings. Figure 307.2 shows two thin
layers of hard, dense limestone from 0.5 foot above to
3.0 feet below mean sea level. These layers are rela-
tively impermeable, and under comparable hydraulic
gradients vertical flow of water through them is many
times less than the horizontal flow through the deeper,
more permeable rocks. The thin layers act hydrauli-
cally as a semiconfining unit that separates the ponded
water in conservation area 3 from the water contained
in the deeper, more permeable part of the aquifer.

The Levee 30 canal was cut through the beds of low
permeability and probably intercepts all the underflow
from the conservation area occurring along the northern
end of Levee 30. Canal flow represents a composite of
inflow from ground-water storage in adjoining areas,

and seepage of ponded water through levee materials
and the permeable Miami oolite.

Figure 307.3 shows water-level measurements made
in a line of multiple-depth wells along a line perpen-
dicular to Levee 30. This profile shows the relation
between the pool in conservation area 3 and the piezo-
metric surface during April 1960, and indicates, by
equipotential lines, the head distribution throughout
the section. :

The equipotential lines show that flow through the
aquifier toward the Levee 30 canal is essentially hori-
zontal except for the section adjacent to and beneath
the canal where flow has an upward component. The
horizontality of the contours in the interval between
0.5 foot above and 3.0 feet below mean sea level indi-
cates a large vertical head loss caused by vertical flow
through the dense limestones. Flow through the shal-
lower materials beneath the levee is essentially hori-
zontal and probably occurs chiefly through the Miami
oolite.

In January 1960, discharge measurements were made
at 1-mile intervals in the northern end of the Levee 30
canal. Plezometric gradients in the aquifer were de-
termined from measurements in wells on both sides of
the canal and levee and are shown on figure 307.4. The
following is a tabulation of the data [cfs = cubic feet
per second ; mgd = million gallons per day; ft per ft =
feet per foot] :

A. Discharge measurements in Levee 30 canal:

Total pickup in 1-mile reach (Q.)___ 176 cfs (114 mgd)
Seepage visible across berm to canal

(Q4) oo 10* cfs (7 mgd)
Net pickup by ground-water in-

flow (Qg)
(Qe)=Qt— Qs o~ 166 cfs (107 mgd)

B. Gradients (I) of piezometric surface

(fig. 307.4)
Average, ponded side______________ 0.0045 ft per ft
Average, southeast side____________ 0.0010 ft per ft

If the aquifer is homogeneous and flow through it is
laminar, the quantity of ground water discharging into
the Levee 30 canal is directly proportional to the
hydraulic gradient; therefore, about 80 percent of @,
or 86 mgd represents underflow from the ponded side
along the 1-mile canal reach.
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Darcy’s law may be expressed:

Q=TIL

it which @ is the quantity of water in gpd (gallons per
day); T is the coefficient of transmissibility, in gpd for

each vertical strip of the aquifer 1-foot wide; 7 is the
hydraulic gradient, in ft per ft; and L is the length of
the section, in feet, through which the quantity (Q)
By substituting in the above equation the data
of January 1960, a computation of the coefficient of
transmissibility of the aquifer is as follows [ft=feet;
gpd per ft=gallons per day per foot; ft? per sec={feet?
per second; mgd per mile=million gallons per day per
mile; cfs per mile=cubic feet per second per mile]:

flows.

Q (gpd)

T (gpdpert)=pe 5ot

86,000,000

T ~0.0045X 5,280

T =3,600,000gpd perftor 5.6ft?persec

When water control is in effect in area B there may
be times when the head difference between water level
in the conservation pool and water surface in Levee
30 canal will be as much as 10 feet.
expected maximum underseepage it is necessary to de-
termine the relation between the head across the levee
and the head differential at the toe of the levee, under
different water stages.
The projected graph indicates that if a head differential
of 10 feet were held across the levee, the head differ-

To compute the

Figure 307.5 shows this relation.

ential at the toe of the levee would be 7.8 feet; thus,
the gradient across the 150-foot levee would be 2.2 feet.
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Figure 307.5.—Graph showing the relation between the head difference across Levee 30 and the head difference between the
pool and the piezometric surface at the toe of the levee.

Thus, maximum underflow from beneath the levee -

through the Biscayne aquifer to the canal would be:

2 ft

©=3,600,000 gpd per ft><150 Tt

X 5,280 ft
Q=279 mgd per mile or 432 cfs per mile for a levee
base width of 150 feet.

Consideration must be given also to the seepage
through the levee materials and the layer of Miami
oolite. An approximate determination of such seepage
may be made using another expression of Darcy’s law
[gpd per ft>=gallons per day per foot?]:

Q=PIA

using an estimated composite coefficient of permeability
(P) of the levee fill and oolite=20,000 gpd/ft?, a length
of flow section=5,280 ft, a thickness of flow section
=10 ft, a base width of levee=150 ft, and a head.
differential =10 ft, the total seepage through the levee
(@) is computed to be about

0 ft

Q 20,000 gpd per ft2><150 i

X 5,280 £t <10 ft

Q=170 mgd per mile, or 108 cfs per mile

The total quantity that will be intercepted along the
1-mile reach from conservation area 3 is computed to
be about 349 mgd or 540 cfs. This estimate is based



SHORT PAPERS IN THE GEOLOGIC AND HYDROLOGIC SCIENCES, ARTICLES 293-435 D41

directly proportional to the square root of the head
difference. Thus, if there is turbulence in the aquifer
beneath the levee, flow to the canal will be somewhat
less than 540 cfs per mile.

R

on the assumption that flow in the aquifer is laminar.
For laminar flow the underflow would be directly pro-
portional to the head difference across the levee; for
turbulent flow the underflow would be approximately

308. SOURCES OF WATER IN STYX AND ECHO RIVERS, MAMMOTH CAVE, KENTUCKY
By G. E. Henprickson, Louisville, Ky.

Work done in cooperation with the‘ Kentucky Geological Survey and the National Park Service

The apparent sources of water in the underground
streams in Mammoth Cave, Styx and Echo Rivers, are
ground-water runoft from the sinkhole area-to the east
of the cave and surface water from the Green River.
The explored reaches of the underground streams and
their points of surface emergence are shown on figure
308.1. The streams come to the surface as springs and
discharge into Green River.

The sources were determined by direct observation of
direction of flow in the streams, comparison of gage
heights on Styx, Echo, and .Green Rivers, comparison
of temperature of water from these streams, and sam-
pling and analyses of waters from the various sources.
Chemical analyses of waters from the Styx, Echo, and
Green Rivers yielded the most reliable results because
the chemical character of water from the sinkhole area
is quite different, from that of Green River water at all
seasons of the year.

Before the development of the Greensburg oil field in
1958 (Krieger and Hendrickson, 1960), the chloride
content of water from the Styx, Echo, and Green Rivers
generally was less than 5 ppm (parts per million).
After the development of the oil field, however, the
chloride content of water in the Green River became
much greater than that of local ground-water runoft
in the Mammoth Cave area, and a reasonably accurate
determination of the amount of Green River water in
the Styx River and Echo River became feasible.

Figure 308.2 shows the chloride content, temperature
of the water, and gage height of Styx, Echo, and Green
Rivers for the period February 1 through June 21, 1960.

Because of an obstruction in the channel, the gage
height of the Styx River does not fall below about 423.7
feet (mean sea level), although the gage heights of Echo
River and Green River frequently are below 422 feet
during the summer months. The Styx River

604493 0—61-—4

apparently flows out of the cave into the Green River
whenever the gage height of the Green River falls below
about 423.7 feet. When the Green River is at stages
higher than 423.7 feet, the Styx River flows in or out of
the cave, depending on the amount of rainfall at Mam-
moth Cave, on the amount of rainfall in the Green
River basin above Mammoth Cave, and in the position
of the flood crest in relation to the Styx and Echo River
outlets. The Styx River generally flows out of the cave
into the Green River immediately following heavy rains
at Mammoth Cave. Outward flow may continue for
several days after the rains, but at some time near, or
shortly after, the highest stage of the flood at Mammoth
Cave, the flow in the Styx River reverses and water
flows from the Green River through the Styx “outlet”
and into the cave. The inflow in the Styx generally
continues until renewed rainfall begins another cycle
or until the stage of the Green River falls below 423.7
feet. :

Changes in chloride content of water in the Styx
River accompany the reversals in flow, and these changes
give evidence of the time of the reversals. During
times of inflow the chloride content of the Styx is about
the same as that of the Green River at this point. Dur-
ing times of outflow the chloride content of the Styx
generally is considerably less than that of the Green.
The transition from high-chloride water during inflow
to low-chloride water during outflow may be abrupt as
in the period March 15-17, 1960, or gradual as during
the period April 13-May 7, 1960 (fig. 308.2). Abrupt
changes from high to low chloride contents are due to
rapid flushing out by ground-water runoff from sink-
holes during local rains, especially during the winter
months when the soil is nearly saturated with water.
Gradual changes are due to the slow dilution of the
high-chloride water by fresh ground water from the



D-42

£
] \\
[}
£ o)
» >
° D,
g \ 3
e ) =
& /
1
c &
=) o

-~ %'4«,

EXPLANATION
- ®
Gaging station
f
Explored water passoges

—— —

Inferred water passages

800
A1

1600 FEET
J

F1eure 308.1.—Styx and Echo Rivers, Mammoth Cave, Ky.

sinkhole area. It is possible that some high-chloride
water enters the Styx from the Green at some point
upstream from the outlet, even during low stages.

GEOLOGICAL SURVEY RESEARCH 196‘1

National Park Service guides have reported a few
observations of Echo River flowing into the cave.
Sudden increases in the chloride content of water in
Echo River at times when the Styx is flowing out of the
cave indicate that such reversal in flow of the Echo
River does occur. One such reversal occurred on
May 30 (fig. 308.2), when the chlorides in Echo River
increased from about 2 ppm to 260 ppm during a period
of about 24 hours. The Styx River was flowing out at
this time and had been flowing out for several days. -
Additional evidence of the reversal was the abrupt rise
in temperature of the water from 54° to 70° F. Such
reversals in flow in Echo River last only a day or two
at the most.

Prolonged periods of high-chloride waters in Echo
River are undoubtedly caused by Green River water en-
tering the Styx River, flowing through the under-
ground passages, and discharging through the Echo
River outlet. Reversals in flow in the Styx are always
followed by a rise in chlorides in Echo River, generally
with a time lag of less than 1 day. The time required
for water entering the Styx to appear at Echo River
outlet was determined by dye test to be about 15 hours
when the gage height at the Styx outlet was about 427
feet. A
When water from the Green River flows through
the Styx River into the cave and out again through
Echo River the water discharged at Echo River out-
let always is substantially lower in chlorides than the
water entering the Styx from the Green. During the
period March 8-12, 1960, chlorides in the water flowing
from the Green into the cave through the Styx River
averaged about 150 ppm while water discharging at
Echo River outlet contained slightly more than 60 ppm
of chlorides. Local ground-water runoff generally
contains less than 5 ppm of chlorides. Calculations
show that about 40 percent of the water discharged
from Echo River at this time came from the Green
River and about 60 percent came from local ground-
water runoff.

REFERENCE
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309.

VOLCANIC ROCKS OF ORDOVICIAN AGE IN THE MOUNT CHASE RIDGE, ISLAND FALLS QUADRANGLE,

MAINE

By E. B.-Ekren, Denver, Colo.

A belt of vertically dipping volcanic rocks of Ordovi-
cian age forms a broad northeast-trending ridge from
Mount Chase to Shoaler Mountain (fig. 309.1) across
the Island Falls quadrangle. Similar but narrower
northeast-trending belts occur north of Pleasant Lake

" and Rockabema Lake. Structural relations indicate
that the rocks in the separate belts are part of the same
stratigraphic sequence. The Mount Chase belt is con-
tinuous southwestward into the Shin Pond and Stacy-
ville quadrangles and outlines a broad south- and south-
west-plunging anticline (Neuman, 1960). '

The bulk of the volcanic rock at Mount Chase is dense
spilite. The spilite, interlayered with thin beds and

seams of chert, is well exposed along the trail leading
to the lookout tower at the peak. At places it displays
poorly defined pillow structure. Eastward along the
ridge spilite is relatively sparse. There, keratophyre,
tuffaceous conglomerate, and sandstone make up’ the
bulk of the sequence. Numerous sills of albite- or oli-
goclase-rich diabase intrude the spilite at Mount Chase
and the pyroclastic and felsic rocks farther east. At
places along the northwest side of the ridge, quartz
porphyry crops out. These rocks appear- to be parts
of dikes and sills extending from a large stock of
porphyritic quartz diorite (not shown on fig. 309.1).
Beds of tuffaceous conglomerate and conglomeratic
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Ficure 309.1.—Map of Island Falls quadrangle, Maine, show-
ing outerop pattern of voleanic rocks of Ordovician age.

sandstone are generally more abundant in the volcanic
rocks lying northwest of Mount Chase than along any
part of the Mount Chase ridge proper. Some sand-
stone is fossiliferous and yields brachiopods of Ordovi-
cian age (Neuman, 1960).

The Island Falls quadrangle lies in an area of low-
grade (chlorite zone) metamorphism.

Spilite—The spilite is a dense green rock with dia-
basic texture (fig. 309.2) in which the plagioclase occurs
mainly as twinned laths or microlites that range in
composition from pure albite * to about An,;. KEpidote,
chlorite, sphene, and leucoxene after augite and ilmen-
ite, fill the interstices between the plagioclase grains.
The original major pyroxene, probably augite, is pre-
served as tiny fragments. In most specimens ilmenite
or titaniferous magnetite is extensively altered to leu-
coxene or leucoxene-coated sphene. Tiny needles of
actinolite or fibrous amphibole after pyroxene are
ubiquitous; quartz is absent except in some vesicular
rocks where, together with calcite, epidote, and chlorite,

1 Plagioclase compositions in most rocks were determined by compar-
ing indices of refraction against balsam, measuring extinction angles,

and determining optic sign. A few rocks were ground up and plagio-
elase indices determined using index oils.
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Fieure 309.2.—Spilite on trail to the lookout tower, Mount
Chase. Left, Spilite showing considerable range in size of
plagioclase grains; Right, Spilite consisting mostly of a dense
felt of oligoclase microlites.

it fills cavities; pyrite is very abundant in some rocks
but very sparse in others. The spilite appears to be
partly reconstituted dense augite basalt in which the
augite has been altered to epidote, chlorite, and actino-
lite, and the calcic plagioclase to albite or oligoclase,
epidote, and calcite.

Chemical compositions calculated from modes of the
spilites indicate that the average Na,O content exceeds
4 percent.

Keratophyre,  keratophyre-tuff, and tuffaceous
rocks.—Keratophyre, keratophyre-tuff, and sparse
tuffaceous conglomerate, and conglomeratic sandstone
crop out northeast of Mount Chase on the old tote
roads to Rockabema and Pleasant Lakes. Slaty cleav-
age is well developed in these rocks and most of the
fine-grained rocks are highly sheared. Common colors
are light blue, green, and green gray. Most of the
keratophyres in this area have flow structures; some
contain rock fragments and have textures suggesting
tuffs. The last named rocks are largely mylonitic,
however, and shards (if they existed) have been de-
stroyed. The conglomerate and conglomeratic sand-
stone contain angular to subrounded granules and
pebbles of greenstone, felsite, and quartz in a chlorite-
and sericite-rich matrix. Some of these rocks might
be termed tuff-breccias or agglomerates as they contain
pumiceous boulders of greenstone, some of which are
probably volcanic bombs.

Two types of keratophyre are recognized: potassic
keratophyre (rare), which contains abundant pheno-
erysts of orthoclase and has a “glassy” groundmass, and
sodic keratophyre, which contains albite phenocrysts
only, and generally has a microlitic groundmass. The
potassic keratophyre (fig. 309.3) contains phenocrysts
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Ficure 309.3.—Keratophyre or keratophyre-tuff rich in ortho-

clase. Many crystals of albite are partly altered to ortho-
clase. Secondary quartz occurs in patches (not visible in
sketch).

of albite in addition to orthoclase and the original
glassy groundmass has altered to a pale green nearly
isotropic mass of chlorite, microlites of albite, quartz,
a fine dust of sphene, and abundant tinty crystals of
K-feldspar.

The sodic keratophyre (fig. 309.4) contains no
K-feldspar as phenocrysts; staining with sodium co-
baltinitrite reveals that some rocks do contain slight
amounts of K-feldspar in the groundmass. The main
constituents of the groundmass are sericite, albite,
quartz, and chlorite. Epidote and sphene are abun-
dant in some rocks. The epidote probably was formed
during albitization of the feldspar when abundant cal-
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Ficure 309.4—Keratophyre rich in phenocrysts of albite.
Magnetite, epidote, quartz, and chlorite occur intermixed
and in alternating bands in the vein. Epidote crystals are
later than the magnetite and enclose many small grains of
magnetite.
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cium was released. Magnetite is common in tiny vein-
lets (fig. 309.4) as replacements in the plagioclase,
and as crystals disseminated through the groundmass.

Quartz content is variable in both types of kerato-
phyre and some rocks are quartz keratophyre. The
keratophyres are altered rocks of the rhyolite and
andesite-dacite clans.

Diabase—Sills of medium-grained dark-green
diabase weather to massive outcrops in many areas in
the volcanic belts. The intrusive origin of the diabase
is shown locally by chilled contacts and by the devel-
opment, of hornfels in adjacent tuffaceous sedimentary
rocks.

Plagioclase shows no preferred orientation in the
diabase and is generally in excess of interstitial augite
(fig. 309.5). The plagioclase in most of the diabase
has been saussuritized and contains epidote or zoisite.
The plagioclase ranges in composition from albite to
An,,. Some diabase contains water-clear albite and
little or no epidote or zoisite. A few rocks contain
unaltered plagioclase remnants that are calcic-labra-
dorite, and it seems probable that the original plagio-
clase in all the diabase was labradorite. In addition
to plagioclase and augite, the diabase contains abun-
dant actinolite, chlorite, sphene, magnetite, ilmenite,
and pyrite. The actinolite and chlorite formed from
the augite.

Conclusions—The enrichment in albite in the Mount
Chase voleanic rocks probably was largely independent
of low-grade regional metamorphism. This conclu-
sion is based on the fact that some of the extrusive
rocks (spilites) which display pillow structure, retain
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PLAGIOCLASE

TITANIFEROUS
MAGNETITE
ACTINOLITE
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F16URE 309.5.—Dark-green diabase. Augite is altered along
fractures and erystal edges to pale-green actinolite and
chlorite ; needles of actinolite commonly extend into plagio-
clase crystals; plagioclase is cloudy throughout; the single
crystal of titaniferous magnetite is partly altered to
leucoxene.
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diabasic texture. The lack of preferred orientation of
the plagioclase crystals would be unlikely if the albite
originated by dynamic metamorphism.

The mineralogical similarity of the diabase to the
denser spilites previously described suggests that the
rocks have a common source. The diabase sills prob-
ably were intruded shortly after and possibly in some

R
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places simultaneously with the extrusion of basaltic

" lavas at the surface.
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310. POST-CARBONIFEROUS DEFORMATION OF METAMORPHIC AND IGNEOUS ROCKS NEAR THE
NORTHERN BOUNDARY FAULT, BOSTON BASIN, MASSACHUSETTS

By Norman P. CupreLs, Boston, Mass.

Work done in cooperation with the Massachusetts Department of Public Works

Sedimentary rocks of Carboniferous age in the Bos-
ton Basin are separated from igneous and metamorphic
rocks of Paleozoic and Precambrian(?) age north of
the basin by the Northern Boundary fault (fig. 310.1).
There is some evidence that the igneous and metamor-
phic rocks have been thrust over the sedimentary rocks
along the Northern Boundary fault. Recent geologic
mapping in the Concord quadrangle has revealed a
fault zone of similar magnitude that may be genetically
related to the Northern Boundary fault. The fault
zone extends from the southwest part of the quadrangle
northeastward for at least 25 miles; its southwest ex-
tension has not been determined. The zone is about 4
miles from the Northern Boundary fault near Waltham
but diverges from it north of Lexington and, when
extended, coincides with a fault zone mapped by R. O.
Castle (written communication, 1960), in the Wilming-
ton and South Groveland quadrangles. Stratigraphic
discontinuities in the Nashoba and Marlboro forma-
tions and the Andover granite led Castle to postulate a
fault zone that extends from the northwest corner of
the Lexington quadrangle northeastward for 18 miles
to the town of Groveland. In the eastern part of the
Concord quadrangle, the fault zone is separated from
the Northern Boundary fault by the Precambrian Marl-
boro formation and the Paleozoic(?) Salem gabbro-
diorite, both of which are deformed by a series of sec-
ondary faults. '

Within the Concord quadrangle, the newly mapped
fault zone is best exposed in a road cut at Bloody Bluff.
The center of the bluff is a medium-grained diorite con-
taining andesine plagioclase and blebs of pink micro-
cline. On the east side of the bluff, constituent mineral

grains of the diorite are severely deformed and altered,
producing a light-green rock mottled red in which
grain boundaries are very hazy. A thin section of this
altered rock shows sericitized and deformed plagioclase,
much epidote and calcite, and no ferromagnesian min-
erals. Severe shattering of the rock has resulted in
many closely spaced and randomly oriented fractures, .
in part coated with hematite. Two major fault planes
85 feet apart are exposed in the outcrop; they trend
N. 25° E. and dip 40° to 60° NW. Subsidiary faults,
not shown on the map, have the following attitudes:
strike N. 55° E., dip 80° NW.; strike N. 80° E., dip 90°;
strike E., dip 75° S.; and strike N. 75° W., dip 90°.
Rocks underlying lowlands east and west of the bluff
are probably within the fault zone. The fault pattern

_here indicates that the east side of the zone moved north

relative to the west side.

Bloody Bluff is an unusually good exposure in an
area where thoroughly fractured rocks are commonly
deeply eroded and covered with glacial debris; thus,
direct evidence of major faults is rarely observed.
Other evidence of faulting is abundant, however, such
as small faults that have several inches to several feet
of displacement, excessively sharp swings in the strike
of bedding in the Marlboro formation, offset lithologic
units, rotation of blocks of an alaskitic granite gneiss,
and a zone of crushed rock along the trend of the major
fault zone. This evidence suggests the fault pattern
shown on figure 310.1. Many sharp local changes in
the strike of bedding (from northeast to northwest) in
the Marlboro formation occur in the area one mile south
of Bloody Bluff to the sharp bend in the Northern
Boundary fault near Waltham. LaForge (1932) also
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mapped similar northwesterly strikes on an extension
of this alinement of structural anomalies in the Marl-
boro formation near the Northern Boundary fault.
The deformation which produced these fault structures
is one of the youngest tectonic events in eastern Massa-
chusetts because the faults displace Andover granite of

311. A .REGIONAL FAULT IN

GEOLOGICAL SURVEY RESEARCH 1961

Carboniferous age—the youngest rock cut by the fault
zone.

REFERENCE
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EAST-CENTRAL MASSACHUSETTS AND SOUTHERN NEW HAMPSHIRE

By RoeerT F. Novorny, Boston, Mass.

Work done in cooperation with the Massachusetts Department of Public Works

Geological reconnaissance in east-central Massachu-
setts and southern New Hampshire, in conjunction with

detailed bedrock mapping of the Clinton quadrangle,

Massachusetts, has shown that a major fault zone ex-
tends from the Sterling quadrangle, Massachusetts,
northward into Hollis township in the Milford quad-
rangle, New Hampshire. However, because outcrops
are few, a more detailed study is necessary to trace the
fault farther northward into New Hampshire. The
geologic map of New Hampshire (Billings, 1955) and
the geologic map of the Manchester quadrangle, New
Hampshire (Sriramadas, 1955)* show faults and zones
of silicified rock that could be the northeastward ex-
tension of the fault discussed here. :

The relative vertical movement on the fault shown
on figure 311.1 was determined on the basis of the
stratigraphic sequence found south of the Clinton quad-
rangle (in the Shrewsbury quadrangle). There the
Worcester formation unconformably overlies the older
Oakdale quartzite; both formations are of Carbonif-
erous age or older. The trace of the fault is marked
by swamps, glacial outwash, and steep-walled stream
valleys. The fault plane is not exposed; however, out-
crops of both the Worcester formation and the Oak-
dale quartzite are sufficiently abundant and are so lo-
cated as to insure a reasonable degree of accuracy in
establishing the position of the fault.

In the Clinton quadrangle, the fault is indicated by
the juxtaposition of the Oakdale quartzite and the
Worcester formation, which have noticeably divergent
strikes and dips. In general, the Oakdale quartzite
strikes N. 20° to 30° E. and dips 50° to 70° SE.; the

1 Sriramadas, Aluru, 1955, Geology of the Manchester quadrangle,
New Hampshire: Unpub. Ph. D. thesis, Harvard Univ., 142 p.

Worcester formation, southeast of the fault, strikes ap-
proximately north and dips 60° to 70° W.

In the Shirley and Townsend quadrangle, zones of
breccia and silicified rock (fig. 311.1) mark the fault
zone. The southern breccia zone consists of Oakdale
quartzite which has been intensely folded, faulted, and
fragmented. Axes of recumbent drag folds strike N.
55° E. and dip 10° NW.; the axial planes strike N. 75°
E. and dip 10°NW. The plane of a subsidiary fault,
which apparently -caused the folds, strikes N. 40° E.
and dips 25° SE.; sulfides have been introduced along
the fault zone and 1} 4-inch cubes of pyrite are common.
The entire outcrop in which the subsidary fault is ex-
posed is limonite stained. The northern breccia zone
(fig. 311.1) consists of Oakdale quartzite fragments
in a very fine light gray-green to black matrix. Some
minor silicification has also occurred in this zone.

The zone of silicified rock and large milky quartz
veins completely occunies a hill 1,100 fzet long and 400
feet wide in the Shirley quadrangle (fig. 311.1). The
silicified angular rock fragments are pale-gray Oakdale
quartzite. A rather consistent slabby parting strikes
N. 20° E., parallel to the orientation of the hill, and dips
79° NW.; it may indicate a minor amount of movement
after the major faulting and silicification. A single
silicified zone in the Townsend quadrangle (fig. 311.1)
also contains fragments of Qakdale quartzite and ex-
tensive quartz veins. This zone consists of many large
outcrops of silicified rock found for a distance of about
1 mile parallel to the fault. Both of the silicified zones
mentioned are on the west side of the fault, and both
are bordered on the east side by steep-walled stream
valleys.

Slickensided rocks north of the Massachusetts-New
Hampshire boundary, indicate the extension of the
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fault. In this area rocks east of the fault strike N. 47°
E. and dip 80° NW.; and those west of the fault strike
N.26° E. and dip 78° NW.

Throughout most of the area examined the fault
brings the Worcester formation against the Oakdale
quartzite, as mapped by Emerson (1917, fig. 2). It
seems possible that the fault may extend southward into
the Worcester North quadrangle and that the isolated
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body of Worcester formation containing the abandoned

Worcester “coal” mine (fig. 311.1) may be bounded on
one side by the fault.

REFERENCES
Billings, M. P., 1955, Geologic map of New Hampshire: U.S.
Geol. Survey.

Emerson, B. K, 1917, Geology of Massachusetts and Rhode
Island : U.S. Geol. Survey Bull. 597, 289 p.
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312. GROUND WATER IN EOCENE ROCKS IN THE JACKSON DOME AREA, MISSISSIPPI
By Josepn W. Lanag, Jackson, Miss.

Work done in cooperation with the city of Jackson, Mississippi

The Jackson dome is a large elongate fold near the .

center of the Gulf Coastal Plain in central Mississippi.
The dome was formed in Late Cretaceous time, and
folding continued into the early Tertiary. The depo-
sitional environment and structural history of the Jack-
son area and nearby parts of the Coastal Plain have
been described by Russell (1940), Fisk (1944), Kay
(1951), Monroe (1954), Bornhauser (1958), and others.
In brief, during early Tertiary time great deltaic
masses spread out over central Mississippi and en-
croached upon the Gulf of Mexico for long intervals
followed by periods of less rapid sedimentation. Delta
building reached a peak during early Eocene, began to
slacken during middle Eocene, and had almost ceased by
late Eocene. Areas on the flanks of Jackson dome sank
slowly and received relatively large amounts of sedi-
ment, but the dome itself stood firm or sank relatively
slowly, and formed a barrier to the sea as it advanced
and retreated across the area. Lignitic beds are espe-
cially numerous in Eocene rocks on the northeastern
side of the dome, and indicate that swampy conditions
existed there for long periods of time.

The Eocene rocks in the Jackson dome area are as-

signed, from youngest to oldest, to the Wilcox, Clai--

borne, and Jackson groups as follows:
Jackson group (formations not listed).
Claiborne group:
Cockfield formation
Cook Mountain formation
Sparta sand )
Zilpha clay
Winona sand
Tallahatta formation
Wilcox group (formations not listed).
Rocks of the Wilcox group are more than twice as thick
~ along the Mississippi River than on Jackson dome about
30 miles to the east ; the Claiborne group, which is about
2,400 feet thick along the Mississippi River, is only
1,100 feet thick on the dome,

Figure 312.1 indicates the location and size of the
Jackson dome, and the source and distribution of
ground-water supplies in the Jackson dome area. The
aquifers commonly encountered are sandstone in the
upper part of the Wilcox group, and the Sparta and
Cockfield formations in the upper part of the Clai-

borne group. Shallow wells in the southern part of
the area find water in the Oligocene sands.

Jackson, Miss., which is on top of the dome, obtains
its municipal water from the Pearl River, but about 12
million gallons of ground water a day is withdrawn
from the Eocene aquifers, mostly for suburban public
systems, industries, hotels, and office buildings. In ad-
dition, more than 3,000 privately owned wells in Eocene
rocks supply domestic needs in surrounding rural areas.

Wells producing water from the Wilcox group are
not shown on figure 312.1. Only a few wells have been
drilled to the Wilcox; the water is soft, moderately
mineralized, and of the sodium bicarbonate-bearing
type.

The influence of the Jackson dome on the thickness
of the younger Sparta and Cockfield formations is
shown by the isopach maps, figure 312.2. Water is
produced from the Sparta in a much smaller area than
from the Cockfield, but the Sparta is present through-
out the Jackson area and is an important potential
source of supply. Except on the crest of the dome, the
Sparta is too deep to be drilled economically ; neverthe-
less, wells in the Sparta produce about 80 percent of the
ground water in the Jackson area, and more than 75
percent of the wells are within an 8-mile radius of
downtown Jackson. The Sparta thickens rapidly
southwestward across the area (fig. 312.2), but the
places of greatest thickness do not contain thicker or
more extensive bodies of sand.

The Sparta sand consists of alternating beds of sand,
silt, clay, and lignite. The sand is angular, micaceous,
well sorted, fine to medium grained, and commonly
more coarse in the lower part of the formation. Thick
sand beds at one locality have clayey counterparts else-
where. Variations in transmissibility (permeability
times formation thickness) are large because of these
local facies changes. Some beds of more permeable
sand are continuous for miles in narrow sinuous bands,
and these beds probably are sand-filled channels of
ancient streams. A belt of coarse sand on the northern
flank of the Jackson dome offers good prospeots for
large yields of ground water from the Sparta, whereas
a few miles farther north a belt of clayey and lignitic
rocks offers poor prospects. (Glauconite is common in
the formation and indicates a neritic or littoral deposi-

’
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FIoURe 312.1.—Source of ground-water, Jackson area, Mississippi.

tional environment. Amber-colored ground water, par- warmer than 85° F—the warmer waters are on the

tlcuhu]y northeast of Jackson, indicates lignitic depos— crest of the dome.

its in the sands or associated clays The Cockfield formation is similar to the Sparta in

Water from the Sparta is of a soft sodium lithology but the Cockfield contains finer grained sands.
bicarbonate-bearing type, and the total dissolved solids The formation is about 200 feet thick on the Jackson
range from 166 to 744 ppm (parts per million). Color dome where it crops out at a few places; it thickens
varies according to the amount of lignite present, and rapidly on the flanks of the dome and attains a thick-
several wells have been abandoned or drilled deeper to ness of 570 feet about 25 miles southwest of Jackson.
avoid dark amber colored water. Temperature of the Hard water occurs at the outcrop, but base exchange
water averages about 80° F and a few wells yield water downdip causes softening. Compared with water in the
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Sparta formation, the amounts of sulfate, chloride, and
dissolved solids in the Cockfield are high.
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313.

NATURAL MOVEMENT OF GROUND WATER AT A SITE ON THE MULLICA RIVER IN THE WHARTON

TRACT, SOUTHERN NEW JERSEY
By S. M. Laxg, Trenton, N.J.

Work done in cooperation with the New Jersey Division of Water Policy and Supply

The Wharton Tract, which includes about 100,000
acres in the Pine Barrens region of southern New Jer-
sey (fig. 313.1), was purchased by the State in 1954 for
. & water reserve to meet future water requirements in the
Camden and Atlantic City areas. An investigation
was begun in 1956 to determine the feasibility of devel-
oping the water resources of the tract by means of wells.
On the basis of a reconnaissance study of the geology of
the tract, a test site of about 15 acres was selected 214
miles north of the village of Batsto.

The Mullica River, which is incised rather shallowly
into the underlying sand, crosses the test site. The

total relief is about 10 feet between the stream bed and
the upland areas on both sides of the river. Swampy
areas are present on each side, the more extensive area
being along the east bank. Except during periods of
high flow, the swampy tracts stand dbove river level;
however, they are wet at all times because they are
areas of ground-water seepage.

A rectangular location grid was established in the test
area and the nodes of the grid were the sites of obser-
vation wells. IExcept for one 8-inch well, all observa-
tion wells are 114 inches in diameter.

The Wharton Tract is underlain by the Cohansey
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Froure 313.1.—Map of southern New Jersey showing the location
of the Wharton Tract (crosshatched).

sand of Miocene( ?) age which has a thickness at the test
site of approximately 200 feet.
bearing and consists of laminae of fine, medium, and
coarse sand and minor amounts of clay. Cores collected
from one test hole indicate clay at depths ranging from
25 to 26 feet and from 82 to 88 feet below land surface;
however, at the deeper level the clay occurs mostly in
stringers 14- to 14-inch thick, and as a coating on the
sand grains. In the 8-inch observation well, clay was
found at a depth of approximately 31 feet and again at
a depth of 81 feet. There are also traces of clay in the
interval 65 to 81 feet. At most sites a group of three
wells were drilled to different depths according to the
expectation that clay would be present at depths ranging
from 25 to 30 feet and from 81 to 88 feet; a well about
25 feet deep was drilled above the first clay layer, a
well about 50 feet deep was drilled between the clay
layers, and a well about 100 feet deep below the deeper
clay layer. It was found that the upper clay layer is
not, continuous throughout the test site and that the
Tower layer, although continuous, dips to the southeast.
Strata to a depth of 100 feet on the upland east of the
river, therefore, form a single thick water-table aquifer.
The wells were developed to provide hydraulic con-
- tinuity with the aquifer, and water levels were measured
in the wells periodically to study the interconnection of
the ground water and the river under natural conditions.

Field data indicate that each water-bearing zone has
a relatively uniform flow pattern. Figures 313.2—
313.4 show by means of contours the shape of the
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piezometric surface on June 9, 1960, for each water-
bearing zone. The comparison of water-level eleva-
tions at each site indicates vertical movement between
the various water-bearing zones. For example, the
elevations in the shallow wells along the western edge
of the test site are higher than those in the medium
and deep wells, indicating that this area is one of
vecharge from the shallow to the medium and deeper
water-bearing zones. In the vicinity of the Mullica
River the head relationship is reversed, indicating that
the movement between units is vertically upward.
Inasmuch as the Mullica River is an effluent stream
(receives water from the zone of saturation), the ex-
pected pattern of movement in the adjacent aquifer
would be essentially perpendicular to the stream; water
in the shallow zone would be expected to discharge
directly into the stream, and the water in the deeper
zones would be expected to move vertically upward
to the stream. Moreover, underflow in the strata be-
neath the stream would be expected to move in the same
direction in which the stream is flowing, which in this
avea is south. However, the data indicate that the
hydraulic continuity between the aquifer and the stream
-is poor, and that the underflow moves in a direction
opposite to that in which the stream is flowing.

The formation is water

T
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" FIurE 313.2.—Wharton Tract field showing location of wells
and water level for the shallow water-bearing zone on June
9, 1960. Contour. interval 0.2 foot; datum assumed.
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" FIGURE 313.3—Wharton Tract field showing location of wells
and water level in intermediate water-bearing zone on June
9, 1960. Contour interval 0.2 foot; datum assumed.

Figure 313.2 indicates two areas of discharge for
water in the shallow layer. One is the area outlined
by the closed contour at the center of the field where
the discharge ‘is by means of vertical leakage upward
into the stream. The second appears to be the major
area of discharge, and is in the northern part of the
area at about the confluence of the river and its tribu-
tary flowing in from the west. R

Underflow in an opposite direction to that in which
the stream is flowing is shown by the northerly sloping
piezometric surface, illustrated by the contours, in the
intermediate and deeper water-bearing layers (figs.
313.3 and 313.4); the contours show ground water
moving toward the river in the northern part of the

»
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field. The lack of continuity betwen the stream and

) the water-bearing layers beneath is largely the result

of confinement due to impervious materials in the
stream bed and in the swampy areas adjacent to the
stream. The impervious material is mostly bog iron

“ore produced by the precipitation of iron oxide in sand
near the surface.

Chemical analyses of samples of ground water show
iron concentrations greater than 11 ppm. Water hav-
ing these high concentrations of iron moves upward
from the shallow ground-water body to the stream, and
the iron is oxidized and precipitates in the near-surface
layer of sand. It is likely. that eventually the present
stream bed will become almost impervious and ground
water will seek other areas for discharge.

®,

.

Swampy ground

0

100 FEET

Fieure 313.4—Wharton Tract field showing location of wells
and water level in deep water-bearing zone on June 9, 1960.
Contour interval 0.2 foot ; datum assumed.
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314. VARIATION IN TEMPERATURE OF TWO STREAMS ON LONG ISLAND, NEW YORK

By Epwarp J. Prurowski, Mineola, N.Y.

Work done in cooperation with Suffolk County, N.Y.

Temperatures of different streams on Long Island
occasionally vary widely on the same day, and signifi-
cant temperature variations have been noted, also, be-
tween points along the same stream. Large ground-
water inflow characterizes all streams on Long Island,
and the stream temperatures are greatly influenced by
ground-water temperatures. Air temperatures also
have an influence. Two representative streams, Sam-
pawams Creek at Babylon and Champlin Creek at
Islip, were studied to determine the relative effects of
air and ground-water temperatures on the stream
temperatures.

At the Sampawams Creek gaging station a 3-element
thermograph was installed to obtain air, stream, and
ground-water temperatures simultaneously; at the
Champlin Creek gaging station a continuous recorder
was installed to obtain stream temperature and water
stage. Expanded scale thermometers were used to ob-
tain water-temperature observations manually at other
sites.

The velative size and location of ponds, amount of
ground-water inflow, and channel slopes of both streams
are indicated on figure 314.1. On Champlin Creek,
pondage is confined mainly to the lower reaches with
very little pondage upstream from the gaging station.
On Sampawams Creek there is one large pond and
several smaller ones upstream from the gaging station,
and a large one downstream at Montauk Highway.
Ground-water inflow, as indicated by the increase in
mean annual discharge, is small at the heads of the
streams but increases in the middle reaches.

As shown by figure 314.2, the highest and lowest
stream temperatures of both streams occur in the same
months as the highest and lowest air temperatures,
whereas the insulating effect of soil cover causes
extremes of ground-water temperature to lag by about
2 months. :

A greater total area of ponds above the Sampawams
Creek gage resulted in a larger variation in monthly
water temperatures at that gage (28° F) than at the
Champlin Creek gage (18° F). During the summer,
ponds raise stream temperatures by absorbing solar
radiation, but during the winter ponds lower the stream

temperatures by increasing the rate of heat loss from
the stream to the colder air.

Large ground-water inflow sharply reduces the sea-
sonal variation of temperature along the middle reaches
of both streams. This effect is shown by four series
of temperature observations made on Champlin Creek
(fig. 314.3). These observations indicate that the vari-
ation in temperatures is less than 20° F at Walnut
Street and at Islip Boulevard where the rate of ground
water inflow is high, and that the variation is greater
upstream and downstream from these points.

Variations in solar radiation during the year cause
a greater diurnal fluctuation in stream temperature in
the spring and summer than in the fall and winter. In
the fall and winter, when days are short and the cloud
cover is at a maximum, temperature fluctuations are
small. In the spring, when days lengtlien and cloudi-
ness decreases, the greater absorption of solar energy
produces higher daytime stream temperatures, whereas
the ground-water is still quite cold and its inflow de-
presses nighttime temperatures.

On a cloudy day, July 14, 1959, stream temperatures
of Sampawams Creek at 2 of the 3 sites shown on
figure 314.4 dropped gradually throughout the day, but
at one site they increased slightly. On a sunny day,
August 13, 1959, a definite warming occurred at each
site between 8 a.m. and 3 p.m., followed by a gradual
drop in temperature. The large variation in tempera-
ture (17°F) observed at Bay Shore Road on August 13
was due to a small shallow pond just upstream. The
pond is small enough to have its contents completely
replaced overnight by cool ground-water inflow. Dur-
ing daylight hours the upper layers of the pond are
rapidly heated so that its outflow produces the sharp
temperature rise noted on figure 314.4.

The combination of a high rate of ground-water in-
flow and little or no upstream pondage tends to raise
stream temperatures in winter and to lower them during
the summer; low inflow and pondage produce the oppo-
site effect. The diurnal fluctuation in stream tempera-
ture depends on the absorption of solar energy;
however, ground-water inflow tends to minimize tem-
perature fluctuation.
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EXPLANATION

0 Monthly mean ground-water temperature, Sampawams
Creek gage, January 1959 to November 1960
Stream temperature, Sampawams Creek gage,
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4 January 1959 to November 1960 ; 4
(3 Stream temperature, Champlin Creek gage,
November 1958 to November 1960 m
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Froure 314.2.—Variation in monthly and daily temperatures of two streams on Long Island and corresponding air and
ground-water temperatures.
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FIGURE 314.3.—Stream temperature of Champlin Creek in the
early afternoon on selected days.
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Date—July 14, 1959
Weather—Overcast; some light rain
Air temperature—Maximum 76° (2 a.m.)
Minimum 66° (10 p.m.)
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F16URE 314.4.—Daily temperature variations of Sampawams
Creek.

EFFECT OF LAKE ST. LAWRENCE ON GROUND WATER IN THE BEEKMANTOWN DOLOMITE,

NORTHERN ST. LAWRENCE COUNTY, NEW YORK

By Fraxk W. Trainer and Raveu C. Heatn, Albany, N.Y.

Work done in cooperation with ‘the Power Authority of the State of New York and the New York Water Resources
Commission

Lake St. Lawrence, a man-made lake about midway
between Lake Ontario and Montreal, was formed in
1958 when the St. Lawrence River was dammed during
construction of the St. Lawrence Power Project and
the St. Lawrence Seaway. Filling of the lake sub-
merged the International Rapids section of the St.
Lawrence River, providing a power reservoir and facil-

itating navigation of this formerly treacherous reach
of the stream. The rise in water level during filling of
the lake was about 80 feet at the power dam and about
20 feet at Waddington, some 25 miles upstream.

Lake St. Lawrence is in the gently rolling lowland
which separates the Adirondack Mountains from the

Canadian Shield. In northern St. Lawrence County
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this lowland is underlain nearly everywhere by glacial
drift—chiefly interbedded till, clay, and sand—whose
thickness averages 60 feet. Beneath the drift lie Lower
Paleozoic dolomite, limestone, and sandstone which rest
on Precambrian crystalline rocks and which are part of
the southeast 1imb of a structural basin whose axis is
in Ontario. The strata dip gently northwestward, are
gently folded, and are cut by a few faults. Openings
in the sedimentary rocks are chiefly fractures; there is
essentially no intergrain porosity.

The upper 500 feet of bedrock in the vicinity of the
St. Lawrence and Grass Rivers, rear the village of
Massena (fig. 315.1) is Beekmantown dolomite. The
Beekmantown consists of thin strata that have moder-
ately abundant cross fractures, interbedded with thick
massive strata in which cross joints are more widely
spaced. In effect, therefore, it consists of zones of rela-
tively more permeable rock (the thin-bedded strata)
alternating with zones of less permeable rock. Because
fractures are much better developed parallel to the bed-
ding than across it, the horizontal permeability of the
rock is considerably greater than the vertical perme-
ability, and the more permeable zones are poorly con-
nected with one another. Thin-bedded or closely frac-
tured rock in the uppermost part of the Beekmantown
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forms an apparently continuous permeable zone in the
entire northern part of the county. Before filling of
the lake, replenishment of water to this uppermost
zone was almost entirely by percolation from the over-
lying drift. The shape of the piezometric surface in
the uppermost bedrock (fig. 315.1) shows that before
July 1958 recharge was chiefly in the interstream
tracts, where the piezometric surface rose in broad
mounds; flow was from these mounds, normal to the

‘pilezometric contours, toward the major surface streams;

and the ground water was discharged from the bedrock
into the streams along which the contour lines were
indented upstream. The piezometric surface for water
in deeper zones is believed to have been similar. This
pattern of flow prevailed throughout the area except
near the village of Massena, where water moved through
the dolomite from the St. Lawrence River to the Grass
River.

The effect, the filling of the lake had on ground water
in the dolomite is shown by hydrographs for several
wells (fig. 815.2). Seasonal fluctuations of ground-
water level follow a regular pattern: the water level is
highest in early spring and lowest in late summer, and
n_some years there is also a peak in late autumn. This
pattern is attributed to the more eﬁ'ectlve replenish-
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Ficure 315.2—Hydrographs for Lake St. Lawrence at a point
about 215 miles northwest of Massena, N.Y., and for 5 wells
that tap Beekmantown dolomite in northern St. Lawrence
County.

ment of ground water in the glacial drift, which sup-
plies water to the bedrock, when evaporation and
transpiration rates are low and when the ground is
unfrozen, and to less effective replenishment when
evaporation and transpiration rates are high. At well
452-452-9, about 3 miles south of Massena, these fluctu-
ations continued unchanged by the filling of the lake.
In most of the tract between the lake and the Grass
River, however, the filling was accompanied and fol-
lowed by a sharp rise in water level (fig. 315.2). In
some low places the piezometric surface rose above the
land surface, resulting in actual or potential artesian
flow. Seasonal fluctuations in wells near the lake since
have been absent or small. Near the lake the water table
in the drift stands near or below the piezometric sur-

face for the bedrock and little or no water moves from-

the drift into the bedrock; steady replenishment of
water in the drift from the lake prevents large seasonal

R

 filling.
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fluctuations. Farther south the water table is higher
than the piezometric surface, water in the drift con-
tinues to supply the bedrock, and seasonal fluctuations
of water levels occur in the dolomite.

The contour lines on figure 315.1 show the amount
and areal pattern of the water-level rise after the
In the upper bedrock the rise reached the
Grass River near Massena ; it was not observed farther
south and probably did not occur there because that
stream is one of the principal places of discharge from
the bedrock. A rise in water level was observed in two
deep wells (452-459-2 and 455-455-26) south of the
Grass River; both wells penetrate lower zones in the
dolomite that could not drain freely into the Grass
River because of the low vertical permeability of the
rock. The relation between rise and distance from the
lake in 18 wels (fig. 315.3) suggests that the effect of
the filling extended 6 to 8 miles from the lake. -

In well 453-507-7 the water level has remained as
much as 8 feet above the lake, has continued to fluctuate
seasonally, and during the filling rose and declined
sharply because of the loading of the confined aquifer
(Jacob, 1939). Clearly, the permeable zone tapped- by
the well is separated from the lake and has a source
higher than the lake. The water may have come from
higher ground near the lake in New York or in Ontario,
but because the Grass River, about 4 miles to the south,

‘is lower than any potential place of discharge within 50

miles north of the lake, it appears probable that the
ground water in the zone tapped by the well is flowing
from Canada into the United States beneath the St.
Lawrence River and Lake St. Lawrence.

E 24
E. 18 o *%e
fre} . 456-457-2
a . . .//
= 12 .
E . 455-455-26
= /
% 6 -
- 452-459-2
g 0 o2 S
0 1 2 3 4 5 6

DISTANCE FROM CENTER OF ST. LAWRENCE RIVER, ALONG PROBABLE FLOW LINES, IN MILES

Ficure 315.3.—Rise of water level in selected bedrock wells

near Massena, in response to filling of Lake St. Lawrence.
Numbers identify wells cited in the text.
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316, THE STOKES AND SURRY COUNTIES QUA

By Bruce BryanT and JouN

Quartzite forms conspicuous cliffs on Hanging Rock
Mountain, Sauratown Mountain, and Pilot Mountain,
which rise abruptly 1,500 feet above the gently rolling
surface of the surrounding Piedmont Plateau in Stokes
and Surry Counties in north-central North Carolina
(fig. 316.1).

Although quartzite is an unusual rock in this part of
the Piedmont, and its occurrence here may furnish
valuable clues to the regional structure, the area has
received surprisingly little attention. Kerr (1875, p.
134) assigned the quartzite to the Huronian, mainly
because of its low metamorphic grade, and recognized
that it is surrounded by schist and gneiss of medium or
high metamorphic grade, which he assigned to the
upper Lauventian. Mundorfl (1948) published a
small-scale reconnaissance map including part of the
aren of quartzite. His map outlines an area of “quart-
zite and schist” with boundaries essentially the same as
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RTZITE AREA, NORTH CAROLINA—A WINDOW?
C. Reep, Jr., Denver, Colo.

Hl

the area of Huronian rocks shown by Kerr (1875). On
the Geologic Map of North Carolina (North Carolina
Dept. of Conserv. and Devel., 1958) the area is mapped
as the Kings Mountain group and the rocks are de-
scribed as quartzite, marble, conglomerate, and schist.
The area of the Kings Mountain group is extended
south through Yadkin County, far beyond the area of
Huronian rocks mapped by Kerr. Stuckey and Conrad
(1959) describe the area briefly and state that the
quartzite and schist contain lenses of limestone.
During the fall of 1960 we made a reconnaissance of
the quartzite area and were impressed with many simi-
larities in lithology and structure between the rocks
here and rocks in the Grandfather Mountain area 70
miles to the southwest, where we have been mapping
for several years. We wish to thank Mr. Stephan G.
Conrad of the North Carolina Department of Con-
servation and Development and Mr. Barry Centini,
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graduate student at North Carolina State College, who
conducted us on a field trip in the area, and our col-
leagues, A. M. White, W. C. Overstreet, and R. A.
Laurence, who contributed data.

The prominent cliffs on the higher hills consist of
massive medium- to coarse-grained sericitic quartzite
and arkosic quartzite and thin layers and partings of
green sericite phyllite locally containing garnet. Near
the basé of the quartzite, a quartz-pebble conglomer ate
has been reported to occur (Kerr, 1875; Barry Centini,
oral communication, 1960). A bed of lustrous blue
phyllite about 100 feet thick, exposed in the area north-
east of Hanging Rock Mountain, apparently overlies
the cliff-forming quartzite and is in turn overlain by
thinly bedded quartzite and phyllite. The quartzite
contains detrital rutile and tourmaline, a feature that
is characteristic of rocks of the Chilhowee group in the
Grandfather Mountain area and in the Unaka belt to
the west.

Similarities in lithology and stratigraphic sequence
strongly suggest that the quartzite-phyllite sequence in
Stokes and Surry Counties, although of slightly higher
metamorphic grade, is correlative with the Chilhowee
group in the Grandfather Mountain window (Reed and
Bryant, 1960). The rocks do not resemble the rocks
of the Kings Mountain belt as described by Keith and

" Sterrett (1931), Kesler (1944), and Espenshade and
Potter (1960) nor do they resemble rocks of the Tal-
lulah Falls area in Georgia, whlch we have examined
briefly.

We have found no limestone or marble in the quart-
zite-phyllite sequence. The marble localities described
by Conrad (1960) lie well outside the quartzite area
(fig. 316.2) and seem to belong with the medium- and
high-grade rocks of the Inner Piedmont belt.

The quartzite-phyllite sequence rests on strongly

.lineated and foliated, but generally nonlayered, gra-
nitic biotite gneiss, and both have been metamorphosed
at relatively low grade. Locally, tectonic slices of
quartzite are intercalated in the gneiss. These, together
with phyllonite (probably the “crumpled schist” men-
tioned by Mundorff, 1948) near the contact, suggest
that the quartzite sequence is not everywhere in strati-
graphic contact with the underlying granitic gneiss.
Perhaps the quartzite sequence has been thrust over the
granitic gneiss, as has been demonstrated in the Grand-
father Mountain window (Bryant and Reed, 1960).

Surrounding the quartzite-phyllite sequence and
granitic gneiss are mica schists and layered gneisses
containing cataclastic granitic rocks and pegmatites.
These rocks are widespread through the Inner Pied-
mont, and A. M. White has found that the nearby
schists and layered gneiss contain staurolite and silli-
manite and are of medium and high metamorphic grade.
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The foliation and layering in the surrounding schist
and gneiss of the Inner Piedmont belt form a dome,
whereas the quartzite in the Hanging Rock area is syn-
clinal (fig. 316.2). This was recognized by Mundorff
(1948) although he did not point out its structural
significance. In the few places where the quartzite
sequence is in contact with the surrounding schists and
layered gneisses, quartzite units appear to terminate
abruptly and are discordant with the foliation and lay-
ering of the surrounding rocks.

Because of its lithologic character and structural re-
lations, we believe that the quartzite-phyllite sequence
of Stokes and Surry Counties is part of the Chilhowee
group, and that the underlying granitic gneiss may be
of early Precambrian age like the basement gneiss be-
neath the Chilhowee rocks in the Grandfather Mountain
window. We suggest that the quartzite and the under-
lying gneiss are exposed in two windows beneath an
overriding plate of rocks of the Inner Piedmont belt
(fig. 316.2). Structural details in the Stokes and Surry
Counties area are complex, and detailed geologic map-
ping is needed to prove or disprove our hypothesis,
which, if correct, would have important implications in
thé interpretation of the structure of the Piedmont.
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FIGURE 316.2—Reconnaissance geologic map of the Stokes and Surry Counties quartzite area and
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317 HYDROLOGIC PROCESSES DILUTING AND NEUTRALIZING ACID STREAMS OF THE SWATARA CREEK
BASIN, PENNSYLVANIA

By E. F. McCarren, J. W. Warg, and J. R. Grorcg, Philadelphia, Pa.

Work done in cooperation with Pennsylvania Department of Forests and Waters

A study of water quality in the Swatara Creek basin
shows how natural processes tend to dilute and neutral-
ize acid mine drainages and retard their effects
downstream.

The Swatara Creek basin of the Susquehanna River
is the basin farthest downstream that drains acid wastes
from anthracite coal mines in Schuylkill County, Pa.
The basin drains areas of varied geology; it lies in
parts of the Piedmont Plateau and Valley and Ridge
provinces of the Appalachian region (fig. 317.1). In
the Swatara Creek basin, mining wastes come mostly
from underground pools where acidic water is im-
pounded in the excavations of mines which are- no
longer worked. The rate of release of this highly
mineralized acidic water (table 317.1) increases when
water levels of pools are raised by infiltrated runoff or
seepage from other underground sources, but generally
the rate is uniform throughout the year. Therefore,
in Swatara Creek it is possible to observe processes of
dilution and the changes in chemical composition of
mine overflow water and neutralization by natural
means.

Acidic water of Swatara Creek is first diluted where
the Upper and Lower Little Swatara Creeks flow into
the main stream. Although originating in Schuylkill
County, these streams are unaffected by mine wastes and
are low in dissolved solids—Iless than 50 ppm (parts per
million). The water in these streams contains cal-
cium bicarbonate and has a pH range of 6.0 to 7.0. The
area drained by these streams is underlain by Silurian,
Mississipian, and Pennsylvanian sandstone, shale, and
conglomerate. .

Jonestown is the first sampling locality where the bi-
carbonate ion is found most of the time. Bicarbonate
ion concentration progressively increases downstream
(fig. 317.2). Representative chemical composition and
pH changes in the Swatara downstream from the head-
waters are illustrated by figure 317.3.
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Figure 317.1—Schematic diagram of Swatara Creek basin
showing major regions affecting water quality. 1, acid mine-
drainage region; 2, neutral region; 3, alkaline region.
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TaBut 317.F —Chemical analyses of water from anthracite coal mines in Swatara Creek basin, collected June 25, 1959
[In parts per million and equivalent parts per million]

Good Spring Middle Creek Colket New Lin- Rausch Creek Lincoln
mine mine mine coln mine East Franklin mine
mine

ppm | epm ppm epm | ppm |epm | ppm |epm ppm epm ppm | epm

Constituent:
Silica (8i0g) - - o o oo il 13 . 16 ----1 15 .- 8.6 |-__. 17 ... 15 S
Aluminum (Al) o .. .5 10.06 5.6 10.62| 1.9 |0.21)..__. .o 10 111 11012
Iron (Fe) oo . 9.0 [---- 9.2 |...110 |-} 80 [---- 9.6 |.____ 2.3 |----
Tron (Fe) in solution when analyzed__________ . 04{ . 00 1.7}1.06 1.0 (.04 .o00[0. 00 1.3 ] .05 .02 .00
Manganese (Mn)___ . _______________._.___. 2.9 |---- 49 |- 2.5 |---- 72 .. 5.8 oo |-ooo. S
Manganese (Mn) in solution when analyzed___| 2.7 | .10 3.0 (.11 1.2].04) .73 .03 581 .21 43 ]|.16
Caleium (Ca) - - e e oo e 41 [2.05] 61 3. 04} 39 1.95) 4.9 (.24 80 3.99| 21 1. 05
Muagnesium (Mg) ... ... __. 24 1. 97 48 (3. 95| 31 2.55; 5.6 | .46 56 4. 61| 23 1. 89
Sodium (Na) oo 2.0 (.09 2.0(.090 1.4].06/ 1.4 | .06 1.4 .06 1.41|.06
Potassium (K) . ..o oo 1.81.05 1.5).04/ 1.2|.031.0(.03 1.5 .04 1.81].05
Carbonate (CO3) - oo oo .. 0 . 00 0 .00] O 00| 0 . 00 0 .00 O . 00
Bicarbonate (FICQs) . - oo ____._._ 0 .00 0 .00 O . 00[12 .20 0 .00l 0 .00
Sulfate (SO ccmco e e oo o 214 |4. 46| 427 889|280 5. 83127 . 56| 516 10. 74{158 3. 29
Chloride (C1) - - - oo 1.21.03 3.2].06 6].02 1.4 .04 1.6 .05 6 (.02
Fluoride () oo oo . .31.02 .37.02 31.02f .2 .01 .41 .02 3].02
Nitrate (NOg) oo oo oo .31.00 .41.01 .21.00 .31.00 .3 .00f .11/.00
Dissolved solids. - v oco oo oo 332 ... 671 oo -|446 ._._|62 S 821 f..___ 252 S
Hardness as (CaCOs) - - - c o cm oo 201 -._-] 350 ----|225 __.-|35 oo 430 f_____ 147 .
Noncarbonate . ... oo ooooooooo oo 201 ----| 350 o --]225 o135 |-l 430 f.-.___ 147 e
Specific conductance (micromhos at 25°C)_.__.____ 533 --__| 1080 _.__|864 _---|92 .| 1200 j.____ 400 .
PH - e 3.60|.___ 2.95.__| 2.95/.___| 6.1 ___ 3.00/.-... 3.75. ..
Color . o e 1 ——-- 1 | 2 ]2 . I P 2 -
Total acidity as HoSOy. .. oo . 59 ----| 108 ----| 69 PP P, oo 1320 .. 15 R

Should active mining begin again in the basin, two
major tributaries having neutral water low in dissolved
solids will help check the effects downstream of
increased acidic mine wastes. The largest of these
tributaries is Little Swatara Creek, which joins the
Swatara at Jonestown. This sub-basin is underlain by
Martinsburg shale. At Jonestown, the Little Swatara
contains calcium-bicarbonate water and the dissolved
solids determination by chemical analyses made during
the period of study did not exceed 120 ppm.

Quittapahilla Creek flows into the Swatara upstream
from Valley Glen and contains predominantly alkaline
water. The Quittapahilla is underlain by limestone
and receives pumped ground water from limestone
quarries. Although this stream is capable of neutral-
izing acid water, it does not perform this function at

the present time because the Swatara is diluted and
neutralized before reaching its confluence with the
Quittapahilla. The water in the stream is calcium-
magnesium-bicarbonate-sulfate bearing. The concen-
tration of calcium and magnesium is relatively high
because the stream drains a limestone area. Another
stream, Spring Creek, not so highly mineralized as the
Quittapahilla but with characteristics for neutralizing
acidity, flows into Swatara Creek just above Union
deposit. “Spring Creek is also located in the limestone
belt of Lebanon County.

The concentrations of most solutes at Middletown are
at their highest levels during the summer months and
during periods of low flow; regardless of flow con-
ditions, however, the Swatara at Middletown is not
acidic when it flows into the Susquehanna River.
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F1cure 317.2.—Composition of Swatara Creek at low base flow, October, 1959.

Finding ways to correct and prevent surface pol-
lution caused by coal mining and its related oper-
ations has become increasingly important in many
regions. The Swatara Creek study shows that acid
water -from mines is quickly neutralized if it is

‘compositions.

diluted by streams that have suitable chemical
Diverting suitable nearby streams
into acid streams may be an effective and relatively
economic way to counteract coal mine effluents in
some areas.
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318. CORRELATION OF END MORAINES IN SOUTHERN RHODE ISLAND

By J. P. ScHAFER, Boston, Mass.

Work done in cooperation with the Rhode Island Development Council

Two prominent sets of end moraines (fig. 318.1) of
Wisconsin age extend along the coastal area of southern
New England (Woodworth and Wigglesworth, 1934;
Fuller, 1914). Correlations have been generally as-
sumed along these two sets of moraines. Both sets,
however, are broken by Rhode Island Sound, although
in some places submarine ridges suggest the positions
of the moraines.

The Charlestown moraine originally was believed to
bend southeast across the Point Judith peninsula
(Woodworth, 1896, p. 153; Woodworth and Marbut,
1896, fig. 2). This bend was interpreted as an inter-
lobate angle. Some later compilations have omitted
this angle, and projected the Charlestown moraine di-
rectly east toward the Elizabeth Islands (for example,
Flint, 1953, pl. 2). However, recent detailed mapping
has shown that the Charlestown moraine at its eastern
end grades into a broad area of ablation moraine
(Kaye, 1960). Just to the east, the crest of the Point
Judith peninsula constitutes a south-trending moraine,
the Point Judith moraine (Schafer, Narragansett Pier
quadrangle, 1961). These moraines define an inter-
lobate angle of a little less than 90 degrees. The Point
Judith moraine crosses the projected trend of the
Charlestown moraine, and probably was deposited
slightly later than the Charlestown moraine during a
slight re-expansion of the ice east of the interlobate
angle. On Cape Cod, the Sandwich moraine overlaps
the Buzzards Bay moraine in a similar way (Mather,
Goldthwait, and Thiesmeyer, 1942, p. 1147).

Recent marine-sediment studies in Rhode Island
Sound (McMaster, 1960, fig. 12) have identified two
belts of gravelly sediments that in some places coin-
cide with submarine ridges, and most likely represent
submerged moraines. A northern belt curves from the
Point Judith moraine to the Elizabeth Islands, and a
southern, less well defined, belt extends from Block
Island toward Nomans Land and Martha’s Vineyard.
The northern belt is more strongly curved than the
southern, indicating that the ice margin became more
strongly lobate as it retreated. The absence of ridges
along parts of these belts may be the result of filling
of the original depressions behind the moraines with
marine sediments.

The ice lobe whose western edge is marked by the
Point Judith moraine extended eastward to the inter-
lobate angle on western Cape Cod, and is here called
the Narragansett Bay-Buzzards Bay lobe. The south-
ward divergence of flow within this lobe is shown by
glacial striations and drumlins (Flint and others, 1959)
as well as byrthe moraines. The boulder fan of cum-
berlandite, an unusual periodotite from northern Rhode
Island, was spread southward in the western part of
the lobe (Shaler, 1893).

The retreat of the ice front from the Charlestown-
Cape Cod set of moraines was dominantly by stagnation
zone retreat. However, the Slocum (Power, 1957) and
Wickford (Schafer, 1961) quadrangles on the west-
ern side of Narragansett Bay contain five small mo-
raines (locality 1, fig. 318.1). These moraines were
built in topographically favorable places along the
western margin of the shrinking Narragansett Bay-
Buzzards Bay lobe, and are successively younger from
southwest to northeast. The absence of correlative
moraines on the west side of the interlobate angle indi-
cates that the ice on the upland west of the Narragan-
sett basin was thin and motionless at its margin. On
figure 318.1, it appears that the western two of these
moraines might correlate with the Point Judith mo-
raine, but actually when they were being deposited the
ice margin bent sharply eastward around an upland
area, considerably north of the Point Judith moraine.
Much additional information about positions of ice
margins at the times of deposition of these moraines is
revealed by contemporaneous ice-contact slopes of out-
wash deposits (not shown on figure 318.1).

The remarkable boulder masses of Cat Rocks and
Queens Fort are correlated (Power, 1957) with the
two western moraines of this series. (Note that the
names Cat Rocks and Queens Fort apply only to the
small bodies indicated on figure 318.1.) These two
boulder masses once were included in the Queen’s River
moraine, which was described as a generally southwest-
trending moraine about 10 miles long (Woodworth and
Marbut, 1896). However, recent mapping (Power,
1957; T. G. Feininger, written communication, 1959)
has shown that the Cat Rocks and Queens Fort (for-
merly called Queen’s Kitchen) are the only morainic
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bodies along that line, and that the Queen’s River
moraine ‘does not exist.

Goldsmith (1960) has suggested that the Ledyard
moraine in southeastern Connecticut may be correla-
tive with some of the western members of the series of
moraines at locality 1, figure 318.1. It is doubtful,
however, whether minor moraines can be correlated
over such a distance, and the uncertainty is even greater
for correlation across an interlobate angle such as
exists between the two areas. The two small moraines
in southeastern Connecticut (locality 2, fig. 318.1) are
most likely slightly older than the Ledyard moraine
(Schafer, written communication).

As the ice retreated northwest from the interlobate
angle on Cape Cod, it built moraines at several posi-
tions of that angle (Mather, 1952). The first position
is marked by the Ellisville and Hog Rock moraines,
the second by the Snipatuit moraine and the possibly
correlative small moraines in the southern part of the
Assawompset Pond quadrangle (locality 3, fig. 318.1;
Carl Koteff, oral communication, 1961), and the third
by the Monks Hill and Middleborough moraines. The
Snipatuit and Middleborough moraines are mapped as
kame moraines (Mather, 1952), and they grade. west-
ward into collapsed ice-contact margins of outwash.

Thus, the two main groups of moraines north of the
Harbor Hill-Charlestown-Cape Cod set of moraines are
those north of the Charlestown-Point Judith interlo-
bate angle, and those northwest of the Cape Cod inter-
lobate angle. During the early part of ice retreat,
stagnation evidently occurred immediately on the
broad central parts of the lobes, but the ice remained
active at its margin near the interlobate angles during
the first 15 to 20 miles of retreat. :
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RESIDUAL SEA WATER IN THE BASEMENT COMPLEX OF THE FALL ZONE IN THE VICINITY OF

FREDERICKSBURG, VIRGINIA

By Sexmour Susrrzky, Trenton, N.J.

Work done in cooperation with the Commonwealth of Virginia®

Several wells obtain water from the basement com-

plex crystalline rocks of the Fall Zone in the vicinity -

of Fredericksburg, Va. Locally, the basement complex
rocks consist of granite and granite gneiss of Paleo-
zoic( ?) and Precambrian age. Water occurs chiefly in
fissures and joints in these rocks at depth and in a
weathered zone directly overlying the fresh rock.

Water obtained from the weathered part of the base-
ment complex varies widely in content of dissolved
mineral constituents and contains objectionable
amounts of iron, but is suitable for most domestic
uses. However, waters from the deeper, fractured
zones of the basement complex have been reported to
contain as much as 5,500 ppm (parts per million)
chloride. :

The saline water occurring in the basement complex
within the Fall Zone is believed to be residual sea
water which covered the area during Tertiary time.
This hypothesis is suggested from the occurrence of
Eocene and Miocene marine deposits overlying
crystalline rocks of the basement complex along the
eastern border of the Piedmont (Clark and Miller,
1912). Joints and fissures in the crystalline rocks pro-
vided open channelways for entry of sea water either
directly from the sea, in the area just west of the Fall
Zone, or by percolation downward through the over-
lying Cretaceous rocks, in the area east of the Fall
Zone. .

The end of Tertiary time is believed to mark the last
marine inundation of the area. Gradually, as the Ter-
tiary seas receded, sea water was slowly replaced by
fresh water moving from the recharge area through
the ground-water reservoir. By Pleistocene time the
Fredericksburg area was mantled by nonmarine ter-
race deposits that locally overlie the basement complex
and by sands of the Patuxent formation (Lower Cre-
taceous). Increased precipitation provided an addi-

1 This paper is based on work done during a Federal-State cooperative
program that was terminated in June 1957.

tional source of fresh water to enter the ground-water
reservoir.

Fresh water circulates more freely within the sands
of the Patuxent formation and within the uppermost
part of the crystalline rocks than in less fractured
crystalline rocks at depth. The deep-seated fractures,
which contain Tertiary residual sea water, therefore,
are less slowly flushed out. An interface between fresh
water and salt water is believed to occur in the base-
ment complex and may possibly extend into the
overlying Patuxent formation.

Figure 319.1 (p. D-72) represents diagramatically
the fresh-water circulation and the residual saline wa-
ter. Wells 52, 72, 74, and 112, which penetrate the base-
ment complex to considerable depths, yield water
containing 550 to 5,500 ppm of chloride. Water in well
54, obtained from sands of the Patuxent formation, con-
tains 112 ppm of chloride—normal concentrations in
the Patuxent are less than 20 ppm. Well 53, tapping a
higher water-bearing zone within the Patuxent forma-
tion, yields water containing only 2.8 ppm chloride.
Wells 57 and 78, tapping essentially the same water-
bearing zone, yield water differing considerably in
chloride content.. This condition is believed to reflect
the irregularity of the bedrock surface and the arrange-
ment of the interconnecting joint systems which permit
some mixing of residual sea water and fresh ground
water. Well 133, which penetrates 15 feet of the base-
ment complex, yields water containing 137 ppm of
chloride, indicating the proximity of an interface be-
tween salt and fresh water.

Inasmuch as the total volume of water-bearing cracks
in the basement complex is a very small percentage of
the total volume of the rocks, it is likely that the salt
water may be mixed with fresh water and thereby
freshened by long-continued pumping of wells.
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GEOLOGY AND HYDROLOGY OF WESTERN CONTERMINOUS UNITED STATES

320. SUGGESTED MAGMATIC DIFFERENCES BETWEEN

WELDED “ASH” TUFFS AND WELDED CRYSTAL

TUFFS, ARIZONA AND NEVADA

By Raveu J. RoBerts and Donarp W. Pererson, Menlo Park, Calif.

During the mapping of the Antler Peak quadrangle,
Nevada, in 1941-49 by Roberts, and the Haunted Can-
yon quadrangle, Arizona, in 1953-57 by Peterson, we
independently recognized that welded tuffs of these
areas are distinctly different in texture and composition
from most welded tuffs previously described. Sub-
sequent, study has led us to believe that welded tufts
are of two principal types, welded “ash” tuffs and
welded crystal tuffs, and that these types may be sig-
nificantly related to magmatic composition and erup-
tive processes. Our ideas are presented here in
preliminary form; additional quantitative chemical
and modal information is needed to test their appli-
cability in this and other regions.

We were aided in this study by the helpful criti-
cisms of H. R. Cornwall and Dallas Peck, and sugges-
tions by George C. Kennedy, Robert R. Coats, and Paul
C. Bateman,

WELDED “ASH” TUFF

Welded “ash” tufts are composed mainly of glass
shards, rock fragments, and fragments of crystals that
have been compressed and welded together. Few data
on the proportions of these constitutents are available,
but the crystal content is generally small. Gilbert
(1938, p. 1834) described the Bishop tuff, near Bishop,
Calif., which contains about 10 percent crystals; En-
lows (1955, p. 1222-1225) reported that the crystal con-
tent of welded tuffs of the Chiricahua Mountains, Ariz.,
generally is between 2 and 25 percent; and Mansfield
and Ross (1935, p. 320) reported a few percent to a
maximum of 25 percent crystals in welded tuff from
southeastern Idaho. Marshall (1935, p. 331, 341, 347)
mentioned “many crystals” in certain ignimbrite units
in New Zealand, but did not specify percentages; his
photomicrographs show ranges in crystal content of 5
to 25 percent. . .
WELDED CRYSTAL TUFF

Welded 2rystal tuffs in Nevada and Arizona are
characterized by high crystal content and fragments
of lapilli size in a matrix of glass shards. The crystal
content ranges from 25 to 50 percent or more and
suggests long-continued intratelluric crystallization
prior to eruption. Most of these tuffs are quartz latitic
or dacitic in composition. '

604493 0—61——6

Antler Peak quadrangle, Nevada—Welded quartz
latite crystal tuffs from the Antler Peak quadrangle
near the town of Battle Mountain, Nev., form extensive
bodies as much as 300 feet thick. These include a basal
nonwelded quartz latitic tuff that grades successively
upward into densely welded quartz latitic vitrophyre
and aphanitic quartz latite that comprises the major
part of the deposit (Roberts, 1951). The upper unit is
composed of phenocrysts and relict lapilli in a matrix
of glass shards now largely recrystallized to a crypto-
crystalline aggregate (fig. 320.1). All the layers are
similar in composition and mineralogy ; textural differ-
ences due to variations in degree of welding and crystal-
lization along strike were noted locally, but on the whole
the layers are remarkably uniform. Phenocrysts com-
monly make up 35 to 50 percent of the rock in approxi-
mately the following proportions: plagioclase 33
percent, sanidine 35 percent, quartz 22 percent, and
biotite and accessories 10 percent.

Globe and Superior, Arizona—The dacitic welded
tuft sheet in the vicinity of Globe and Superior, Ariz.,
reaches a maximum thickness of about 2,000 feet. Dif-
ferences in degree of welding and crystallization of
groundmass (fig. 320.2) are similar.to those in the
quartz latite of Antler Peak. Phenocrysts consistently
make up 35 to 45 percent of the rock in the following
average proportions: plagioclase 72.5 percent, sanidine
2.5 percent, quartz 10 percent, biotite 9.2 percent, mag-
netite 3.4 percent, hornblende 1.9 percent, and ac-
cessories 0.5 percent.

COMPARISON OF CHEMICAL AND MINERALOGICAL
COMPOSITION

A comparison of chemical analyses of welded “ash”
tuffs with welded crystal tuffs in the western con-
terminous United States reveals certain consistent
differences. Most of the analyzed welded “ash” tuffs
are rhyolite and have silica contents of 70 to 76 per-
cent, whereas the welded crystal tufts are mostly quartz
latite or dacite and have silica contents:0f-62 to 72 per-
cent. Table 320.1 shows chemical analyses of welded
crystal tuffs (number 1 to 14) and welded “ash” tuffs
(number 15 to 24) from' the western ¢onterminous
United States. Modal ,data are fragmentary, but
crystal content is given where available. .
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Fieure 320.1.—Typical phases of quartz latite, Antler Peak quadrangle, Nevada.
I. Nonwelded quartz latitic lapilli tuff; lapilli show original pumiceous structure and are not deformed or com-
pressed. A, Hand specimen. B, Photomicrograph, plane light.
II. Quartz latitic vitrophyre. Lapilli are highly compressed and deformed, forming dense rock. A, Hand specimen.
Fragments are argillite from underlying units. B, Photomicrograph, plane light.
III. Aphanitic quartz latite showing pseudo-flow structure; lapilli intensely deformed and welded; show incipient
crystallization. A, Hand specimen. B, Photomicrograph, plane light.
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Fieure 320.2.—Typical phases, dacite near Globe and Superior, Ariz.
I. Nonwelded dacitic tuff at base. Glass shards are not deformed or flattened. A, Hand specimen. B, Photo-
micrograph, plane light.
II. Dacitic vitrophyre from layer between nonwelded tuff and dacite. Glassy matrix shows extreme squeezing of
highly welded tuff. A4, Hand specimen. B, Photomicrograph, plane light.
III. Aphanitic dacite. Groundmass is ecryptocrystalline, showing flow-like structures which represent relict outlines
of extremely flattened and devitrified lapilli. A, Hand specimen. B, Photomicrograph, plane light



TaBLE 320.1—Anclyses, tn percent, of welded crystal tuffs and “‘ash’’ tuffs
[Rock types and localities of numbered analyses listed on p. D-77]

Welded crystal tuffs Welded ‘‘ash” tuffs
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Si0g o 70.2 {71.0 (70.7 {71.2 |70.8 |71.82|71.08 |69.35|70.1 (68.76|71.3 |[64.25]|61.05|72.4 | 756 |76.7 |76.38 74.55 | 73.27 | 75.02 | 74.10 | 75.6 73.97 | 73.17
AlOs__ .. 14.7 15.1 14.2 14.6 13.2 14.44 | 14.43 | 15.22 | 14.2 15.48 | 14.7 15.01 { 16.03 | 13.9 13.1 13.0 12.47 11.16 | 12,16 | 12.56 | 11.59 | 12.2 12.74 | 13.34

Total...... ... 100 100 100 100 99 99.73 | 99.60 | 99.99 | 99 99.82 (100 99.64 [100.11 100 100 100 99.85 99.99 | 99.66 | 99.80 | 99.82 |100 99.95 (100. 36

Normative values of Q, or, ab,and an recalculated to 100 p

[ R 327 |26.7 j28.1 1308 |287 |27.5 |250 (29.3 (27.4 |27.7 133.2 (275 |228 |354 |348 (361 |42.0 39.0 [349 [322 (331 |40.4 36.4 32.8
[ 30.7 [ 28.8 [30.8 (201 [339 (3.2 |339 [28.8 [33.7 |24.6 |27.8 (244 |39.0 [28.6 [290.3 |28.2 |30.5 2.9 [30.2 |28.7 |356 |27.7 30.2 4.5
ab. 30.3 |33.5 |33.2 }30.4 | 280 |35.7 |358 ;29.9 }30.3 |357 |26.9 |23.1 |141 }28.0 |33.0 |331 | 266 28.0 |32.2 |380 |31.3 |289 2.8 16.0
an....... e 6.3 (110 7.9 9.7 9.4 5.6 53 (120 86 (120 |121 {210 | 24.1 8.0 2.9 2.6 .9 3.0 2.7 ) U5 N . 3.0. 5.6 6.7
. Total...__________. 100 100 100 100 100~ {100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
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Crystals, percent..._.____. 50 240-50| 39 2 30-40 |2 30-35 [3 30 39.1 |....... 40 23545 [230-40 3 204 |..._... 23041 5 120 220-25| 220-25 | 8.4 5.3 (142 |16.4 212 e

1 Differentiation index, Thornton and Tuttle (1960).
2 Estimated. '
3 Probably low: counted under binocular microscope.
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The relative normative values of quartz plus ortho-
clase, albite, and anorthite from each analysis are
plotted on figure 320.3. The two types of welded tuff
fall into two fields. The fields shown apply only to
the Basin and Range province. Volcanic rocks of
other magmatic provinces would have different differ-
entiation trends, and the boundary between “ash” tuffs
and crystal tuffs would probably be higher or lower and
have a different slope.

1. Vitrophyre, Rocky Canyon, Antler Peak quadrangle, Lander County, Nev.
K. E. White, H. F. Phillips, P. W. Scott, and F. S. Borris, analysts.
2. Quartz latite, Rocky Canyon, Antler Peak quadrangle, Lander County, Nev.
K. E. White, H. F. Phillips, P. W. Scott, and F. S. Borris, analysts.
. Vitrophyre, Elephant Head, Lander County, Nev. K. E. White, H. F. Phillips,
P. W, Scott, and F. 8. Borris, analysts.
. Quartz latite, Elephant Head, Lander County, Nev. K. E. White, H. F.
Philllps, P. W. Scott, and F. S. Borrls, analysts.
Quartz latite, near Virginia City, Nev. (collected by D. E. White).
S. M. Berthold, and E. A. Nygaard, analysts.
Quartz latite, Toyabe quartz latite, near Unionville, Nev. (collected by C. J.
Vitaliano). F. H. Neuerbert, analyst.
. Quartz latite, Marble Falls Canyon, Paradise Peak Range, Esmeralda County,
Nov. (collected by C. J. Vitaliano). Ledoux and Co., analysts.
Quartz latite, Roberts Mountains, Nev. (Merriam and Anderson, 1942, p. 1720,
@. Kahan, analyst).
9. Quartz latite, Humboldt County, Nev. (collected by C. R. Willden).
Elmore, K. E. White, and S. D. Botts, analysts.

10. Daclte, near Globe, Ariz. (Ransome, 1803, p. 92-93, E. T. Allen, analyst).

11. Quartz latite, Mineral County, Nev. (collected by D. C. Ross). P. L. D. Elmore,

N 8. D. Botts, and K. E, White, analysts.

12. Needles Range formation, near Cedar City, Utah, J. Hoover Mackin (written
communication, 1960), Robert N. Eccher, analyst.

13. Dacite from Swett Hills near Cedar City, Utah (Leith and Harder, 1908, p. 58,
R. D. Hall, analyst). Probably equivalent to Harmony Hills tuff of Mackin,
1960.

14. Rhyolite, Mineral County, Nev. (collected by D. C. Ross).
8. D. Botts, and K. E, White, analysts.

15. Bishop tuff, Owens River Gorge, Calif., N. edge Mt. Tom quad., sec. 22, T\ 5
8., R. 31 E,, white member (collected by P. C. Bateman). P. L. D. Elmore,
8. D. Botts, and M. D. Mack, analysts.

16, Bishop tuff, Owens River Gorge, Calif., N, edge Mt. Tom quad., sec. 22, T.
§ S., R. 31 E,, pale grayish purple member (collected by P. C. Bateman).
P. L. D. Elmore, S. D. Botts, and M, D. Mack, analysts,

17. Welded rhyolite tuff, Chiricahus National Monument, Ariz.
p. 1233, Lois D. Trumbull, analyst).

18. Welded rhyolite tufl, Chiricahua National Monument, Ariz. (Enlows, 1955,
p. 1233, Lois D. Trumbull, analyst).

19. Basal vitrophyre zone of welded tuff, Bullfrog Hills, Beatty area, Nev., H. R.
Cornwall (written communication, 1960), Dorothy F. Powers, analyst.

20. Lithoidal welded tuff, Bullfrog Hills, Beatty area, Nev., H. R. Cornwall (written
communication, 1860). Dorothy F. Powers, analyst. .

21. Litholdal welded tuff, Oak Spring formation, Nevada Test Site, Nye County,
Nev., H, R. Cornwall (written communication, 1960). Dorothy F. Powers,
analyst,

22. Welded tuft of the Oak Spring formation, Nevada Test Site, Nye County, Nev.,
H, R. Cornwall (written communication, 1960). Frank Elmore, analyst.

23. Black glass at base of Leach Canyon tuff near Three Peaks, Iron Springs County,
Utah, J. Hoover Mackin (written communication, 1960). Robert N. Eccher,
analyst.

24. Trachyte from Antelope Hills, Iron Springs County, Utah (Leith and Harder,
1008, p. 88, R. D. Hall, analyst). Probably equivalent to Bauers tuft of Mackin
(1960).

DIFFERENCES IN MAGMATIC HISTORY AND
ERUPTIVE BEHAVIOR
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The nature of volcanic eruptions depends on com-
position, temperature, volatile content, rate of vesicula-
tion, viscocity, and other factors (Verhoogen, 1951;
Williams, 1954, p. 307). Of these, volatile content and
rate of vesiculation are probably the most important,
for they control the violence and particle size of the
eruption.

- pressure.
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The distribution of points on figure 320.3 shows that
welded “ash” tuffs are formed from magma more silicic
and alkalic than magma forming welded crystal tuffs.
These two kinds of magmas may either have separate
origins or, alternatively, may form by differentiation of
a magma of intermediate composition. In the latter
alternative, following emplacement of the magma in
the upper part of the crust, plagioclase and mafic
minerals may crystallize and settle downward ; volatiles
migrating upward would carry silica and' alkalis
(Kennedy, 1955, p. 494-498; Tuttle and Bowen, 1958,
p. 90). These two processes would tend to enrich the
upper part of the magma in silica, alkalis, and volatiles;
if the internal pressure finally were to exceed the con-
fining pressure and eruption were to take place, the
magma would be completely fragmented to yield
typical “ash” tuff.

The magma deeper in the chamber would have lower
silica, alkali, and volatile content, and lower vapor
Crystallization of the magma, together with
accumulation of crystals settling from the upper levels,
would proceed until crystal content would be high; if
an eruption were to issue from this part of the magma
chamber, crystal-rich tuff would result. Lower volatile
content would cause less fragmentation of the material
as it erupted, forming fewer and relatively larger par-
ticles, many in the lapilli size range.

A simplified scheme of kind of eruption related to
volatile content is shown in table 320.2.

TasLE 320.2.—Effect of relative volatite content on the kind of
eruption and product; siliceous and intermediate magmas

Volatile content Kind of eruption Product

I. Very high___| Violent initial explo- Ash, tuff, breccia
sion (vulecanian). (entirely non-
High degree of welded).
fragmentation.

II. High______. Nuée ardente or glow- | Welded ash tuff

(large portions of
erupted bodies
are nonwelded).

ing avalanche.
Erupted magma
continues to expand
during transport;
high degree of
fragmentation.

Welded crystal tuff
(tops and bot-
toms of erupted
bodies are non-
welded).

I1I. Moderate___| Similar to II, except
that expansion is
less, and degree of
fragmentation is

moderate.

Lava flows, domes,
and spines.

Magma erupts as
viscous liquid. No
fragmentation due
to gas expansion.
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This table places the eruption of welded tuffs at
intermediate stages in the volcanic cycle of silicic and
intermediate lavas.

In several regions, both crystal-rich and crystal-poor
welded tuffs are found together, such as New Zealand
(Marshall, 1935) ; Sumatra (Westerveld, 1943, 1947) ;
El Salvador (Williams and Meyer-Abich, 1955) ; and
southwestern Utah (Cook, 1957, p. 53-69 ; Mackin, 1960,
p. 89-105; Williams, 1960, p. 148-152). These two
kinds of welded tuffs may be related in origin, and may
form parts of a differentiation series. This may be
tested by plotting their differentiation index (D.L of
Thornton and Tuttle, 1960) against silica. (See inset
diagram on fig. 320.3.)

Additional chemical and modal analyses are needed
to establish regional differentiation trends and to deter-
mine the applicability of these ideas.
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321. EFFECTS OF A BURIED ANTICLINE ON GROUND WATER IN NAVAJO SANDSTONE IN THE COPPER
MINE-PRESTON MESA AREA, COCONINO COUNTY, ARIZONA

By N. E. MéCLYMONDS, Holbrook, Ariz.

Work done in cooperation with the Bureau of Indian Affairs and the Navajo Tribe

The Copper Mine-Preston Mesa area is in north-
central Arizona about 80 miles north of Flagstaff (fig.
321.1). This area was mapped as a part of the geologic
and hydrologic investigation of the Navajo and Hopi
Indian Reservations and later was studied in more
detail for the purpose of locating specific water-well
sites.

The rocks exposed along Echo Cliffs on the west side
of the area include the Kaibab limestone of Permian

age, the Moenkopi and Chinle formations of Triassic
age, the Moenave formation of Triassic(?) age (Harsh-
barger, Repenning, and Irwin, 1957), the Kayenta for-
mation of Triassic(?) age and the Navajo sandstone of
Triassic(?) and Jurassic age (Lewis, Irwin, and Wil-
son, in press), and the Carmel formation of Jurassic
age. Younger sedimentary rocks crop out only at
Leche-e Rock and Tsai Skizzi Rock. The Wingate
sandstone of Triassic age is present in the subsurface
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"Ficure 321.1.—Map of Copper Mine-Preston Mesa area, Arizona,
showing wells, general physiographic features, and location
of generalized sections.

between the Moenave and Chinle in the northeast part
of the area but wedges out to the southwest. The
Kayenta forms a barrier to the downward movement of
ground water; therefore, the underlying sedimentary
rocks have little bearing on the hydrology of the area
and are not included on the sections (fig. 321.2). The
Navajo is exposed throughout most of the area, except
where it is capped by the Carmel.

The Navajo sandstone, a massive dune deposit, is
composed of light-red to white fine- to medium-grained
quartz sand. It is more than 1,800 feet thick northwest
of the area in Zion National Park (Gregory, 1950) and
thins generally in a southeasterly direction. The
thinning of the Navajo is presumed to be at a uniform
rate in most areas, but an anomalous thinning is
apparent from well logs in the Copper Mine-Preston
Mesa area (fig. 321.3). Here the sandstone is only
about 800 feet thick, whereas its projected thickness
would be about 1,300 feet. This anomaly occurs on'the
crest of an anticline in this area and indicates an increase
in amplitude of the fold with depth.

GEOLOGICAL SURVEY RESEARCH 1961

A widespread tongue of the Navajo sandstone 20 to
125 feet thick occurs from 20 to 100 feet below the top
of the underlying Kayenta formation. This inter-
tonguing of the Kayenta and Navajo is important to the
occurrence and development of ground water in this
area.

The major structures in the Copper Mine-Preston
Mesa area are the Echo Cliffs monocline, and two syn-
clines separated by an anticline of which the buried
anticline is a part. The Echo Cliffs monocline is a long
sinuous feature striking northward and dipping east-
ward, and having about 2,000 feet of displacement. The
dip is as much as 16° in places. The anticlines and
synclines east of Echo Cliffs have less displacement—
200 to 400 feet as estimated from surface expression—
and more gentle dips of less than 3°. The surface trace
of the anticline as determined by measurements on the
top of the Navajo sandstone trends north-northwest-

*ward and extends from Preston Mesa to Page ; contours
on the base of the Navajo show that at depth the crest
is displaced slightly to the west (fig. 321.4). Between
Preston Mesa and a point about 6 miles northeast of
Copper Mine the axis of this anticline is nearly flat, but
beyond this point it plunges northward at about 114°
(figs. 321.2 and 321.4).

Grabens and horsts, not shown on figure 321.4, are
prominent near the anticlinal crest east of Copper Mine
and they occur elsewhere. Most faults near Copper
Mine trend north-northwestward parallel to the trend
of the anticline; however, some trend northeastward.
The displacement on most faults does not exceed 50 feet.

The origin of the buried anticline is not known, but
presumably it was formed by differential uplift during
or soon after deposition of the Navajo sandstone, inas-
much as underlying formations are conformable with
the Navajo and are not thinned. An increase in the
number of faults near the crest of the anticline is prob-
ably due to tension caused by the folding. Copper min-
erals at Copper Mine, near the crest of the anticline, may

“have been emplaced at a later time during Late Cre-

taceous or Tertiary magmatic activity.

Ground water in the Navajo sandstone occurs near
the bottom of the formation and is under water-table
conditions along the flanks of the buried anticline. No
water is encountered on the higher parts of the anti-
cline from about 5 miles southeast to about 15 miles
north of Copper Mine.

Recharge is effective because the Navajo sandstone,
and sand dunes on the surface, absorb a high percentage
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Page, Ariz., to east side of Preston Mesa; B-B’, northeast from vicinity of Bitter Springs to Tsai Skizzi Rock; and C-C’,

northeast from the vicinity of The Gap to Kaibito.

of rainfall ; however, the annual rate of rainfall is only
6 to 8 inches. The combination of low rainfall and the
high elevation of the crest of the buried anticline rela-
tive to its flanks is unfavorable for the accumulation
of ground water on the anticline. The faulting east of
Copper Mine may allow water to collect in local pockets,
but most of the faults probably would allow the water
to escape rather than to accumulate.

The tongues of Navajo sandstone in the upper part of
the I{ayenta formation are important sources of ground
water. Some wells, 1T-505, for example, have been
drilled through the main mass of the Navajo sandstone
without obtaining appreciable quantities of water, but

Saturated zone in Navajo sandstone between wells is hypothetical.

some water was found in the tongue of the Navajo
below the tongue of the Kayenta formation (figs. 321.1
and 321.2, p. D-82).
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FLATTENING RATIOS OF PUMICE FRAGMENTS IN AN ASH-FLOW SHEET NEAR SUPERIOR, ARIZONA

By DonaLp W. Pererson, Menlo Park, Calif.

Systematic changes in the shape of pumice fragments
in a dacitic ash-flow sheet near Superior and Globe,
Ariz., reflect the eruptive history and the structure of
the sheet. Remnants of the sheet in this area (inset
map, fig. 322.1) cover about 100 square miles; the
sheet has a maximum thickness of about 2,000 feet
-and an average thickness of about 500 feet.

The pumice fragments are light gray to nearly white
and contrast with the darker matrix, which ranges
from reddish brown or reddish gray to light gray.
Both the fragments and the matrix contain 35 to 45
percent phenocrysts in the approximate proportions:
34 plagioclase, ¥, quartz, ¥, biotite, remainder sani-

dine, hornblende, magnetite, and accessories. Except
for their lighter color, the fragments appear to be
essentially the same rock as the matrix. Recrystalliza-
tion has obliterated the original pumiceous texture of
the fragments, and their groundmass now consists
mainly of cryptocrystalline and microcrystalline inter-
growths of sanidine and cristobalite. Most of the
fragments range from 1 to 4 inches in their longest
dimension, but both larger and smaller sizes are
common.

In the upper part of the ash-flow sheet, pumice frag-
ments tend to be nearly equidimensional and show little
preferred orientation. Lower, the fragments are some-
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what flattened and ovoid, and are oriented with their
longer dimensions in the horizontal plane. Farther
downward, the flattening increases until the fragments
appear in cross sections as thin streaks and stretched-
out lenses. Lower still, they may be represented by
mere coatings on horizontal parting surfaces, and
finally they disappear. At most outcrops individual
fragments show a wide variation in degree of flatten-
ing, and simple statistical tests help to indicate the
trend of flattening changes. In six different areas
where a considerable thickness of the ash-flow sheet is
exposed, measurement of fragments showed a system-
atic downward increase in flattening.

At each outcrop chosen for study, the exposed verti-
cal and horizontal dimensions of 30 or 40 fragments
were measured in a plane perpendicular to the flatten-
ing. Because the plane of measurement must be per-
pendicular to the flattening, and because weathering
tends either to obscure or destroy the pumice fragments,
outcrops suitable for measurements are few and need
to be carefully selected. In this sheet the two hori-
zontal dimensions of most fragments are approximately
equal, but if fragments were to show horizontal linea-
tion, additional precautions would be required. Every
clearly defined fragment within each selected area was
measured in an effort to obtain a sample representative
of fragments of all sizes, shapes, and orientations.

The horizontal dimension divided by the vertical di-
mension as measured in the outcrop is called here the
“apparent flatness” of a fragment. The apparent flat-
ness was determined for each fragment, and the arith-
metic and logarithmic means were calculated for each
outcrop. This mean shows the approximate amount of
flattening at that level in the sheet, and is called the
“flattening ratio.” The arithmetic flattening ratio,
which is the arithmetic mean of the individual apparent
flatnesses, is the more readily determined. The loga-
rithmic flattening ratio, however, which is the mean
- of the logarithms of the individual apparent flatnesses,
eliminates the abnormal influence of greatly flattened
fragments on the mean and is a more rigorous figure.
Both the arithmetic and logarithmic flattening ratios
are shown on figure 322.1.

The curves in figure 322.1 show the relation between
the flattening ratio and the stratigraphic distance of
each outcrop above the base of the sheet along six meas-
ured sections. The diagram also shows the range of
the apparent flatness at each locality. Most of the
curves slope nearly uniformly in the same direction,
indicating a progressive and nearly uniform down-
ward increase in the flattening.
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The logarithmic scale removes the skewness in the
distribution of apparent flatness, and permits a test of
the statistical validity of the sampling. The 95 percent
confidence limits for the logarithmic flattening ratios

‘have been calculated and are shown on the diagram.

These confidence limits are the boundaries within which
lie the logarithmic flattening ratios of 95 percent of
randomly chosen groups of the same size sampled from
this population of pumice fragments. The confidence
limits are narrow enough to show that the procedure
is statistically valid. During field studies the arith-
metic flattening ratio is more conveniently determined,
and because it falls near the logarithmic flattening
ratio, within the confidence limits, errors introduced
by using it are small.

The most significant application of the flattening-
ratio study is in its bearing on the eruptive history of
the deposit. The nearly uniform slope of most of the
curves in figure 322.1 shows that the downward increase
of flattening depends on the weight of the overlying
material. Because the fragments must have been flat-
tened before they cooled to rigidity, the uniform flatten-
ing trend indicates that the entire ash-flow sheet was
deposited in a relatively short time. Crudely defined
layered structures in the ash-flow sheet and a local
reversal in flattening (fig. 322.1, curve ED) suggest
that the material erupted in separate pulses, but the
generally consistent flattening trend shows that the
pulses followed one another closely enough for the
sheet to cool as a single unit.

The flattening ratio studies have been used for sev-
eral additional purposes. In any part of the sheet that
has been studied statistically, the flattening ratio at an
isolated outcrop indicates its approximate stratigraphic
distance below the original top of the sheet. The flat-
tening ratio changes abruptly on opposite sides of
faults, hence the curves can be used to estimate the
stratigraphic throw.

The slopes of the curves in figure 322.1 nearly equal
one another and show that the downward increase in
degree of flattening is nearly the same in different
places in the deposit. The steepness of the slopes indi-
cates that burial by several hundred feet of material
was required to attain maximum flattening.

Flattening ratio curves for pumice fragments in this
deposit have been particularly helpful in determining
the nature of eruptions and in recognizing faults. Pos-
sible application elsewhere will depend on the nature
of the flattening ratio curves of individual welded tuff

sheets.

R
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LANDSLIDES EAST OF FUNERAL MOUNTAINS, NEAR DEATH VALLEY JUNCTION, CALIFORNIA

By Cuarces S. DEnNyY, Washington, D.C.

At their southeast end, the Funeral Mountains are
made up of a thick sequence of easterly dipping Ter-
tiary rocks and Paleozoic dolomite and limestone (table
323.1), and they rise about 2,000 feet above the sur-
rounding piedmont (fig. 323.1). Massive beds of Ter-
tiary fanglomerate and limestone resting on shale form
Bat Mountain. Large bodies of these massive rocks
have slid down the precipitous mountain front and
spread eastward onto the piedmont for distances of a
few hundred feet to more than a mile. The slides
northeast of Bat Mountain were first thought to be
the much dissected remnants of an original sheet of
breccia about a mile in diameter that came from the
reentrant in the eastern front of the range just north of
Bat Mountain. The total volume of these slides, how-
ever, represents only a very small part of the capacity
of the reentrant; and detailed mapping (fig. 323.3)
suggests that the form of the individual bodies of land-
slide breccia is largely an initial feature due in only a
small way to post-slide dissection.

Uplift of the mountains along marginal faults set
the stage for the erosion of cliffs on the northern and

Oligocene(?)

S\
\3

Sy

0 1 MILE

Contour interval 500 feet

Pletistocene
and Recent

western sides of Bat Mountain. Material from these
cliffs descended into gullies and moved out onto the
piedmont.

The terminal lobe of the slide south of Bat Mountain
(fig. 323.2) is a disordered mass of fanglomerate and
limestone blocks. The internal structure of the lobe
portrayed in the cross sections is largely conjectural.
The western part of the lobe is predominantly fanglo-
merate. Near the toe, tabular masses of limestone and
fanglomerate appear to overlap one another, and there
is some mixture of blocks of the two rock types. In a
very general way, however, the rocks of the slide re-
main in their original stratigraphic position of fan-
glomerate resting on limestone. The slide came down a
narrow gully, overtopping the northeast bank, and
spread out over the apex of the adjacent gravel fan.
Since that time, runoff from Bat Mountain has carved
the existing gully southwest of the lobe.

The three landslides northeast of Bat Mountain (fig.
323.3) consist of several digitiform plates that rest
either on Quaternary gravel or on Oligocene( ?) rocks
stratigraphically above those comprising the plates (fig.
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FI1oURE 323.1.—Generalized geologic map of eastern end of Funeral Mountains.
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TaBLE 323.1.—Generalized section of rocks exposed in eastern end of Funeral Mountains.
(written communication, 1960)
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Based in part on work of Harald Drewes

Age Rock unit Thickness (feet) Description
Younger gravel 50+| Gravel, sand, and silt.
Rubble 5+| Angular fragments of limestone mantling slides northeast of Bat Mountain.
Pleistocene and
Recent Limestone, fanglomerate, and subordinate shale, siltstone, and sandstone;
' 1 Landslide breccia 5-200+ brecciated; source is fanglomerate unit and limestone and shale unit of
Oligocene(?) age.
Older gravel 5-50 | Gravel and sand.
Conglomerate 500+ | Conglomerate, subordinate sandstone.
Fanglomerate 100-1, 500 | Thick bedded, firmly cemented.
oli * Limestone, thick bedded, about 75 feet thick, overlies 75 feet or more
gocenet: Limestone and shale 150-200+ of varicolored shale with subordinate siltstone, sandstone, limestone,
gypsum, and tuffaceous rocks.
Sedimentary rocks 2,0004| Conglomerate, shale, limestone, and fanglomerate predominate.
undifferentiated
Paleozoic Dolomite and 4, 500 +| Probably includes Perdido formation, Tin Mountain limestone, Lost Burro

limestone.

formation, Hidden Valley dolomite, and Ely Springs dolomite.

323.1). The individual slides consist of 2 or 3 uncon-
nected segments. Brecciated limestone is the dominant
rock but the western segment of the central slide con-
sists of westward-dipping blocks of both fanglomerate
and limestone. The plates of megabreccia (Longwell,
1951) rest on a breccia of limestone, sandstone, shale,
and tuff, on gravel, or directly on undisturbed bedrock.
The base of the slides is well exposed near their western
ends, but to the east their lower slopes are mantled by
rubble except at a few places where the rubble has
slumped away. Contours drawn on the base of the
slides define a surface that slopes eastward virtually
parallel to and about 30 to 40 feet above the adjacent
piedmont.

The landslides northeast of Bat Mountain came from
massive limestone and fanglomerate strata that were
uplifted relative to the piedmont to the east along a
high-angle fault that passes beneath two of the slides.
Fault movement set the stage for the erosion of steep
slopes on these massive, eastward dipping beds. The
individual tongues are discrete slides that moved down
shallow gullies on the piedmont, carved partly in bed-
rock and partly in gravel. Subsequent erosion has left
the slides standing considerably above their surround-
ings. For example, the central slide bends northward
where it rests on bedrock, then eastward, presumably
following a shallow gully that ended where the slide
spreads out into several fingers. At this place the slide

probably rests on gravel. Gravel is exposed beneath
the southern slide and this gravel contains a much
smaller number of pebbles of Oligocene(?) limestone
than does the younger gravel on the piedmont. Con-
tours drawn on the restored base of the slide suggest
that the landslide breccia near the western end of the
central slide mantles a bedrock ridge, although in-
accuracies of the topographic base make this interpre-
tation uncertain.

The estimated volumes of these slides range indi-
vidually from about 14 to 2 million cubic yards. The
volumes of limestone and fanglomerate that could have
been removed from two possible source areas are ade-
quate to account for the slides; these volumes are esti-
mated at about 3 million cubic yards for area W (fig.
323.3) and at least 11 million cubic yards for area X.

The age of the landslides east of the Funeral Moun-
tains is unknown. The amount of post-slide erosion
indicates that some of them are at least several thousand
years old. The form and location of the central slide
of those northeast of Bat Mountain suggest that it is
younger than its neighbors. It is presumed to have
come down a gully that originated near area W (fig.
323.3). The southern slide could have come down an
earlier gully that passed through the southern part
of area X. Perhaps the landslides are Pleistocene de-
posits, the product of more active erosion during that
epoch. On the other hand, the sporadic cloudbursts
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of the present day may in time so erode the Bat Moun-
tain cliffs that some infrequent catastrophic rain or
earthquake will trigger a new slide. Large bodies of
rock, for example, could be dislodged from the north-
west-facing cliff on the south side of area W (fig.
323.3), descend to its base, and move as a landslide
northeastward down the gulch and out onto the pied-
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mont. Thus, the landslides may be the result of re-
current mountain uplift and sporadic erosion through-
out the Quaternary period.
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324, COMPACTION OF MONTMORILLONITE-RICH SEDIMENTS IN WESTERN FRESNO COUNTY, CALIFORNIA
By Roserr H. Meabe, Menlo Park, Calif.

Several bodies of sediment are presently undergoing
compaction in the San Joaquin Valley of California.
This compaction is greatest. in western Fresno County
(fig. 324.1), where it is reflected by sinking of the land
surface. The sediments here consist of unconsolidated
to semiconsolidated water-bearing sand, silt, and clay
that were deposited on alluvial fans, flood plains, or in
fresh-water lakes during late Pliocene to Recent time.
Their thickness ranges from about 1,000 feet in the
northwestern part of the county to about 3,000 feet in
the “southern part. More complete descriptions are
given by Davis and Poland (1957, p. 420—426) and the
Inter-Agency Committee (1958, p. 116-138).

The present article treats the compaction of the finest
grained of these sediments, those that fall into Shep-
avd’s (1954, p. 157) size categories of clay, silty clay,
and clayey silt. The fine-grained sediments are par-
ticularly rich in montmorillonite, most of them con-
taining between 20 and 50 percent. Other clay
minerals, illite, chlorite, a kaolin-type mineral, and
mixed illite-montmorillonite, are present in subsidiary
amounts. The principal nonclay minerals are quartz,
feldspar, micaceous minerals, and hornblende.

As in previous studies of the compaction of clayey
sediments (summarized and discussed by von Engel-
hardt, 1960, p. 35-49), progressive reduction of porosity
is taken as a measure of progressive compaction.
Porosities of sediments from core holes (locations shown
on figure 324.1) are plotted against depth on figure
324.2.  Although the change is small, the data indicate
an average reduction in porosity on the order of that
observed at similar depths in Germany, Italy, and
Venezuela (von Engelhardt, 1960, p. 39, 41).

EXPULSION OF WATER,

The principal means of compaction has been the
expulsion of water—first the free pore water and later
604493 O—61——7

the water adsorbed by clay particles. Table 324.1
shows the vaiiation with depth of the estimated rela-
tive amounts of pore water and adsorbed water in the
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FIGURE 324.1.—Area of western Fresno County. Calif., in which
unconsolidated to semiconsolidated late Cenozoic sediments
are being compacted. Core holes from which the sediments
were sampled are marked by dark circles. Holes were drilled
by the Inter-Agency Committee on Land Subsidence in- the
San Joaquin Valley, and are designated by township-range-
section (Mt. Diablo base line and meridian). Depths of
core holes given in feet below land surface. Shading marks
northeastern edge of deforme drocks of Coast Ranges.
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POROSITY VOLUME, IN PERCENT
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F16URE 324.2.—Relation between porosity and depth of burial of
clayey sediments from core holes 14/13-11, 16/15-34, and
19/17-22. Regression lines computed by least squares
(r = correlation coefficient), assuming arithmetic correlation.
Actual correlation probably is semilogarithmie, but the
short segments of semilogarithmic curves represented here
probably approach straight lines closely enough that the as-

. sumption has not introduced serious error. Porosities of
Corcoran clay member of the Tulare formation (a fresh-
water lake deposit, cross hatched) not included in computa-
tion for core hole 14/13-11. :

sediments in core hole 16/15-34. Above a depth of
about 1,000 feet, most of the water being squeezed out
of the clayey sediments is probably pore water. Below
that depth, most of the water in the sediments is
adsorbed by the clay particles, and its removal requires
compacting pressure to overcome the physiochemical
attraction between the water and the clay particles.
The greater amount of sodium adsorbed by the more
deeply buried clays also contributes to the lack of pore
water below depths of about 1,000 feet. With all other

TABLE 324.1.—Estimated proportions of pore water and adsorbed
water in montmorillonite-rich sediments from below the water
table in core hole 16/16-34, and data from which estimates were
derived

= @ b Thickness, in . .
a5 Es angstrom units, 3 Exchange
§ 32 G g of water layer = cations 3
Depth | 8 ' adsorbed by - R o | (percentage
below | < 27 montmorillonite | < s < | equivalents)
land | 53 9s on— 8| » |88
e 8E | 859 |- A e
23 S5E | Sodi- |Calcium- - & | 55 | Calei-
a§3 ﬂ 8% |um-sat-|and mag-| = & g8 um Sodi-
o8 8 23 urated | nestum- | @ | F | S5 | plus | um
268 | 228 |surfacessaturated| & g |e 8 magne-
= B surfaces | & | @ | S sium
419 50 50 80 10 47 | 2.66 25 95 5
671 1] 45 80 10 54 | 2.68 30 96 4
902 20 80 80 10 41 | 2.63 35 96 4
1,238 0 100 70 10 40 | 2.75 20 81 19
1,631 0 100 25 10 44 | 2.69 35 64 36
1,953 0 100 70 10 42 | 2.50 68 32

! Determined in the Hydrologic Laboratory of the Geological Survey.
3 Determined in the Sedimentary Petrology Laboratory of the Geological Survey
by H. C. Starkey.
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factors (including total water content) remaining
equal, an increase in adsorbed sodium increases the
amount of adsorbed water and decreases the amount of
free pore water. If calcium and magnesium were the
only cations adsorbed by the clays, the porosity of the
sediments probably would decrease more rapidly with
increasing depth (Bolt, 1956, p. 91; Warkentin and
others, 1957), and pore water probably would persist
to depths a few hundred feet below its present limit.
Thus, a downward increase in both compacting pres-
sure and adsorbed sodium accounts for the apparent
elimination of pore water below depths of about 1,000
feet.

Although table 324.1 gives an accurate impression of
the state of the water in these sediments, the figures
given in columns 2, 3, and 4 are only estimates because
some of the data from which they were derived are
approximate. Also, several assumptions were made,
the principal ones of which are listed below with refer-
ences to supporting data.

1. Porosity equals total water content.

2. Montmorillonite is the important mineral in these sediments

’ that adsorbs water. (The other clay minerals certainly

adsorb water, but considerably less than montmorillonite.)
3. The specific surface of montmorillinite is 600 m® per g (Bower
and Goertzen, 1959 ; Diamond and Kinter, 1958 ; Kinter and
Diamond, 1960). (This is a minimum value; other
authors have assumed values as large as 800 m* per g.)
4. The sodium and the divalent cations are concentrated on
different surfaces rather than being associated at random
with each other on all surfaces (Grim, 1958, p. 20).

. Montmorillonite, when saturated with caleium and magne-
sium, will attract strongly any water within 10 A (ang-
stroms) of its surface; when saturated with sodium, it will
attract water (less strongly than when saturated with cal-
cium and magnesium) within at least 80 A of its surface
(Grim, 1958, p. 20; Low, 1958, p. 61; Lutz and Kemper,
1959, p. 89).

6. Montmorillonite flakes are parallel to one another and no
effective contact exists between solid particles. This
assumption, although necessary to the computations, is
untrue. Figure 324.3 shows that the montmorillonite par-
ticles are oriented at random with respect to one another.
Where most of the pore water has been removed, some
probably remains within “cellular” enclosures formed by
the random arrangement of particles (Kemper, 1958).
The error introduced by this assumption is largely com-
pensated by the errors introduced in assumptions 2 and 3.

St

ORIENTATION OF MONTMORILLONITE PARTICLES

Other studies of compacted clays show that particles
of illite and kaolinite tend to develop preferred orien-
tation of their basal planes normal to compacting pres-
sures of 2 kg/cm? or less (Buessem and Nagy, 1954;
Mitchell, 1956). Under the compacting pressures ex-
isting in the first 2,000 feet below the surface in west-
ern Fresno County (up to about 60 kg/cm?), however,
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particles of montmorillonite have not developed pre-
ferred orientation (fig. 324.3).

Ignoring for the moment the preferred orientation
in the Corcoran clay member of the Tulare formation,
there is no indication of a progressive orientation of
montmorillonite particles normal to the compacting
force as they are buried more deeply. One might draw
a line through the six non-Corcoran points on the graph
for core hole 12/12-16 and project it downward into
higher values of the orientation ratio, but these would
not be confirmed by the measurements in deeper sedi-
ments from core holes 14/13-11 and 19/17-22. Most
of these sediments were deposited rapidly on alluvial
fans and flood plains by streams; one would not expect
this kind of deposition to produce preferred orientation
of clay-mineral particles. Moreover, subsequent com-
paction has not produced preferred orientation of the
montmorillonite particles in these sediments.

In contrast to the material deposited on alluvial fans
and flood plains, the material that makes up the Cor-
coran was deposited in the still water of a fresh-water
lake. Each ‘clay-mineral flake was allowed to settle
individually, seeking a minimum energy position par-
allel to other flakes already deposited. The preferred
orientation consequently is well developed. Similarly
well-developed preferred orientation produced during
the deposition of lake clays has been reported by Wu
(1958, p. 23-29).

MONTMORILLONITE ORIENTATION RATIO
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Froure 324.3.—Horizontal preferred orientation of montmoril-
lonite in clayey sediments from core holes 12/12-16, 14/13-11,
and 19/17-22. Corcoran clay member of Tulare formation
cross hatched. Procedure for measuring montmorillonite
orientation ratio is described by Meade (Prof. Paper 424-B,
Art. 116). Orientation ratio of 1.0 indicates random orienta-
tion of montmorillonite particles with respect to bedding;
ratios larger than 1.0 indicate preferred orientation in direc-
tion of bedding.
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CONCLUSIONS

Two processes, the realinement of platy particles and
the expulsion of water, characterize the early stages of
the compaction of clayey sediments. The degree to
which either of these processes affects the compaction of
a given sediment depends upon the clay-mineral com-
position. If the principal clay mineral is illite or
kaolinite—both of which occur as fairly large flakes—
the compaction of the sediment involves both processes.
Particles are reoriented and water is expelled concur-
rently. If, on the other hand, the principal clay min-
eral is montmorillonite—which generally occurs as
much smaller flakes that have larger specific surfaces—
the compaction of the sediment involves only one of
these processes. Flakes of montmorillonite are not
reoriented under pressure because the surface forces
related to the interaction of clay particles and water
are so much stronger than the gravitational force re-
lated to the particle mass. The compaction of mont-
morillonite-rich sediments, at least under pressures
up to 60 kg per cm? comes about almost entirely
through the expulsion of pore water and the overcom-
ing of surface attractions between montmorillonite
particles and water.
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325. SURFACE-WATER HYDROLOGY OF COASTAL BASINS OF NORTHERN CALIFORNIA, IN RELATION TO
GEOLOGY AND TOPOGRAPHY :

By S. E. Rantz, Menlo Park, Calif.

Work done in cooperation with California Department of Water Resources

The coastal drainage basins of California that are
north of the southern boundary of Eel River basin com-
prise an area of 21,000 square miles. This area and
its principal streams are shown on figure 825.1. Parts
of the drainage basins of the northernmost streams lie
in Oregon. Most of ‘the region is mountainous with
many peaks above 6,000 feet in altitude; the highest
peak is Mount Shasta, which reaches 14,161 feet. The
mountainous areas are generally well covered with
timber.

Precipitation is distinctly seasonal, and is largely re-
stricted to the months from October through May.
This distribution of precipitation is controlled largely
by the anti-cyclonic cell that is normally found off the
California coast, particularly in summer. - Precipita-
tion in winter occurs usually when the anticyclone either
is absent or is far south of its usual position.

From a consideration of major landforms, the region
can be divided into three subregions, each of which is
hydrologically homogeneous. These major landforms
(fig. 325.1) are the Northern Coast Ranges, the
Klamath Mountains, and the Southern Cascades.

The Northern Coast Ranges are underlain chiefly

by a complex series of sandstone and shale, meta-
morphic rocks, and lavas, intruded by large masses of
ultra-mafic rocks now largely altered to serpentine.
Only a small part of this subregion is above 5,000 feet
in altitude, so that there is little snowmelt runoff, and
alimost all the runoff results from the rains of late fall
and winter. The soil and mantle rock are relatively
impermeable and base flow is therefore poorly sus-

tained, with the result that streamflow is very low in
the summer and early fall. A stream typical of the
subregion is Eel River; graph A of figure 325.2
shows the average monthly distribution of runoff for
this river at the gaging station at Scotia. The great
variability .of streamflow is immediately evident.
During February, the month of greatest runoff, the
average monthly flow is about 150 times as great as it is
during September, the month of least runoff.

The Klamath Mountains include a rugged area lying
between the Northern Coast Ranges on the west and
the Southern Cascades on the east. The Klamath
Mountains have a complex structural pattern with no
apparent regional trend. The rocks are largely
crystalline, consisting principally of highly meta-
morphosed lavas and sedimentary rocks intruded by
granitic rocks. Because a large part of this subregion
is above 5,000 feet in altitude, much of the winter
précipitation is stored as snow, and a large amount of
snowmelt runoff occurs in late spring in addition to the
storm runoff in the winter. The soil and mantle rock
are more permeable than that in the Northern Coast
Ranges, and base flow is therefore better sustained. A
stream typical of this subregion is Trinity River; graph
B of figure 325.2, shows the average monthly distri-
bution of runoff for this river at the gaging station at
Lewiston. Streamflow variability is less .pronounced
than in the Northern: Coast Ranges subregion; the
average monthly flow for May, the month of greatest
runoff, is about 30 times as great as it is for September,
the month of least runoff.
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Froure 325.1.—Map showing major landforms and principal
streams of northwestern California.

The Southern Cascades, east of the Klamath Moun-
tains and north of the Sierra Nevada, are underlain by
lava and pyroclastic rocks. The upper Klamath River,
from Keno, Oreg., to the mouth of Willow Creek in
California, flows in a canyon cut into these rocks. The
Klamath River basin above I{eno and the closed basins
south and east of Klamath River lie in a plateau region
likewise underlain largely by lava and pyroclastic
rocks. This plateau has poorly developed surface
drainage because the highly permeable and fractured

R
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lava allows ready infiltration of precipitation and
snowmelt.. Seeps are common and large springs are
numerous. Consequently, base flow is better sustained
in this subregion than in either of the other two. In
some of the headwater streams in Oregon, extensive
marsh areas exert a regulating effect on the streamflow.
Because of the high altitude of the subregion, the
volume of snowmelt runoff is significantly large. No
one stream typifies all of those of the Southern Cascade
subregion, but graph O of figure 325.2 shows the
average monthly distribution of runoff of Fall Creek,
a spring-fed tributary of the Klamath River. The
equable character of the flow is apparent; no month
has less than 7 percent of the annual runoff, nor more
than 11 percent.

25

25

- = E =
E - E -
- 3 3
- | - -
20F 3 20F [ -
w F J. E 3
[ [T =
S F 1¢ ¢ -
z - 1 2 - -
2 F 12 E 3
215 -1 4 15__ -
g - :g - -
e E 4. 48 E B. 3
s 16 E L ]
- E -
2 10f 3 £ 10F
ud - 3 w - =
Q - 4 Q — -
&S F Je _| 7
a [ Ja E I_r 3
- — p— —
sF— 3 s =
- 3 - _L:
0— i -l | 1 i1 - 0’_1 1 ) 1 1 1 1 A 1 1
< i €8 =T 29 2> uw e v 5 U € g 2T 2 Q2> oww
8285838585323 §3885335853%3
EEL RIVER AT SCOTIA, CALIF. TRINITY RIVER AT LEWISTON, CALIF.

4

—
[=]
TTTTITTTT ””ﬁv

L e WAL SRS S SIS

o

12 iazsscaalaaashigaig

PERCENT OF TOTAL RUNOFF
[

o
a

< ¢

FALL CREEK AT COPCO, CALIF.

Feb.F
8.

Mar. |-

{
E

E]
3

April -

May |-

June}
u

L
[
]

-

Dec.}-

1
>
°

z

Oct.

FIGUReE 325.2.—Mean monthly distribution of runoff at selected
stream-gaging stations.



D-94

GEOLOGICAL SURVEY RESEARCH 1961

326. CENTRAL VENT ASH-FLOW ERUPTION, WESTERN SAN JUAN MOUNTAINS, COLORADO

By Rosert G. Luepke and Witsur S. Bursank, Washington, D.C., and Exeter, N.H.

Worlk: done in cooperation with the Colorado State Metal Mining Fund Board

A volcano-tectonic depression is located near the
western edge of the Tertiary volcanic field in the San
Juan Mountains of southwestern Colorado (fig. 326.1).
The younger Silverton and Lake City calderas are with-
in and superimposed upon this depression. Geologic
mapping of the northern part of the Silverton caldera
and the contiguous part of the depression has disclosed
a welded ash-flow deposit of limited areal extent and
the location of its vent. '

The ash flow erupted from a nearly circular vent
about a mile in diameter located west-northwest of En-
gineer Mountain (fig. 326.2). The vent lies between

COLORADO
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EXPLANATION

——
Fault
Dashed where inferred,
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F16URE 326.1—Generalized geologic map of the western San Juan
region, Colorado, showing location of the depression and the
Silverton and Lake City calderas within it. Tertiary volcanic
rocks and minor intrusives, stippled; pre-Tertiary rocks, no
pattern. Rectangle shows area of figure 326.2.

the peripheral ring-fault zone of the Silverton caldera
and the probable ring-fault zone of the volcano-tectonic
depression. The crater filling of ash-flow material is
partly covered, but where exposed, it has vertical to
steeply inclined and inwardly dipping flow planes.

The ash flow was erupted upon an uneven erosion sur-
face and was confined to a northeasterly trending
trough about 10 miles long and as much as 214 miles
wide. In the narrower and deeper part of the trough
southwest of the vent, the ash flow was deposited on
lava flows and related pyroclastic rocks of the San
Juan tuff and the Silverton volcanic series, both of
middle Tertiary age, and abutted against a volcanic
dome in the depression ring-fault zone in what is now
a part of Hayden Mountain. Northeast of the vent
the ash flow spread as a sheet upon bedded tuff of the
Silverton series in the shallower and broader part of
the trough, and wedged out upon a topographic high
northeast of Dolly Varden Mountain. The ash flow
has a preserved thickness of about 1,000 feet at Mount
Abrams southwest of the vent and only about 200 feet
at Dolly Varden Mountain northeast of the vent. The
volume of material erupted is estimated to have been
between 114 and 2 cubic miles.

-Welded ash flows of the Potosi volcanic series of
middle and late Tertiary age unconformably overlie the
ash flow to the southwest and in part the vent area.
Northeast of the vent the ash flow is overlain con-
formably by a variable thickness of bedded tuff similar
to that underlying the ash flow. This position of the
welded ash flow between nearly identical deposits of
bedded tuff led Cross, Howe, and Irving in 1907 to
interpret the welded ash flow as a sill intruding the
Henson tuff of the Silverton volcanic series, and to
name it the American Flat latite.

The welded ash flow is light to dark gray and
weathers greenish gray to grayish brown. Locally it
is altered to a rust color or bleached almost white and
speckled with limonite. ‘The outcrops have a conspicu-
ous slabbiness parallel to the foliation, but nowhere is
vertical columnar jointing well developed.

The rock contains abundant crystal fragments and
sparse pumiceous fragments in a vitroclastic matrix;
very few accidental rock fragments are included. The
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FIGURE 320.2.—Generalized geologic map of the north side of the Silverton caldera showing outcrops and probable extent
of ash-flow deposit.

matrix is dense and characterized by eutaxitic structure
but locally appears structureless. The fragmental
intratelluric crystals, listed in decreasing order of
abundance, are quartz, biotite, potassic feldspar, plagio-
clase (oligoclase-andesine), amphibole, and accessory
minerals. Chlorite, carbonate minerals, sericite, iron
oxides, and locally pyrite, or limonite after pyrite, are
common alteration products throughout much of the
rock. The vitroclastic structure of the matrix is partly
to completely obliterated by crystallization to a fine-
grained aggregate of potassic feldspar, quartz, and ac-
cessory minerals. Axiolitic and spherulitic inter-
growths of feldspar and quartz aré conspicuous in the
flattened pumiceous fragments. The composition of
the rock is probably a quartz latite or a rhyolitic quartz
latite.

The welded ash flow seems to represent the deposit of
a single eruption and is a simple cooling unit (termi-
nology of Smith, 1960). Variations in the degree and
amount, of welding and compaction of the tuffaceous
and' pumiceous material are noticeable owing to lateral
thinning and to topographic irregularities on the under-
lying surface.

The recognition of this ash flow and its vent affords
a better understanding of the petrologic and volcanic
processes occurring during the evolution of the Silver-
ton volcanic series and the volcano-tectonic depression.
Preceding and succeeding volcanic activity was princi-
pally a quiet effusion of lava alternating with explosive
ejection of ash; the materials erupted were andesitic
to rhyodacitic in composition. In contrast, the ash-
flow eruption was a catastrophic hot avalanche of more
silicic material. These contrasting features indicate
(a) different stages of magmatic differentiation either
by fractionation or contamination, and (b) different
modes of eruption. This small local ash-flow eruption
apparently represents an aberrant phase in the waning
stages of the Silverton eruptions.

Recognition of this central vent establishes that at
least one local ash-flow eruption in the San Juan region
was from a conduit. In the absence of local deep ero-
sion the position of the vent would not have been recog-
nized from features exposed in the overlying eruptive
debris. Thus it is possible that other local vents of
this type and related ash-flow eruptions may be more
common in the San Juan volcanic region than are
readily disclosed.
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Material similar to and included as part of the Ameri-
can Flat latite is reported by Cross, Howe, and Irving
(1907) near Uncompahgre Peak, about 6 miles north-
east of Dolly Varden Mountain. This occurrence has

not been examined by us, but if it is an ash-flow deposit,

it may represent another local eruption from a separate
vent.
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REFERENCES

Cross, Whitman, Howe, Ernest, and Irving, J.D., 1907, Descrip-
tion of the Ouray quadrangle [Colorado]: U.S. Geol. Sur-
vey Geol. Atlas Folio 153.

Smith, R. L., 1960, Zones and zonal variations in welded ash
flows: U.S. Geol. Survey Prof. Paper 354-F, p. 149-159.

R

327. EIGHT MEMBERS OF THE OAK SPRING FORMATION, NEVADA TEST SITE AND VICINITY, NYE AND
LINCOLN COUNTIES, NEVADA

By E. N. Hinricus and P. P. Orkip, Denver, Colo.

Work done in cooperation with the U.S. Atomic Energy Commission

Tertiary volcanic rocks that crop out extensively in
the Nevada Test Site were named the Oak Spring for-
mation by Johnson and Hibbard (1957, p. 867). The
formation is of Miocene( ?) or younger age, is at least
2,200 feet thick, and is composed of welded and non-
welded silicic tuff, tuffaceous sandstone and siltstone,
rhyolite, rhyodacite, and basalt.

As the result of recent geologic mapping in five
Tl4-minute quadrangles and reconnaissance in about 15
other quadrangles in and around the Nevada Test Site,
the Oak Spring formation is now well enough known
to be divided into an informal lower member and
seven formal members here named: Tub Spring,
Grouse Canyon, Survey Butte, Stockade Wash,
Topopah Spring, Tiva Canyon, and Rainier Mesa
members. With the exception of the basal member,
they are named after geographic features shown on
figure 327.1 (p. D-100). Details of the lithology, the
distribution, and thickness of the newly named mem-
 bers are given on table 327.1, and the correlation of the

units in selected stratigraphic sections is given on fig-
ures 327.24 (p. D-101 to -103).

Hansen and Lemke (1957) informally divided the
formation into eight units as a result of detailed map--
ping of about 2 square miles on the east side of Rainier
Mesa in Tippipah Springs NW quadrangle (fig. 327.1).
Extension of geologic mapping to the limits of the
quadrangle resulted in an additional 19 map units
(Gibbons and others, 1960). Correlations of these
units with the eight members of this paper are given
on table 327.1.
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TasLE 327.1— Descriptions, thicknesses, distinguishing features, and equivalent units on earlier maps of eight members of the Oak Spring
formation, Nevada Test Site

Distribution and thickness

Description

Megascopic

Microscopic

Distinguishing features

Rainier Mesa member, eguivalent to map unit Tos8 of Hansen and Lemke (1957)

Thickest measured section

is about a mile north of
Survey Butte. Exposed
on Pahute Mesa and
southward to Lookout
Peak and eastward to
Nye Canyon. Unit is
more than 655 feet
thick.

Gray and reddish-brown welded tuff marked

by distinct eutaxitic structure; subordinate
amounts of black vitrophyre; white, pink,
and tan nonwelded tuff at base; overlain by
densely welded tuff locally separated by zones
of partially welded or nonwelded tuff. In
southeastern part of test site entire mem-
ber is partly welded and glassy. Lower
contact gradational at Rainier Mesa, and
uncomformable southward.

Phenocrysts of sanidine,

anorthoclase, quartz,
plagioclase, biotite,
and other mafic min-
erals make up 10 to 30
percent of rock.

Cliffs of dark welded tuff,
steep slopes, and ¢onical
forms of nonwelded and
partly welded tuff;
conspicuous biotite.

Tiva Canyon member, upper part; (new

map unit)

Shoshone Mountain north-

ward to Tippipah Spring
and eastward to Nye
and Lincoln County
line. Unit is 0 to 550
feet thick.

Gray, purple, and brown densely welded tuff,

much of which weathers platy; local zones
of lithophysae and spherulites in middle and
upper parts; at the top a zone of porous
finely crystalline partially welded tuff that
is thickest in vicinity, of French Peak; basal
part is white and pink nonwelded shards and
pumice, and is locally cavernous. Member
becomes progressively less welded and more
glassy from French Peak eastward. Black
vitrophyre near base locally in central part
of test site.

Phenocrysts compose less

than 5 percent of basal
tuff; 10 to 25 percent
of tuff in middle and
upper parts. Pheno-
crysts chiefly of quartz
and potassium feldspar.
Mafic minerals less
than 1 percent.

Steep slopes of purple
platy-weathering dense-
ly welded tuff. Caverns
in pink basal tuff.

Tiva Canyon member, lower part; (new

map unit)

Thickest on south flank of

French Peak. Iixtends
from Shoshone Mesa
southward to Lookout
Peak and eastward to
county line. Absent in
western part of test site.
Unit is 0 to 250 feet
thick. .

Gray and yellow fine to lapilli bedded tuff,

zeolitic near French Peak; medium to very
thick bedded; local thin beds contain more
than 20 percent rock fragments up to 3 ecm
long; weathers to moderate ledgy slopes.
Lower contact locally unconformable. )

Phenocrysts of quartz

and feldspar, 10 to 20
percent; biotite, less
than 5 percent, frag-
ments of gray welded
tuff, less than 5 per-
cent.

Ledgy moderate slopes of
yellow bedded tuff.

Topopah Spring member; equivalent to map unit T7; of Gibbons and others (1960)

Thickest at 311 Wash.

Extends from 311 Wash
northward to pinchout
on Rainier Mesa, south-
ward to Shoshone
Mountain, eastward to
the county line, and
westward to Calico Hills
and probably to Yucca
Mountain. Unit is 0 to
900 feet thick.

Brown and reddish-purple densely welded

tuff; persistent black and brown vitrophyre
in upper part and local vitrophyre in lower
part; local zones of geodes and lithophysae;
strongly eutaxitic in western part of the
test site; basal tuff nonwelded to partly
welded and locally silicified; pale-red
crystal-poor welded tuff in the lower part of
member; pumice fragments are as much as
18 inches long at eastern edge. Member
forms steep slopes and cliffs.

Phenocrysts of feldspar,

quartz, and biotite
make up about 1 per-
cent of the tuff at
base, increasing up-
ward to 15 percent
near top. Plagioclase
predominates in lower
vitrophyre; potassium
feldspar in upper vitro-
phyre. Fragments of
dense dark rock make
up less than 5 percent
of the rock.

Black vitrophyre at top;
local geodes and litho-
physae; crystal-poor
welded tuff in lower
part.
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TaBLE 327.1— Descriptions, thicknesses, distinguishing features, and equivalent units on earlier maps of eight members of the Oak Spring
formation, Nevada Test Site—Continued

Distribution and thickness

Description

Megascopic

Microscopic

Distinguishing features

Stockade Wash member; equivalent to map unit T7; o

f Gibbons and others (1960)

Extends from western and

southern parts of
Rainier Mesa south-
ward to Tippipah
Spring, and westward
to Fortymile Canyon.
Unit is 0 to 290 feet
thick.

Lenticular deposit of white, pale-gray, and

pale-brown nonwelded to partially welded
tuff; most of the member contains non-
stratified orange and tan pumice fragments
as much as half an inch long; local calcite
cement; base is zeolitic in places. West of
Tippipah Spring are contorted layers and
closely spaced polygonal joints possibly of
fumarolic origin. Forms cliffs, rounded
knobs, and low hills.

Phenocrysts of quartz,
feldspar, and biotite
amounting to less than
5 percent of the tuff.

Rounded knobs of pale
nonbedded tuff having
contorted layers.

Survey Butte member; equivalent to map unit Tos7 of Hansen and Lemke (1957)

Thickest on the east side

of Rainier Mesa; ex-
tends from there south-
ward to Tippipah
Point, northward about
15 miles, westward to
Pahute Mesa, and east-
ward to Quartzite
Mountain. Unit is 60
to 750 feet thick.

Predominantly pale-gray and brown well-

bedded tuff composed chiefly of glass
shards and fine and coarse unaltered
pumice; generally poorly cemented and
friable; beds are tabular and lenticular,
some crossbeds and channel fillings. The
member thins southward from Rainier
Mesa and interfingers with the Stockade
Wash, Topopah Spring, and Tiva Canyon
members. Forms steep slopes generally
covered by colluvium. Lower 150 feet on
east side of Rainier Mesa is zeolitic.

Fragments of dark dense,

volecanic rocks and
glass make up 20 per-
cent or less of the tuff
.phenocrysts of feld-
spar and quartz make
up 5 percent or less.

Distinct parallel lami-
nated and cross-
stratified gray beds
alternating with non-
laminated; pale-brown
beds.

Grouse Canyon member, upper part; equivalent to map unit

Tost of Hansen and Lemke (1957)

Present from type locality
at Grouse Canyon
northward to Indian
Spring, southward to
Big Butte, eastward to
Oak Spring Butte, and
westward to Fortymile
Canyon. Unitis O to
1754 feet thick.

Reddish-brown, greenish-gray, and yellowish-

gray densely welded tuff; distinctly euta-
xitic; black- and white-zoned lenses of
flattened pumice up to 2 inches long. On
the east side of Rainier Mesa the welded
tuff is present only in synclines. Local
conglomerate and scattered pebbles and
cobbles of rhyolite and granite both are in
welded tuff, and-in black vitrophyre on
west side of Rainier Mesa. Lower contact
gradational.

Welded tuff contains 3
to 9 percent pheno-
crysts of sanidine,
anorthoclase, and
quartz. Black
vitrophyre contains
lenses of gray pumice
and about 30 percent
phenocrysts, chiefly of
feldspars.

Makes cliffs; contains
zoned lenses of flat-
tened pumice having
eutaxitic structure,
and cobbles of rhyolite
and granite.

Grouse Canyon member, lower part; equivalent to map unit

Tos5 of Hansen and Lemke (1957)

About coextensive with

upper part. Unit is 0
to 400 feet thick.

Medium-gray vitric tuff and greenish-yellow

zeolotic tuff in beds 2 inches to 3 feet thick;
thin beds composed of fine well-sorted
thinly laminated pumice; local sparse
pebbles and lenses of black obsidian and
fragments of granitic rock as much as an
inch long. Lower contact is an erosional
unconformity.

Phenocrysts compose less
than 5 percent of rock.

Extensive greenish-gray
and yellow beds,
distinctively lami-
nated.
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TaBLE 327.1— Descriplions, thicknesses, distinguishing features, and equivalent units on earlier maps of eight members of the Oak Spring
formation, Nevada Test Site—Continued

Distribution and thickness

Description

Megascopic

Microscopic

Distinguishing features

Tub Spring_ member; probably equivalent to map unit Tgor of Gibbons and others (1960)

Found on north and east
sides of Yucca Flat.
Unit is 0 to 250 feet
thick.

Greenish-gray welded tuff, gray vitrophyre,
and reddish-brown partially welded pumice;
inclusions of rhyolite, welded tuff, and
Paleozoic rocks; base is nonwelded gray
vitric and at some places yellow zeolitic
tuff; the member occupies a stratigraphic
position between units Tos4 and Tos5 of
Hansen and Lemke (1957). Forms cliffs
and benches.

Phenocrysts of sanidine,
anorthoclase, quartz,
and mafic minerals
compose as 30 percent
of the rock.

Fragments of pumice

and rhyolite as much
as 12 inches long near
pinchout on Paleozoic
rocks about 3 miles
west of type locality;
abundant phenocrysts.

Lower member; equivalent to map units Tw 1 to 4, Tcj,

Tg, and Tgo of Gibbons and others

(1960)

Widespread basal unit
exposed on the west,
north, and east sides of
Yucca Flat, and at a
few places south of the
Flat. Unitis 0 to .
1,100 feet thick.

Mostly thick lenticular nonstratified deposits
of gray, yellow, orange, and red zeololitic
tuff in basins in Paleozoic rocks; also in-
cludes tuffaceous sandstone and siltstone
that locally contain plant fossils, and minor
amounts of welded tuft and olivine basalt;
local basal breccia of Paleozoic rocks.
The nonstratified tuffs intertongue with
the Tunnel beds, which consist of gray,
yellow, orange, and red paralled-bedded
zeolitic tuff 675 to 900 feet thick at the
type locality on the east side of Rainier
Mesa. The Tunnel beds are equivalent to
map units Tos 1 through 4 of Hansen and
Lemke (1957). Member forms rounded
ledges and low cliffs alternating with mod-
erate to steep slopes. The lower member
is conformably overlain by the Tub
Spring member on the north and east sides
of Yucca Flat; it is unconformably overlain
by the Grouse Canyon member on the west,
side.

Phenocrysts make up 5
to 20 percent (chiefly
5 to 15 percent) of
nonwelded tuff, and
rock fragments make
up 20 percent or less.
Welded tuffs contain
up to 5 percent biotite
and hornblende.

Brightly colored cliff-

forming tuff; locally
thick units indicate
deposition in local
basins; plant fossils of
Miocene and Pliocene
ages.
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328. 2~ ELEANA FORMATION OF NEVADA\'TEST SITE AND VICINITY, NYE COUNTY, NEVADA
By F. G. PooLk, F. N. HousEr, and P. P. Ork1Lp, Denver, Colo.

Work done in cooperation with the U.S. Atomic Energy Commission

Recent stratigraphic study of nearly 8,000 feet of
clastic rocks of Carboniferous age in the Nevada Test
Site region (fig. 328.1) has yielded new information on
late Paleozoic sedimentation and structural history in
south-central Nevada. These clastic rocks were origi-
nally mapped by Ball (1907) as theWeber conglomer-
ate of Pennsylvanian age. In the northern part of the
test site, an incomplete part of this Carboniferous se-
quence was named Eleana formation by Johnson and
Hibbard (1957), and on the basis of stratigraphic po-
sition and lithologic similarities to strata in central
Nevada, they considered the “formation as probable
Late Mississippian in age. Southeast of the test site,
the Narrow Canyon limestone of Late Devonian and
Early Mississippian age and the Mercury limestone of
Early Mississippian age, as defined by Johnson and
Hibbard (1957), are here correlated with the lower part
of the Eleana formation.

LITHOLOGY

The Eleana formation, which is at least 7,700 feet
thick, is known only by means of a composite of partial
sections. Correlation of these sections is difficult due
to structural complexities and partial cover by younger
deposits and is considered tentative.

The four major rock types that make up the Eleana
formation are (a) argillite, (b) siliceous siltstone and
very fine grained quartzite, (¢) quartzite and conglom-
erite,t and (d) limestone. The formation is divided
into ten major lithologic units, in ascending order from
A through J (fig. 328.2). Unit A is limestone and
limestone conglomerate; unit B is argillite; unit C is
quartzite and conglomerite; unit D is argillite and
quartzite; unit E is argillite; unit F is quartzite, argil-
lite, and conglomerite present at Grouse Canyon; unit
G is quartzite, conglomerite, and argillite; unit H is
argillite; unit I is limestone and argillite; and unit J
is argillite.

The argillite is yellowish brown to pale red, lami- -

nated, and commonly contains cubic iron oxide pseudo-
morphs after pyrite, plant stem imprints, and light-
colored sinuate markings on stratification planes that

1The term ‘‘conglomerite’” is used here for conglomerate with a sand-
stone matrix that has the Induration of quartzite.

are interpreted as worm trails and borings (J. T. Dutro,
Jr., written communication, 1960). .

The siliceous siltstone and very fine grained quartzite
are brown to tan and commonly contain plant stems,
convolute laminae, flow casts, current lineation, current
ripple laminae, and small-scale cross-laminae.

The quartzite and conglomerite are brown and locally
contain small- to medium-scale cross-laminae, current
ripple laminae, and contorted strata. Much of the con-
glomerite has graded bedding, and locally gravels are
imbricated. Pebbles, cobbles, and rare boulders in the
conglomerite are composed, in order of abundance, of
subangular to rounded chert, quartzite, argillite, quartz,
and limestone.

Gray and brown fossiliferous coarsely crystalline
limestone in unit I and upper part of unit H locally
contains stringers of chert, and pebbles and cobbles of
chert and subordinate argillite and limestone. ILime-
stone in the upper part of unit J is ferruginous, fos-
siliferous, and occurs as lenses in the top 1 to 2 feet of
thick quartzite beds.

The lower unit of the Ele‘tna formation is known
only at Carbonate Wash (fig. 328.2) where it is sepa-
rated by an erosional unconformity from dolomite of
Devonian age below. This basal unit is composed of
interstratified laminae to very thin beds of gray finely
crystalline limestone and limestone conglomerate, and
subordinate beds of limy sandstone and rare quartzite.
Most of the conglomerate contains fossiliferous lime-
stone pebbles, cobbles, and rare boulders as large as 4
feet in maximum diameter in a limestone matrix. The
beds of this unit grade upward into argillite of unit B.
(fig. 328.2). :

The upper contact of the Eleana formation is best
exposed at Red Canyon. Here gray aphanitic to finely
crystalline Tippipah limestone rests with sharp contact
on a brown very fine to fine-grained bed of conglomer-
atic quartzite assigned to the Eleana formation. The
abrupt lithologic change suggests an unconformity.

The depositional environment of the Eleana forma-
tion, interpreted from lithology, sedimentary struc-
tures, fossils, and regional sedimentary facies, is be-

‘lieved to have been largely marine.
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The age of the Eleana formation, based on strati-
graphic position and fossil evidence, is considered to be
Mississippian and Early Pennsylvanian (fig. 3282,
tables 328.1 and 328.2). The basal part of the Eleana
may be as old as Late Devonian. The formation over-

AGE AND CORRELATION

D-107

lies the Devonian Devils Gate( ?) limestone ? and under-
lies the Pennsylvanian and Permian(?) Tippipah lime-
stone (fig. 328.2).
formation are listed in table 328.1.

Fossils collected from the Eleana

2 Questionably correlated by Johnson and Hibbard (1957) with the
type Devils Gate limestone in the Eureka area. '

TaBLe 328.1.—Major lithologic units and fossil collections from Eleana formation and equivalent strata in Nevada Test Site and

vicinity

[Fossils collected by E. N, Hinrichs, A. B. Gibbons, F. G. Poole, F. N. Houser, and P. P. Orkild; fossils identified by Helen Duncan, J. T. Dutro, Jr., E. L. Yochelson

.J. Sando, $H. Mamay, Mackenzie Gordon, Jr., J. Steele Williams, C. W. Merriam, Robert Finks, and W. A, Oliver, Jr.]

Form;\tlon and
lithologic unit

Collection number
(see fig. 328.2)

Fossils

Age and remarks

Tippipah lime-
stone.

Chonetes sp.; Composita? sp.; Astartella? sp.;
mytilacean? pelecypod; ‘“Mourlonia’’ sp.;
Straparollus (Euomphalus) sp.; nuculoid
pelecypod; gastropod, indet; paralegoce-
rid goniatite, genus and sp. indet.

E. L. Yochelson reports that the brachiopods,
pelecypods, and gastropods could be either
Pennsylvanian or Permian. The cephalopod,
according to Mackenzie Gordon, Jr., is of a
type indicative of Pennsylvanian age.

Schuchertella? sp., Chonetes sp., Inflatia cf.
I. inflata (McChesney), Schizophoria sp.,
Spirifer sp., Myalina sp., Schizodus sp.

Mackenzie Gordon, Jr., reports that the
Spirifer in this collection seems to be close to
or identical with an undescribed form that
occurs in the upper part of the Chainman
shale. Available evidence suggests that the
beds collected are of Late Mississippian age.

Echinoderm debris, indet.; bryozoan debris,
indet.; stenoporoids, indet; Tabulipora?;
rhomboporoids, indet.; Cystodictya?; bi-
foliate fistuliporoids; fenestrate crypto-
stomes, indet.

Helen Duncan reports the stenoporoids with
conspicuously moniliform walls indicate a
post-Devonian age, but the genera tenta-
tively identified and the assemblage as a
whole might occur throughout the Carbonif-
erous and into the Permian.

Smooth spiriferoid like Composita or Mar-
tinza; productoid, possibly a Setigerites.

Mackenzie Gordon, Jr., reports that these fos-
sils are Carboniferous forms, but the collec-
tion is too meager and poorly preserved to
establish the precise age. If the producto d
is a Setigerites, Early Mississippian age is
indicated.

Pelmatozoan debris, indet.; corals, indet.;
possible zaphrentoid coral; bryozoans
represented by incrusting, small ramose,
fenestrate, and pinnate forms.

Lophophyllidium; corals, indet.; pelmato-
zoan debris, indet.; bryozoan fragments,
indet.; gastropods, indet.; brachiopods,
indet.; discoidal objects, possibly algal
bodies.

Helen Duncan reports that Lophophyllzdium
ranges through the Pennsylvanian and Per-
mian.

Position in
Lleana forma-
tion unknown.

Collected south
of Quartzite
- Mountain
section.

Strophomenid. brachiopod, genus indet.,
Setigerites? sp., leiorhynchid brachiopod,
genus and sp. indet., Spirifer sp., Tylo-
thyris sp., Eumelria sp., Zaphrentites sp.,
Amplexizaphrentis sp., pelmatozoan de-
bris, Fenestella sp., Polypora sp., Cys-
todictya sp., ramose bryozoans, indet.

Mackenzie Gordon, Jr., says this assemblage
is of Early Mississippian age and probably
represents the middle part of the series.
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TasLe 328.1.—Major lithologic units and fossil collections from Eleana formation and equivalent strata in Nevada Test Site and

vicinity—Continued

Formation and
lithologic unit

Collection number
(see fig. 328.2)

Fossils

Age and remarks '

H 7 Leiorhynchid brachiopod, indet. Possibly Mississippian in age..
8 Penniretei)ora sp,,: orthotetid brachiopod, Do.
indet.; Spirifer sp. (molds and casts);
Punclospirifer? sp.; gastropod(?), indet.;
pelmatozoan debris, indet.; fenestrate
bryozoans, indet.
Collected north | Spirifer sp. (large); Spirifer sp. (small); | Definite Mississippian aspect. E. L. Yochelson
of Grouse bellerophontacean  gastropod, indet.; notes that the Straparollus is possibly S. (E.)
Canyon Straparollus (BEuwomphalus) sp.; Lozonema subplanus (Hall) and may indicate correlation
section. n. sp.; phillipsid trilobite; pygidium, with the Madison and(or) upper Redwall
indet.; bryozoan fragments, indet.; horn faunas.
corals, indet.; pelmatozoan debris, indet.
9 Crinoid columnals, indet.; horn corals,
indet.; fenestrate bryozoans, indet.;
euomphalacean gastropod, indet.
10 Orthotetes? sp. Possibly Mississippian.
G Collected north | Trilobite cast, possibly a Griffithides? Probable Mississippian age.
of Grouse
Canyon
section.
F 11 Pelmatozoan debris, indet.
B 12 Pelmatozoan columnals and debris, indet.;
brachiopod fragments, indet.; pelecypod
fragments, indet.; branching bryozoan, -
indet. :
13 Compressed fairly stout vascular plant axis; | A vascular land plant, and as such, is Middle
evidence of two or three branch attach- Silurian or younger.
ments. )
A 14 Trapezophyllum sp.; Disphyllum? ~ sp.; | According to W. A. Oliver, Jr., the corals are
Acrophyllum? sp.; horn coral, indet.; definitely Devonian; most likely early Late
Favosttes sp. (common); Alveolites sp.; Devonian in age. J. T. Dutro, Jr., reports
Thammnopora sp. stromatoporoids; gas- that the large Atrypa is no younger than
tropod, indet.; Atrypa (large). early Late Devonian. The age could be
either Middle Devonian or early Late
Devonian.
Devils Gate(?) 15 “Cystiphyllum’® sp.; Thamnopora sp.; echi- | W. A. Oliver, Jr., reports that the corals could

limestone or
Nevada
formation.

noderm debris, indet.; crinoid columnals,
indet.; Schizophoria? sp.; “Martinia” sp.;
spiriferoid brachiopod, indet.

be either Silurian or Devonian; however, the
structure of “Cystiphyllum’ suggests Devo-
nian species and the fossils are probably
Devonian. J. T. Dutro, Jr., reports that
the association of the brachiopods suggests
a Middle Devonian age and a correlation
with the Nevada formation.
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Tanue 328.1.—Magor lithologic unils and fossil collections from Eleana formation and equivalent strata in Nevada Test Sile and
vicinily—Continued

Collection number Fossils

(sce fig. 328.2)

Formation and
lithologic unit

Age and remarks

Mercury 16
limestone.

sibly Rhynchopora;

Spirifer centronatus? Winchell; Productus
scabriculus Martin; productids, indet.;
spirifers, indet.; possibly Chonetes, pos-

Syringopora cf. 8.

aculeata Girty; Syringopora; clisiophyllid

fragments; caninoid horn coral fragments.

C. W. Merriam, Helen Duncan, and J. Steele
Williams report that this collection is
probably Early Mississippian in age.

Narrow Canyon | 17
limestone.

Linguloid brachiopods (Barroisella); frag-
ments and spicules of a dictyospongid.

According to Robert Finks dictyospongids
reached their peak of development in the
Late Devonian. J. T. Dutro, Jr., reports
that the brachiopod is common in Upper
Devonian rocks and rare in younger beds.
For these reasons, the age is suggested as
possibly Late Devonian.

The basal part of the Eleana may be as old as Late
Devonian because it contains strata which are lith-
ologically similar to the upper part of the Devils
Gate(?) limestone elsewhere, and because it is corre-
lated with the Narrow Canyon limestone of comparable
stratigraphic position. The limy sandstone beds of
unit A are similar to those found in the upper part of
the Devils Gate(?) limestone of Middle and Late De-
vonian age in exposures to the south, suggesting that
erosion in the Carbonate Wash area may have begun
before the end of Devils Gate(?) deposition elsewhere.
Furthermore, the Narrow Canyon limestone, which is
believed by the writers to be correlative with unit A
and lower part of unit B on the basis of stratigraphic
position, contains a fauna indicating a Late Devo-
nian(?) age (table 328.1 and fig. 328.2).

Fossils from units G and H indicate a Mississippian
age (table 328.1). Faunas from limestone beds of units
I and JJ indicate both a Mississippian and Pennsylva-
nian age. The difference in age assignments for collec-
tion 6 and the collection south of Quartzite Mountain
(table 328.1) is not understood. These collections are
from limestone units about 3 miles apart and prelim-
imary correlation indicates that the faunas are from
unit. I; however, structural complexities may account
for the anomalous position of either collection.

Marine fauna indicative of a Pennsylvanian age in
the basal part of the overlying Tippipah limestone
establishes an upper limit for the age of the Eleana.
On the above basis, therefore, it is here proposed that
the Eleana ranges in age at least from Early Mississip-
pian to Early Pennsylvanian and it may be as old as
Late Devonian.

A southeastward facies change from fine and coarse
detrital strata of the Eleana formation in the northern
part of the test site to an equivalent sequence of fine
detrital strata and limestone at Narrow Canyon and in
the northern part of the Spring Mountains (about 20
miles south of Narrow Canyon) suggests that the
detrital strata represent the southeastern margin of an
apron of clastic debris shed eastward from the Antler
orogenic belt of Roberts and others (1958) northwest
of the test site.

In the Carbonate Wash area (figs. 328.1 and 328.2)
the basal unit of the Eleana formation may reflect the
beginning of the Antler orogeny in this area. Units
C, F, and G are characterized by quartzite and con-
glomerite that may record a minimum of three distinct
pulses or changes in base level resulting in deposition
of coarse detritus eastward.

In view of the variations in thickness and lithologic
character of the units in the Eleana formation in the
test site area it is understandable why comparable sec-
tions have not been described in adjacent areas. Similar
lithologies are known in the Eureka and Quartz Spring
sections (fig. 328.1 and table 328.2), but specific units-
cannot be accurately correlated from one area to
another. The lithic similarity of the Carboniferous
sequence in these areas is probably a result of compar-
able proximity to the Antler orogenic belt in central
Nevada (fig. 328.1). On the other hand, the Good-
springs area (table 328.2) and the Pioche district are
more distant from the orogenic belt, and hence in these
areas the dominantly carbonate rock of the Carboni-
ferous section may reflect greater distance from the
orogenic belt (fig. 328.1).
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5 .
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Q .
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! Considered as Pennsyivanian(?) by McAllister

(1952, p. 14, 25, 26).

2 Lower part of Narrow Canyon limestone is considered Late

Devonian(?) and basal part of Eleana formation may be Late Devonian

3 Tentatively assigned to Devils Gate(?) limestone. Pre-
Eleana erosion may have removed part or all of the

Devils Gate(?).

* Considered Early Devonian and/or Silurian (Nolan, Merriam,
and Williams, 1956, p. 39).

Test Site and nearby areas

TABLE 328.2.—Tentative correlation and thickness of Devonian, Mississippian, and Pennsylvanien formations in Nevada
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329, LAKE LAHONTAN STRATIGRAPHY AND HISTORY IN THE CARSON DESERT (FALLON) AREA, NEVADA

By R. B. Morrison, Denver, Colo.

The late Quaternary deposits of the southern Carson
Desert, near Fallon, Nev., record the history of the
fluctuations of Lake Lahontan and younger lakes in
this intermontane basin. The Carson Desert is the sink
for two of Nevada’s largest rivers, the Carson and
Humboldt, and contains an unusually detailed strati-
graphic record of lake rises, recessions, and desiccations
in response to Quaternary climatic changes.

The late Quaternary deposits (exclusive of local vol-

“canic units) are divided into seven formations and
several soils. These units are given new stratigraphic
names, which are introduced, defined, and briefly de-
scribed, from oldest to youngest, below (see fig. 329.1).

PAIUTE FORMATION

This unit consists of at least 40 feet of alluvial and
colluvial gravel of later Pleistocene age. It overlies
andesitic and basaltic lavas of Pliocene and early
Pleistocene(?) age with pronounced unconformity and
underlies the pre-Lake Lahontan soil and the earliest
deposits of Lake Lahontan (Eetza formation) with
slight or no disconformity. It is named for Paiute
Wash, and its type locality is an exposure along the
middle part of this wash (stratigraphic section 56, in
Morrison, 1959). It is exposed locally, above 3,960 feet
altitude, on piedmonts and in highlands.

PRE-LAKE LAHONTAN SOIL

This is a very mature calcic Brown soil, developed
on the Paiute formation and older rocks and overlain
by the Eetza formation with slight or no disconformity.
Its type locality is the same as that for the Paiute for-
mation. This soil consists of a reddish-brown, clayey
oxide (B) horizon as thick as a foot, over a white,
strongly calcareous (C..) horizon generally 4 to 8 feet

thick. It is exposed locally, above 3,960 feet altitude,
on piedmonts and in highlands.

LAHONTAN VALLEY GROUP

This unit, of late Pleistocene age, consists of lacus-
trine sediments deposited in ILake ILahontan and
interfingering and immediately overlying subaerial
sediments. The group is named after Lahontan Val-
ley, its type area, which is a part of the Carson Desert.
It is divided into the following five formations on the’
basis of lithologic differences due to two major alter-
nations from mainly deep-lake to subaerial and shallow-
lake sediments:

a. Eetza formation.—This formation, the oldest in the
Lahontan Valley group, consists of as much as
90 feet of lacustrine gravel to clay and tufa. It
is exposed only in highlands above 3,950 feet
altitude. The Eetza overlies the pre-Lake La-
hontan soil and older units with slight or no
disconformity and conformably underlies the
Wyemaha formation. It is named for Eetza
Mountain, and the type locality is the upper part
of the central gulch in this mountain. This for-
mation is locally divisible into two tongues sepa-
rated by a tongue of alluvium and colluvium of
Eetza age, which bears a very weak soil. The

" lower tongue extends as high as the highest Lake
Lahontan shoreline, 4,380 feet altitude, and the
upper tongue reaches about 4,340 feet altitude;
the intervening subaerial tongue has been noted
as low as about 4,065 feet altitude.

b. Wyemaha formation.—This unit comprises eolian
sand and alluvium, which reach the lowest parts
of the basin floor and intertongue with shallow-
Jake deposits of sand to clay. Most of the for-
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FI1GURE 329.1.—Stratigraphic record of the fluctuations of Lake
Lahontan and younger lakes in the Carson Desert. U, upper
part; M, middle part; and L, lower part of a lacustrine or
glacial unit; lc, lake cycles; numbers refer to lake cycles.

mation lies conformably between the Eetza
formation and middle Lake Lahontan soil, but
some eolian sand extends higher than the highest
altitudes reached by the Eetza and lies on older
units. It is named for Wyemaha Valley, at
the western end of which its type area (site of
stratigraphic sections 42b, 42¢, 43, 43a, 43b, 44,
44a, and 45, in Morrison, 1959) is situated. This
formation, widely exposed above 3,965 feet alti-
tude, is as much as 100 feet in exposed thickness
and probably is locally more than 150 feet thick
in the subsurface of the basin interior.

c. Middle Lake Lahontan soil—This is a mature calcic
Brown soil that conformably overlies the young-
est subaerial beds of the Wyemaha formation and
underlies the Sehoo and Indian Lakes formations
with slight or no disconformity. It is inter-
calated with, but not a part of, the Lahontan
Valley group. Its type locality is the site of
stratigraphic section 34, ¢n Morrison, 1959, in
Churchill Valley. Thissoil has a slightly clayey,
brown oxide (B) horizon 1 to 114 feet thick,
over a strongly calcareous (C..) horizon 2 to 4
feet thick. It is exposed locally above 3,920 feet
altitude.

d and e. Sehoo and Indian Lakes formations——These
are intertonguing units, both of which overlie
the Wyemaha formation and the middle Lake
Lahontan soil with slight or no disconformity,
and underlie the Turupah formation with local
disconformity. The Sehoo formation is entirely
lacustrine; the Indian Lakes formation is pre-
dominantly subaerial.

The Sehoo formation consists of three tongues
of lacustrine gravel to clay and tufa, separated
by tongues of the Indian Lakes formation. Each
tongue is locally differentiated as a member of
the formation and records a separate lake cycle
of Lake Lahontan. The lower tongue (lower
member) extends to 4,370 feet altitude, within
10 feet of the highest Lahontan beach ; the middle
tongue, the dendritic member (named after a
characteristic tufa), extends to as high as 4,180
feet altitude; and the upper tongue (upper mem-
ber) extends to a maximum altitude of about
3,990 feet. The type area for this formation
is the same as that for the Wyemaha formation—
the western end of Wyemaha Valley, near Sehoo
Mountain, whence the formation is named. This
formation is widely exposed and is as thick as
96 feet.

The Indian Lakes formation consists of allu-
vium, colluvium, and a little eolian sand and
shallow-lake sediments, as much as 15 feet thick.
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It also has three tongues. The lower one is in-
tercalated between the middle Lake Lahontan
soil and the lower tongue of the Sehoo forma-
tion ; the middle one is intercalated between the
lower and middle tongues of the Sehoo, to at
least as low as 3,990 feet altitude; and the upper
tongue is intercalated between the middle and
upper tongues of the Sehoo, to at least as low as
3,900 feet. The middle tongue bears an incipi-
ent soil, and the upper tongue a very weak soil.
The type locality is the western part of the In-
dian Lakes area, SE14, T. 20 N, R. 29 E. and
SWi4, T. 20 N, R.-30 E., where two ancient
river-distributary channels are composed of al-
Iuvial sand of the formation.

f. Twrupah formation.—This unit consists of as much
as 30 feet of eolian sand and local alluvium
overlying the Sehoo and Indian Lakes formations
with local disconformity and conformably under-
lying the post-Lake Lahontan soil and Fallon
formation. This unit and a widespread coeval
disconformity recording pronounced deflation
extend to lowest parts of the basin floor. The
type locality is exposures of eolian sand and allu-
vium of the formation along the northwestern
edge of Turupah Flat, secs. 29 and 33, T. 18 N,
R. 80, from which the formation is named.

POST-LAKE LAHONTAN SOIL

This is a submature Gray Desert soil, developed on
the Turupah formation and older units, but overlain
by the Fallon formation with slight or no discon-
formity. It has a top “vesicular” horizon about 3 inches
thick, next, a light-brown, light brownish gray, or brown
B horizon about 5 inches thick, over a light-gray to
light brownish gray, moderately to weakly calcareous
C.. horizon 6 to 14 inches thick. Its type locality is an
exposure (site of stratigraphic section 16, ¢n Morrison,
1959) about 14 mile east of the northeast corner of the
S-Line Reservoir. The upper boundary of this soil
is proposed as the Pleistocene-Recent boundary in the
Great Basin region (Art. 330).

FALLON FORMATION

This formation, a maximum of 36 feet thick, com-
prises subaerial sediments (eolian sand, alluvium, and
colluvium) and intertonguing shallow-lake sediments of
Recent age. It overlies the Turupah formation and
post-Lake Lahontan soil with slight or no disconform-
ity. Its type locality is the lowlands of the Carson
Desert near Fallon, whence it takes its name. This
formation is locally subdivided into lower and upper
members at altitudes below or only slightly above the
maxima of the post-Lahontan (Fallon) lakes. The
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lower member. comprises two lacustrine tongues, sepa-
rated and overlain by subaerial tongues; it bears a very
weak soil. The upper member comprises three lacus-
trine tongues, likewise separated and overlain by sub-
aerial tongues. The lacustrine tongues record five post-
Lahontan lake cycles whose maxima (oldest to young-
est) were at. altitudes of 3,950, 3,930, 3,922, 3,919, and
3,919 feet. Each tongue extends to the high shoreline
of the lake cycle it records. Only the first two of these
shorelines are well marked by morphologic features.
The intervening subaerial tongues extend, to or nearly
to, the lowest parts of the lowlands, indicating complete
or nearly complete desiccation.

CONCLUSIONS

The general conclusions on lake history from these
deposits arg as follows:

Pre-Lake Lahontan history is fragmentary, but Lake
Lahontan and post-Lake Lahontan history is fairly
complete. A lake older than Lake Lahontan is sug-
gested by a single exposure of lacustrine sediment. The
Paiute formation and overlying pre-Lake Lahontan
soil record an ensuing long interval of lake recession
or desiccation.

The early deep-lake period of Lake Lahontan is re-
corded by the Eetza formation (fig. 329.1). This pe-
riod consisted of two lake cycles and an intervening lake
recession : Lake Lahontan first rose until it reached its
maximum level of 4,380 feet altitude; it receded briefly
to at least as low as 4,065 feet, and then it rose again
to about 4,340 feet altitude. In middle Lake Lahontan
time, recorded by the Wyemaha formation and middle

- Lake Lahontan soil, the basin intermittently was dry

and held shallow lakes. During late Lake Lahontan
time, when the Sehoo and Indian Lakes formations were
deposited, the lake had 8 maxima and 2 recessions;
first, it rose to 4,370 feet altitude, then dropped at
least to 3,990 feet, then rose to 4,190 feet, then dropped
at least as low as 3,900 feet, and then rose a last time
to 3,990 feet altitude. :

The Turupah formation records the stark aridity of
the early part of a warm interval that is correlated
with the altithermal age of Antevs (1948, 1952, 1955) —
a time when the Carson Desert generally was completely
dry and its lowlands were severely deflated. The post-
Lake Lahontan soil attests to somewhat increased
precipitation, plant cover, and cessation of wind erosion
during the later part of this warm interval.

The Fallon formation formed during the last 3,500
or 4,000 years—the Recent epoch in the Great Basin
region (Art. 330; Morrison and others, 1957). It re-
cords five intervals that were somewhat wetter than
now, when small lakes with maximum depths success-
ively (oldest to youngest) of about 90, 70, 57, 40, and
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30 feet occupied parts of the basin floor. The first
lake maximum occurred about 3,500 years ago, the last
about 100 years ago. After each lake maximum was
a complete, or nearly complete, lake recession—indicat-
ing climate like that of the present or somewhat
more arid. The longest, driest, and warmest recession
was between the 2nd and 3rd post-Lahontan lakes, when
the basin generally was completely desiccated and a
very weak soil formed.

These deductions concerning the lake history do not
support J. C. Jones’ (1925, 1929) interpretation that
Lake Lahontan had only a single lake cycle starting
a mere 2,000 or so years ago. They agree (fig. 329.2),
however, with most of Russell’s (1885) and Antevs’
(1945, 1948, 1952, 1955) conclusions. Lake Lahontan
had multiple maxima during both early and late
Lake Lahontan times, supplementing both Russell’s
and Antevs’ interpretations. The lake dried com-
pletely in mid-Lake Lahontan time, contrary to Antevs’
interpretation but in line with Russell’s. The lake
reached its highest level in early Lake Lahontan time,
as Antevs inferred, contrary to Russell’s conclusion.
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330. A SUGGESTED PLEISTOCENE-RECENT (HOLOCENE) BOUNDARY FOR THE GREAT BASIN
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REGION,

NEVADA-UTAH

By R. B. Morrison, Denver, Colo.

Establishment of a world-wide boundary between the
Pleistocene and Recent (Holocene), though eventually
desirable, probably still is premature. Much more
stratigraphic research is needed before a boundary can
be established, even on a continental basis, that will be
pragmatically sound for geologists and archaeologists
working in such different terrains as, for example,
areas of Arctic glaciation, of midlatitude Cordilleran
glaciation, margins of continental glacial drift, desert
lake basins, and seacoasts. It probably will be most
practical to establish this boundary independently (but
~within a restricted time range) in regions of unified
terraih. The Great Basin of the western States is
such a region. |

Hunt (1953) has proposed, for the Rocky Mountain-
Great Basin region, that this boundary be placed at a
widespread st,ratigmphic break that marks what is
commonly known as the thermal maximum, climatic
optimum, or altithermal interval. He noted that this

break in the late Quaternary deposits is indicated by .

an unconformity, above and below which are litho-

logically distinct deposits. During the interval repre-

sented by the unconformity, many Pleistocene
mammals, such as elephants and camels, became
extinct. This proposal has merit, in spite of several
drawbacks: the unconformity, although widespread, is
only locally recognizable; it represents a variable time-
span, probably between a few hundred and ten thou-
sand or more years in duration; and it also is, at least
locally, significantly time-transgressive. In addition,
the extinction of mammals seems to have started in
some areas considerably before the interval represented
by the unconformity. Certain mammals became ex-
tinct during Cary time in Nebraska, for example.

Ideally, the boundary should be selected and defined
to meet the following stratigraphic requirements:

1. It should be derived from a type rock-stratigraphic
sequence, representative of the region, whose rock
units have been well studied and classified. The
boundary should not be defined wholly or mainly
on inferred climatic or depositional history, or
on time-stratigraphic, climastratigraphic, biostrat-
igraphic, or geologic‘time units that are not
themselves defined by rock- stratlgraphlc or soil-
stratigraphic units.

2. The boundary should be marked by a prominent,
widely traceable and mappable lithologic discon-
tinuity within the sequence.

3. The boundary should be as nearly time- parallel as
possible.

Fortunately, a nearly ideal marker unit for the
boundary is available within the time interval that
Hunt proposed—one that is applicable to all types of
lithogenetic sequences (lacustrine, glacial, alluvial, col-
luvial, and eolian) throughout the Great Basin region.
This unit is a submature soil that is distinct from other
soils of late Quaternary age. This soil has been noted
in the late Quaternary successions in the Lake Bonne-
ville area (Art. 333; Bissell, 1952 and written com-
munication, 1960), in the Lake Lahontan area (see
below), in the Sierra Nevada (Art. 332), and in the
Rocky Mountains (Richmond, 1960, and in press), and
reconnaissance studies indicate that it is essentially
continuous throughout this region and adjoining ones
(Leopold and Miller, 1954), more so than any“of the
older soils.

The stratigraphic relations of this soil have been most,
precisely determined in a part of the area of late Pleis-
tocene Lake Lahontan, the Carson Desert basin,
Nevada, where it is called the post-Lake Lahontan soil
(Art. 329). This basin is the sink for two of the largest
rivers of the northwestern Great Basin; it contains an
especially detailed stratigraphic record of .post-Lake
Lahontan time, and it also is the only area in“the Great
Basin where Recent (Holocene) sediments have been
intensively studied and classified into rock-stratigraphic
units. The post-Lake Lahontan sequence here is as
follows:

Post-Lake Lahontan depogits in the Carson Desert, near

Top. Fallon, Nev.

Fallon formation: Mazimum
thickness
Upper member : (feet)
Three tongues of shallow-lake sand, clay, and tufa,

separated and overlain by eolian sand and al-

luvium - - e ———————— —— 15
Local erosional disconformity; very weak soil.
Lower member:
Two tongues of shallow-lake gravel, sand, clay, and
tufa. separated and overlain by eolian sand and
alluviom ______._.._ - 21

Slight or no disconformity.
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Post-Lake Lahontan deposits in the Carson Desert, near Fallon,
Ney.—Continued

Mazimum
thickness

Post-Lake Lahontan soil : (feet)
A submature Gray Desert soil____________________ 1.5

Turupah formation:
Eolian sand and local alluvium, to lowest parts of
basin floor o 30
Disconformity, recording widespread deflation, to lowest
parts of basin floor.
Sehoo formation (younger sediments of Lake Lahontan) :
Lacustrine sand, clay, and tufa in basin interior;
gravel, sand, and tufa in highlands; extends as
high as 510 feet above lowest part of basin floor__. 96

The Sehoo formation is inferred to record the final
lake cycles of Lake Lahontan. The overlying discon-
formity, Turupah formation, and post-Lake Lahontan
soil record a long interval of generally complete desic-
cation of the Carson Desert, that is correlated with the

. altithermal age of Antevs (1948, 1952, 1955). The
Fallon formation records 5 post-Lahontan shallow-lake
ecycles, that rose successively about 90, 70, 57, 40, and
30 feet above the lowest part of the Carson Sink.
During the intervening lake recessions the basin be-
came nearly or entirely dry. The longest and most
pronounced desiccation was between the first and sec-
ond lake cycles, when the only discernible (albeit very
weak) soil development in Fallon time took place.

In the author’s opinion the Carson Desert should be
designated as a type area for Recent (Holocene) de-
posits of the Great Basin, and the Pleistocene-Recent
boundary (the Pleistocene-Holocene boundary of
European usage) should be placed at the top of the
post-Lake Lahontan soil. This soil not only is the most
distinctive and widely traceable stratigraphic unit in
the Recent deposits of the Lake Lahontan area, but its
correlative soils in the alluvial, eolian, and glacial de-
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posits of the Great Basin and adjoining areas (for
example, the Sierra Nevada and Wasatch-Rocky Moun-
tains) are similarly distinctive. The post-Lake Lahon-
tan soil and its correlatives are known, from archaeo-
logic and radiocarbon dating, to have formed within a
span of probably less than 1,000 years in later altither-
mal time.

This soil-forming interval was induced by a climatic
change that probably was essentially synchronous over
the entire Great Basin region. Thus, the post-Lake
Lahontan soil is assumed to be nearly time-parallel over
this region. Also, because it formed during a com-
paratively brief interval, it is a relatively precise time-
stratigraphic marker—more so than any of the younger
sedimentary units or unconformities known in the
region (other than a few ash beds that ‘occur only
locally).
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HYDROTHERMAL ALTERATION OF ROCKS IN TWO DRILL HOLES AT STEAMBOAT SPRINGS, WASHOE

COUNTY, NEVADA

By Gupmuxpur E. Sievarpason and Donarp E. Wuite, Menlo Park, Calif.

Steamboat Springs, in southern Washoe County,
Nev., has been well known to economic geologists since
the early studies on the metal-bearing spring deposits
by I.e Conte (1883) and Becker (1888, p. 331-351).
The geology of Steamboat Springs has been reviewed
by Brannock and others (1948, p. 211-216) and the

thermal activity and hydrothermal alteration have
been summarized by White (1955, p. 103-104, 110--113;
1957, p. 1639-1647). This report contains results of
X-ray and other mineralogical studies of hydrotherm-
ally altered rocks found in two drill holes at Steam-
boat Springs.



SHORT PAPERS IN THE GEOLOGIC AND HYDROLOGIC SCIENCES, ARTICLES 293—435

DRILL-HOLE GS-1

Drill-hole GS-1 is on the active Low Terrace of
Steamboat Springs near the southern end of the ther-
mal arvea. Some data concerning the hole are shown
on figure 331.1, and chemical compositions of fresh and
altered vocks are shown by table 331.1.

The degree of alteration in drill-hole GS-1 is de-
termined by depth, original rock type, and relation to
permeable channels. The mineral most generally al-
tered is hornblende, followed by biotite and calcic pla-
gioclase. Quartz remains unaffected and K-feldspar
and sodic plagioclase appear to be metastable under
all the conditions affecting the rocks drilled. Some
nearly fresh grandodiorite occurs near the surface. An-
desitic tuft breccia, originally consisting entirely of
susceptible ferromagnesian minerals, calcic plagioclase,
and glass, has undergone complete alteration. The
most intensely altered granodiorite lies immediately
below a dike of andesitic tuff breccia and near faults
and fractures at depths of 270 and 364 feet.

Estimated mineralogical composition is shown
‘graphically on figure 331.1. Straight lines connect
points where the mineralogy was determined; however,
actual mineral compositions between points of obser-
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vation are known to differ greatly from compositions
implied by these lines.. Small quantities of pyrite,
pyrrhotite, stibnite, and calcite are not plotted.

The dominant hydrothermal minerals are four spe-
cies of clay. Montmorillonite is most abundant in the
altered andesitic dike (fig. 331.1). The spacing of the
basal X-ray reflection of this material in air-dried state
ranges from 12 to 15 A. The greater spacing results
from calcium and magnesium in the interchangeable
positions of the montmorillonite lattice, and the lesser
spacing from sodium in the interchangeable position.

Kaolinite is the dominant mineral in the most in-
tensely altered and leached parts of the rock penetrated
in the drill hole, but is present only in small amounts
where alteration is slight. Where kaolinite is a major
component, it is usually accompanied by Na-K-mont-
morillonite; where kaolinite is a minor component, it
occurs with Ca-Mg-montmorillonite.

Two types of chlorite were detected. One is a minor
component, replacing biotite. The second is abundant
in and near fractures at depths of 250 to 300 feet; it
does not have X-ray reflections at 14 and 4.7 A as do
most, chlorites, and its lattice collapses at relatively low
temperatures. It is thus similar in some ways to kao-

TasLe 331.1.—Analyses of hydrothermally altered rocks of (.lm"lll,-hole GS-1 compared to fresh rocks

[In percent; analyzed by rapid methods by L. Shapiro, H. F, Phillips, K. White, S. M. Berthold, and E. A. Nygaard]

Fresh rocks Rocks in drill-hole GS-1, and depth, in feet
Granodio- | Andesite | Opaline [ Granodio- Granodio- | Tuff-breccia, | Tuff-breccia, | Granodio- Granodio- Granodio-
rite west of | at Steam- | sinter, 2 rite, 14 rite, 63 173 192 rite, 259 rite, 312 rite, 364
Low Terrace| boat Hills .
Constituent:
65. 6 59.3 92.6 65. 4 4.6 587.3 54.7 66. 2 67.5 61.6
16.5 16.8 1.0 16.2 16.3 17.4 17.3 12.8 16.8 15.6
2.1 2.4 .4 1.3 2.6 8.4 1.8
2.2 3.6 .23 3.0 2.2 } 6.5 8.4 { 1.2 1.1 } 5.4
1.7 3.0 .07 16 1.6 1.3 1.4 1.2 L1 1.0
3.2 6.7 .36 4.2 4.4 1.5 1.4 1.0 3.3 2.2
3.6 3.6 41 3.8 3.6 .41 .58 1.3 3.5 1.2
2.9 2.2 21 2.8 2.9 2.1 1.8 2.4 3.1 3.0
55 .62 .04 51 68 89 88 .42 50 .54
15 16 .02 14 34 24 .25 .14 14 11
.06 .20 .42 .04 20 .12 .06 34 .04 10
09 [oeiiiies <.05 <.05 .36 .08 07 .27 <.05 11
00 [ceemaaaanas .00 .01 .02 1.9 4.5 .36 .25 3.0
g(; } .60 5.2 1.0 .93 1.7 10.0 4.2 1.2 7.0
Total as reported._.____..__ 99.2 99. 2 100. 8 100. 1 100.7 101. 45 101. 34 100.3 100. 4 101. 9
Tess O for S...o_..... [ PO EESUUIUUN NUUIPRIRE RO IS, .95 2.25 .2 1 1.5
Total ool - 99.2 99.2 100. 8 100. 1 100. 7 100. 5 99.1 100. 1 100. 3 100. 4
Specific gravity (powder).... - 2.69 2.76 2,11 2.72 2.70 2. 46 2.49 2.68 2.66 2.62
Specific gravity (ump) ... 2.62 2. 54 179 2.59 2. 64 1.83 1.90 2.20 2. 54 2.12
Prominent hydrothermal min-
[ 11 AR RPN APPSR BN, Opal (Minor (Minor Kaolinite, Chlorite, Chilorite, Kaolinite, Kaolinite,
clays). clays, | montmoril- kaolinite, kaolinite, (chlorite, montmoril-
Mn-calcite). lonite, | montmoril- | montmoril- illite, lonite,
chlorite, lonite, lonite, pyrite). pyrite,
pyrite. pyrite. | (pyrrhotite, (calcite).
calcite).

! Or total Fe¢ as FeaO3.
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FicURe 331.1.—Data from drill-hole GS-1, Low Terrace, Steamboat Springs, Nev. Straight lines arbitrarily drawn between points of obseivation.
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linite, but its refractive indices (1.61 to 1.62) and the
high content of iron that must be assigned to this min-
eral (table 331.1, depth 259 feet) support its identifica-
tion as a chlorite. This mineral is similar to some of
the chamosites described by Brindley (1951).

Illite seems to be confined to slightly altered grano-
diorite, where the amount of illite does not exceed the
original percentage of biotite in the granodiorite. Il-
lite may be present elsewhere but obscured by other
clay minerals.

DRILL-HOLE GS-2 .
Drill-hole GS-2 is-on the High Terrace of Steamboat,

Springs in the northwestern part of the thermal area

6,400 feet north-northwest- of drill-hole GS-1. The
High Terrace has had little or no surface discharge
since the Pleistocene, but thermal water flows in the
system and escapes below the surface. Descriptions of
the rocks found in drilling are given on figure 331.2 and
in table 331.2.

The assemblage of hydrothermal minerals in hole
GS-2 varies considerably with depth and differs from
the assemblage in hole GS-1. Beginning at approxi-
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mately 90 feet, silicates are replaced extensively by
K-feldspar. Quartz and K-feldspar are the dominant
hydrothermal minerals to a depth of approximately
280 feet, where clay minerals become abundant. The
clays are dominant from 288 feet to the basal contact
-of tuff breccia at 351 feet. From 200 to 240 feet the
only identified clay mineral is chlorite-vermiculite( ?)
with regular mixed layering. The X-ray pattern of
the clay shows a basal reflection at approximately 28
A, and an integral series of 9 well-defined higher
orders. Upon saturation with ethylene glycol the lat-
tice expands to 31.5 A; heat treatment at 550° C for
two hours results in a poorly defined X-ray peak at
approximately 23 A, and two higher orders at 12 and
8 A. As defined by Lippmann (1956), this mineral
is a corrensite; it was not found below 277 feet.

At about 240 feet chlorite and a random mixed-
layer illite-montmorillonite appear. The chlorite is an
iron-rich variety, showing a low intensity X-ray peak
at 14 A and a strong (002) reflection at 7 A. Chlorite
is dominant near 300 feet but is not present at the
contact with granodiorite. Below the contact chlorite
is abundant again, but as a replacement of biotite.

TarLE 331.2.— Analyses of hydrothermally altered rocks of drill-hole GS-2

[In percent; analyzed by rapid methods by L. Shapiro, H. F. Phillips, K. White, S. M. Berthold, and E. A. Nygaard]

Rocks in GS-2, and depth, in feet
Chalcedonic | Tuff-breccia, | Tuff-breccia, | Tuff-breceia, | Tuff-breccia, | Tuff-breccia, | Tuff-breceia, | Granodio- Granodio- Granodio-
sinter, 28 125 singlelggbble, 202 39 97 317 rite, 355 rite, 367 rite, 375
Constituent:

98.6 75.0 62.5 84.0 79.0 70.2 74.8 75.2 7.2 72.2

.58 11.6 18.0 7.8 10.1 12.7 10.0 13.9 15.0 15.0
.16 .89

<10 } 2.9 2.2 1.1 .96 3.1 4.2 1.6 1.6 { 6
.00 .15 28 14 .40 97 1.3 15 .30 .44

.06 1.5 1.1 .18 44 1.3 .34 .82 1.7 1.3

.22 .91 L5 .20 .32 .28 .39 L5 2.9 3.2

09 6.0 10.8 5.8 8.2 8.3 3.6 4.8 5.1 4.6
04 54 .58 22 30 . 46 .40 40 -. 86 .32
01 .04 .08 02 05 17 .07 04 13 10
.00 .00 .01 .00 .01 06 .02 .01 01 .01
<.05 .20 10 <.05 .25 77 <.05 <.05 30 <.05
.03 1.9 1.0 .68 .37 73 1.4 .88 53 .44

1.1 2.1 2.3 82 .81 1.7 3.8 2.8 1.5 1.2

Total as reported. .. 100.9 102. 8 100. 5 101.0 101.2 100.7 100.3 102.1 101.1 100.3

Less Ofor Sooo oo |ommeeaaaaas 1.0 .5 .3 .2 .4 7 .4 .3 .2

TY: ) [ 100.9 101. 8 100.0 100.7 101.0 100.3 99.6 101. 7 100.8 100.1
Specific gravity (powder). 2.60 2.64 2.65 2.64 2.62 2.61 2.68 2. 59 2.64 2. 66
Specific gravity (lump)... 2.45 2.44 2.48 2.38 2.39 2.47 2. 41 2.47 2.47 2.51
Prominent hydrothermal | Chalcedony | K-feldspar, | K-feldspar, | K-féldspar, | K-feldspar, | K-feldspar, | IHlite-mont- | Illite-mont- | Iilite-mont- | Illite-mont-
minerals. (stibnite). | quartz, py- quartz, | quartz (py- | quartz, cor- chlorite, | morillonite, | morillonite, | morillonite, morillonite,
rite, (clays, (clays, py- rite). | rensite, (py- quartg, il- chlorite, | quartz, (py- chlorite, | chlorite, (cal-
calcite). | rite, calcite). rite, calcite). | lite, mont- quartz, K- rite). quartz, | cite, quartz,

morillonite, feldspar, (calcite, py- | pyrite).
(calcite, py- (pyrite). rite).
rite, apa-
tite(?)).

! Or total Fe as Feq03.
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Fieure 331.2—Data from drill-hole GS-2, High Terrace, Steamboat Springs, Nev.
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The illite-montmorillonite mixed-layer clay becomes
increasingly abundant and K-feldspar correspondingly
less abundant downward; the illite-montmorillonite
mixed-layer clay reaches its maximum concentration
near the contact with granodiorite. The proportions
of the mixed-layer components are consistent through-
out rocks penetrated; the expandable montmorillonite
Iayers make up about 25 percent of the total clay as
indicated by the (001)/(001) peak of the glycolated
sample (Weaver, 1956, p. 206).

Small amounts of probable illite were observed
microscopically in several samples below 250 feet in
hole G:S-2 but the occurrences could not be confirmed
by X-rvay analysis, presumably because of dominance
of other clay minerals.

CONCLUSIONS

The hydrothermal mineral assemblages are virtually
independent of the original rock type. The extent of

alteration, however, is greatly dependent upon the pro- .

portion of minerals susceptible to attack.

The Low Terrace is still undergoing active altera-
tion by slightly acid, carbonated waters, as indicated
by pH and by high concentrations of bicarbonate and
calcium in the water (table 331.3). Kaolinite is the
most stable mineral; other silicates are probably
metastable or are intermediate products.

The High Terrace has probably been inactive at the
surface since Pleistocene. The most stable minerals
are K-feldspar near the surface, and probably illite
at depth. These minerals are in other stability fields
than kaolinite in the system K;0-Al,0,~-Si0.-H.O
(Hemley, 1959, p. 246). Waters from both drill holes
are very similar in potassium content, temperatures,
and pH. The pH of both is 6.0 if nonerupted, and
8.0 or more if erupted because of loss of CO. (White,
Sandberg, and Brannock, 1953, p. 496-498).

The mineralogy of the High Terrace is best explained
by higher water temperatures in the past. Higher tem-
peratures could have increased the extent of boiling in
the upper part of the conduit system of the springs,
thereby increasing pH by perhaps a unit or more be-
cause of the volatilization of free CO,, and also increas-
ing potassium slightly because of loss of water as steam.
These changes favor deposition of K-feldspar over mica
(illite), and presumably more than offset the effect of
decrease in temperature upwards, which should favor
deposition of mica (Hemley, 1959). A higher concen-
tration of potassium than at present in the deep water
also may be required to span the differences between
the stability fields of kaolinite and K-feldspar.

604493 0—61——9
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TarLE 331.3.—Analyses of thermal waters of Steamboat Springs.
Nevada

[Analysts W. W. Brannock and H. Kramer]

Spring 27, Drill-hole Drill-hole
Main GS-1, Low GS-2, High
Terrace Terrace Terrace
Physical state. . ... .. ___. Discharging{ Leaked from Erupted *
valve.
Temperature at collection point, de-
grees C..oooiooioiiiiiiiiioiioo. 89.2 47 >95
~ 160
8.8
4.4
nil
627 655
60 73
5.8 5.7
404 77
nil 94
112 132
817 871
2.0 1.0
237 236
11 1.1
32,094 31,950
Ratios:
0. 008 0.029 0. 007
11 . 096 11
012 . 0093 0088
35 .50 31
12 .14 15
002 . 002 001
. 057 .045 (D). 041 (?)

! Total combined carbonate calculated as equivalent HCOj3.
2 May be low.
3 8102 not reported.

Hemley (Art. 408) has shown that the stability field
of mica is wide in the K,0-A1,0,-Si0,-H.O system, but
is greatly narrowed in the Na,0-Al,0,-Si0,-H,O sys-
tem. His work suggests that in natural waters contain-
ing both K and Na, the differences between replacement
of plagioclase by K-feldspar or by kaolinite is deter-
mined by as little as 14 unit of pH, 50° C in temperature,
or a variation in concentration of potassium of 1% an
order of magnitude.
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332. CORRELATION OF THE DEPOSITS OF LAKES LAHONTAN AND BONNEVILLE AND THE GLACIAL
SEQUENCES OF THE SIERRA NEVADA AND WASATCH MOUNTAINS, CALIFORNIA, NEVADA, AND UTAH

By R. B. Morrison, Denver, Colo.

Modern stratigraphic studies of the deposits of Lakes
Lahontan and Bonneville and of the Quaternary glacial
deposits of the Sierra Nevada and Wasatch Mountains
permit improved correlation of these sequences. Direct
correlation is possible at only one locality: below the
mouths of Little Cottonwood and Bells Canyons, south
of Salt Lake City, Utah. Here, drift of one of the late
Quaternary glaciations of the Wasatch Mountains
intertongues and intergrades with part of the Lake
Bonneville sequence (Art. 333; Richmond, Art. 334).
Correlations can be made indirectly, however, between
the remainder of the Lake Bonneville and Wasatch
Mountain glacial sequences, and between these and the
Lake Lahontan and Sierra Nevada sequences, by the
use of new concepts of soil stratigraphy (Richmond,
1950; Richmond, Morrison, and Bissell, 1952).

The late Quaternary successions in all four areas
have similar soil sequences, in terms of relative age and
relative development of the soils. The physical record
in each area indicates that the soils formed during dis-
tinct, widely separated intervals, in response to rela-
tively infrequent combinations of climatic factors that
induced erosional stability and a more rapid rate of
chemical weathering than normal. The most strongly
developed soils formed during the main intervals of
lake desiccation or of deglaciation; weaker soils formed
during the shorter recession intervals; soil profile de-
velopment at other times was inappreciable. The soil-
forming intervals were periodically repeated parts of
whole climatic cycles—mainly fluctuations in tempera-
ture and precipitation—that are manifest in the
Quaternary sequences of each area. The climatic
cycles, and the depositional and soil-forming cycles
induced by them, probably were essentially synchronous
over the entire Wasatch Mountain to Sierra Nevada

region because the whole region probably acted as a
climatic unit during the Quaternary as it does now.
Thus, soils of similar relative age and development in
the four areas are assumed to have formed contempo-
raneously—in other words, they are assumed to be
nearly time-parallel throughout this region. Because
they formed during generally shorter intervals than the
inter-soil sediments, they are considered to be more
precise time-stratigraphic markers. The stronger soils
are readily recognizable in the successions of each area
and are the most reliable and useful markers; they
provide the basic framework for correlation. The
sediments and weaker soils intermediate in age between
the main soils are correlated by matching those units
that record depositional cycles, or parts of cycles, of
similar relative age and similar climatic genesis—that
is, units recording early lake cycles with each other and
with units recording early glacial cycles; likewise, lake-
recessional units are correlated with glacial-recessional
units.

Figure 332.1 diagrams the means of correlation.
(The stratigraphic units and interpretations of lake
and glacial history listed below and in figure 332.1 are
those given in the following papers in this review, or
other references: for the Lake Lahontan area, Art. 329;
for the Sierra Nevada, Blackwelder, 1931; Matthes,
1942, 1945 ; Putnam, 1950; and for the Lake Bonneville
and Wasatch Mountains areas, Morrison, Art. 333, and
Richmond, Art. 334.) First, soils of similar relative
development are correlated, starting with the three
youngest most strongly developed soils in each
sequence; then, between main soils, the deposits that
record depositional cycles of similar age and magnitude
are correlated, as are any weakly developed soils.

By this method, the pre-Lake Lahontan soil of the

’
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Carson Desert, Nev., is correlated with the pre-Lake
Bonneville soil (pre-Wisconsin soil of Hunt and Soko-
loft, 1950) in the Lake Bonneville and Wasatch Moun-
tain areas and with the soil of pre-Tahoe age in the
Sierra Nevada; the mid-Lake Lahontan soil is corre-
lated with the mid-Lake Bonneville soil, and with soils
of inter-Bull Lake-Pinedale age and inter-Tahoe-Tioga
age in the Wasatch Mountains and Sierra Nevada, re-
spectively. The post-Lake Lahontan soil is correlated
with soils of post-Lake Bonneville, post-Pinedale, and
post-Tioga age.

The deposits intermediate in age between these main
soils are correlated as follows: the Eetza formation of
the Carson Desert area is correlated with the lower
unit of the Lake Bonneville group (which includes
the Alpine, Bonneville, and most of the Provo forma-
tions of Hunt (1953) ), and with drift of the Bull Lake
and Tahoe glaciations in the Wasatch Mountains and
Sierra Nevada, respectively. The Wyemaha formation
is correlated with subaerial deposits intercalated be-
tween the lower and upper units of the Lake Bonneville
group and with disconformities of inter-Bull Lake-
Pinedale age in the Wasatch Mountains and inter-
Tahoe-Tioga age in the Sierra Nevada. The Sehoo and
Indian Lakes formations are correlated with the upper
unit of the Lake Bonneville group, and with drift of
the Pinedale and Tioga glaciations in the Wasatch
Mountains and Sierra Nevada. The Turupah forma-
tion is correlated with deposits of Antevs’ “altithermal
Cage” (1948, 1952, 1955) (2,000 to 5,500 B.C.) in the
Great Basin. The Fallon formation is correlated with
deposits of Antevs’ “medithermal age” in the Great
Basin, and with drift of Matthes’ “little ice age” (1942,
1945) in the Sierra Nevada.

These correlations, if valid, lead to several general
deductions about regional Quaternary events:

1. The fluctuations of Lakes Lahontan and Bonneville
were similar and synchronous.
2. The fluctuations of both lakes paralleled those of the
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glaciers in the Sierra Nevada and Wasatch Moun-
tains; i.e., when the lakes were high the glaciers were
extensive. The more complete record in the basins
gives indirect evidence of glacial oscillations not yet
recognized in the mountains.

3. Lake Lahontan, and probably Lake Bonneville, dried
up entirely during a long period between the two
major deep-lake intervals, and the Sierra Nevada
and Wasatch Mountains were probably then com-
pletely deglaciated.
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333.. NEW EVIDENCE ON THE HISTORY OF LAKE BONNEVILLE FROM AN AREA SOUTH OF SALT LAKE
’ CITY, UTAH

By R. B. Morrison, Denver, Colo.

Recent mapping of the Quaternary deposits in the
eastern half of Lower Jordan Valley, south of Salt
Lake City, has produced additional information on
oscillations of Lake Bonneville. Fan gravel and collu-
vium antedating Lake Bonneville ave locally exposed,
mainly in faulted remnants along the edge of the
Wasatch Mountains. These depositsbear a very mature
soil, the “pre-Wisconsin paleosol” and “ancient soils” of
Hunt and Sokoloff (1950, p. 114-115) and Hunt (1953,
p- 4344}, which is directly overlain by the earliest sedi-
ments of Lake Bonneville. This soil is 5 feet or more
thick where well preserved, with a strongly textured
brown B horizon and, a mile or more west of the moun-
tain front, a dense C,, (caliche) horizon.

In this area the deposits of Lake Bonneville (Lake
Bonneville group) are most feasibly divided into two
main units (fig. 333.1). These units are separated by
a mature soil, local alluvium, and a disconformity that
together record subaerial exposure at least as low as
4,250 "feet altitude—only 50 feet above the June 1951
level of Great Salt Lake. The lower unit comprises
two tongues of lacustrine sediments separated by an-
other disconformity and by local alluvium recording
" subaerial exposure at least as low as 4,270 feet altitude.
The disconformity and alluvium are discontinuous,
however, and the two tongues can be diftferentiated only
locally. The lower tongue, which is approximately
equivalent to the Alpine formation of Hunt (1953),
reaches a maximum altitude of about 5,100 feet, and
is inferred to record the first deep-lake cycle of Lake
Bonneville. The upper tongue, which includes Hunt’s
Bonneville and Provo formations, extends as high as
the Bonneville shoreline (about, 5,135 feet altitude west
of the main Wasatch fault zone) and is inferred to
record the second, and highest, lake cycle. During the
recession from this maximum, a long stillstand at an
altitude of about 4,800 feet is recorded in the well-
developed Provo shoreline.

The mid-Lake Bonneville soil, intermediate in age
between the lower and upper units of the Lake Bonne-
ville group, is thinner (typically 3 to 4 feet thick) than
the pre-Lale Bonneville soil; its B horizon is distinctly
less clayey and is generally lighter brown; and the
C.. horizon, where present in the western part of the
area, has less calcium carbonate.

The upper unit of the Lake Bonneville group com-
prises three tongues of lacustrine sediments, each locally

separated by disconformities that record subaerial ero-
sion. The lower tongue reaches a maximum altitude of
about 4,770 feet, not quite as high as the Provo shore-
line. The middle and upper tongues reach altitudes as
high as 4,470 and 4,410 feet, respectively, but these
maxima are only faintly marked by shore features and
shore deposits. The disconformities between each
tongue have been identified as low as 4,450 and 4,360 feet
altitude, respectively, and probably extend lower. The
three tongues are inferred to record the last 3 cycles of
Lake Bonneville. This unit bears a submature soil that
typically is 2 to 215 feet thick and is somewhat less
strongly developed and lighter colored than the mid-
Lake Bonneville soil. Post-Lake Bonneville deposits
include alluvium and local colluvium, eolian sand, and
loess. The post-Lake Bonneville soil is locally inter-
cnlated between the lower and upper parts of the eolian
sand.

Thus, the stratigraphic record shows that Lake Bon-
neville had 5 lake cycles, during which, from oldest to
youngest, the lake level rose to about 5,100, 5,135, 4,770,
4,470, and 4,410 feet altitude. During the intervening
recessions, the lake level dropped at least as low as 830,
885, 320, and 110 feet, respectively, below the preceding
maximum. This is in accord with the conclusions of
Gilbert (1890), Antevs (1945, 1948), Ives (1951), Hunt
(1953), and Eardley, Gvosdetsky, and Marsell (1957)
on the age relations and maximum height of the first
two lake cycles. It is in contrast with each of these
interpretations, however, in that the longest and prob-
ably most complete lake desiccation appears to have
been between lake cycles 2 and 3 (not between 1 and 2).
The long stillstand at the Provo level was during the
recession of lake cycle 2, as Gilbert and Hunt inferred,
and not mainly during lake cycle 3, as Antevs (1945,
1948, 1952, 1955), Ives (1951), and Eardley, Gvos-
detsky, and Marsell (1957) concluded. The 3rd lake
maximum is equivalent to the “Prove 2” maximum of
Jones and Marsell (1955), Bissell (1952), Antevs
(1952, 1955), and Eardley, Gvosdetsky, and Marsell
(1957). The 4th lake maximum was at the average
altitude of the Stansbury shoreline of Gilbert (1890),
of the “Lake Stansbury II” stillstand of Antevs (1945,
1948, 1952, 1955), and of the “Stansbury stage” of Ives
(1951), and of Eardley, Gvosdetsky, and Marsell
(1957). There is neither stratigraphic nor geomorphic
confirmation of a comparatively long stand at and near
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the Bonneville shoreline as recently as 25,000 to 15,000
years ago nor of another even more recent rise above
the Provo level (between 12,000 and 11,000 years ago),
as Broecker and Orr (1958) inferred from radiocarbon
dating.

Since Gilbert’s (1890) study it has been known that
below the mouths of Little Cottonwood and Bells Can-
yons bulky moraines extend somewhat below the level
of the Bonneville shoreline, permitting reasonably
direct correlation of parts of the glacial and lacustrine
sequences, although various geologists have differed as
to the correlations. The glacial geology of these can-
yons was recently mapped by G. M. Richmond, and he
and I jointly studied the interrelations of the glacial
and lacustrine deposits. Below the mouth of each can-
yon is a set of end moraines, representing two separate
advances of glaciers from these canyons, which we cor-
relate with the early and late stades® of the Bull Lake
glaciation of the Rocky Mountains. Around the outer
margins of the moraines, till and outwash of the early
stade interfinger with the lower lacustrine tongue of
the lower unit of the Lake Bonneville group, and drift
of the late stade interfingers with the upper tongue of
this unit. The higher shorelines of the first lake cycle
notch the end moraines of the early stade, and the Bon-
neville shoreline is carved into the end moraines of the
late stade, contrary to the conclusions of Gilbert (1890)
and Blackwelder (1931). The relations indicate that
the two lake maxima were essentially contemporaneous
with or perhaps slightly later than the corresponding
glacial maxima.

End moraines of post-Bull Lake age are far above
the Bonneville shoreline in both canyons, and the inter-
vening remnants of outwash gravels and stream terraces
are too discontinuous to permit reliable direct correla-
tion between the younger glacial and lacustrine se-
quences. These sequences can be indirectly correlated,
however, on the basis of relative stratigraphic position

- of soils of similar maturity in each sequence. The drift

of the Bull Lake glaciation bears a mature soil, com-
parable in development to the soil of middle Lake Bon-
neville age. A submature soil, similar to the post-Lake
Bonneville soil, is developed on three sets of end mo-
raines in the middle and upper parts of the canyons
that Richmond (Art. 334) correlates with the early,
middle, and late stades, respectively, of the Pinedale
glaciation. Consequently, the upper unit of the Lake
Bonneville group is correlated with the drift of the
Pinedale glaciation. The lower, middle, and upper
tongues of the upper unit are matched by (and prob-

1 A stade is defined as a climatic episode within a glaciation during
which a secondary advance of glaciers may be inferred (American Com-
mission on Stratigraphic Nomenclature, 1961).
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ably covrelate with) the early, middle, and late stades
of the Pinedale glaciation.
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334. NEW EVIDENCE OF THE AGE OF LAKE BONNEVILLE FROM THE MORAINES IN LITTLE COTTONWOOD
CANYON, UTAH

By G. M. Ricumonp, Denver, Colo.

!

The glacial deposits of Little Cottonwood Canyon in
the Wasatch Mountains, Utah, represent three glacia-
tions. Deposits of the oldest are probably of middle
Pleistocene age and have been uplifted about 2,500 feet
by normal faulting at the western margin of the moun-
tains.

Deposits of the next younger glaciation, correlated
with deposits of the Bull Lake glaciation of Wyoming,
comprise two sets of end moraines at the mouth of the
canyon at altitudes of 4,980 and 5,090 feet, respectively.
Till and outwash of the outer moraine interfinger with
and are overlapped by deposits of the first rise of the
lake—the Alpine formation of Hunt, Varnes, and
Thomas (1953)—and till and outwash of the. inner
moraine interfinger with and are overlapped by de-
posits of the second rise of the lake—the Bonneville
formation (Hunt, Varnes, and Thomas, 1953) —or that
which attained the Bonneville shoreline.

The basinward extent of a disconformity which sepa-
rates the Alpine and Bonneville formations indicates a
marked lowering of the lake, as concluded by Gilbert
(1890), Hunt, Varnes, and Thomas (1953), and Mor-
rison (Art. 333). This in turn suggests that the ice

/

yeceded to the cirques but did not disappear in the
interval separating deposition of the two moraines.

Outwash gravels deposited during the final recession
of Bull Lake glaciation extend to the Provo shoreline—
the upper limits of the Provo formation (Hunt, Varnes,
and Thomas, 1953). Thus, the entire sequence of de-
posits of Lake Bonneville as recognized by Gilbert
(1890) was deposited during Bull Lake glaciation.

A mature zonal soil formed on all exposed deposits

" during Bull Lake-Pinedale interglaciation, at which

time it has been inferred that Lake Bonneville was es-
sentially dry (Richmond, Morrison, and Bissell, 1952;
Morrison, Art. 333).

The third glaciation of the mountains—correlated
with the Pinedale glaciation of Wyoming—comprises
three sets of moraines in the middle and upper parts
of Little Cottonwood Canyon and its tributaries at aver-
age altitudes of 6,570, 7,220, and 9,195 feet. These mark
a maximum advance and two minor readvances or halts
during recession of the ice that are believed to have been
separated by only brief interstadial intervals. No di-
rect stratigraphic tie between these deposits and those
of Lake Bonneville can be made, but probably they can
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be correlated with three post-Provo rises of the lake dis-
covered by Morrison (1961) at successively lower alti-
tudes below the Provo shoreline.

The glaciers probably disappeared entirely from the
mountains and the lake was again dry during the “alti-
thermal age” of Antevs (1948). Subsequently, two
sets of small moraines or rock glaciers have formed in
the cirques. These represent the Temple Lake and his-
toric staces * of neoglaciation 2, both of which occurred
during the “little ice age” of Matthes (1939).

Numerous workers, including Gilbert (1890, p. 309—
310), Atwood (1909, p. 92-93), Antevs (1945, p. 74-77),
Blackwelder (1931, p. 915-916), Ives (1950, p. 115),
and Hunt, Varnes, and Thomas (1953, p. 41), have con-
cluded that the second rise of Lake Bonneville—that
which attained the Bonneville shoreline and was low-
ered by erosion at its outlet to the Provo shoreline—was
correlative with the last Pleistocene glaciation of the
mountains. The present evidence indicates the deposits
of the rise to the Bonneville shoreline and of the still-
stand at the Provo shoreline are correlative with the
later of two stades of Bull Lake glaciation. Only cer-
tain lower fluctuations of the lake following post-Provo
dessication and preceding the “altithermal age” are cor-
relative with the last or Pinedale glaciation.

The Pinedale glaciation, on the basis of a radiocarbon
date of 27,000800 years from its outer moraine in
Jackson Hole, Wyo.
seems to include all of the Wisconsin stage as defined
by Leighton (1933), for the Farmdale loess of Illinois
is probably not much older than 26,100=600 years
(Frye and Willman, 1960). The deposits of the Bull
Lake glaciation are stratigraphically lower than those
of the Pinedale, and are separated from them by de-

1 A stade 1s defined as a climatic episode within a glaciation during
which a secondary advance of glaclers took place (American Commission
on Stratigraphic Nomenclature, 1961, p. 660.

2The neoglaclation is hereby defined as the last glaciation in the
Rocky Mountain region. It Is of post-Pleistocene (Recent) age.

(Rubin and -Alexander, 1958)
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glaciation, erosion and the development of a mature
zonal soil. No such pronounced climatic break has
been recognized in the classical succession of Wiscon-
sin deposits in Illinois. Thus, it may be concluded

“that the deposits of the two high-level rises of Lake

Bonneville is recognized by Gilbert (1890), including
those of the standstill at the Provo shoreline, are older
than Wisconsin.
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335. - MAGNITUDE OF THRUST FAULTING IN NORTHERN UTAH

By Max D. CRITTENDEN, JR., MENLO PARK, CALIF.

"The Bannock, Willard, Charleston, and Nebo faults
are part of a discontinuously exposed belt of over-
thrusts that extends from Montana and Idaho to south-
eastern Nevada. So far as known, all are rooted to
the west, and all have brought thicker basin-type facies

over thinner shelf-type rocks to the east. The resulting
contrast in thickness or character is evident in rocks
ranging in age from Precambrian to Permian.

In Utah, the northernmost segment of this thrust
belt extends from a branch of the Bannock thrust near
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Bear Lake to the Willard thrust on the crest of the
Wasatch Range near Ogden. Together these thrusts
define an overriding structural block that is charac-
terized by a thick basal Cambrian quartzite resting on
at least 6,000 feet of Precambrian sedimentary rocks.
The block beneath the thrusts is characterized by a
thin basal Cambrian quartzite, which rests directly on
highly metamorphosed Precambrian rocks older than
those of the upper plate. The structure within the
block is that of a simple syncline; the same Cambrian
formations can be traced around the fold, and serve
to establish structural continuity from one thrust to the
other.

The southern segment of the belt of overthrusts con-
sists of the Charleston and Nebo thrusts, which to-
gether outline a bulging lobe of basin-type rocks that
extends eastward to the edge of the Uinta Basin. The
overriding block in this segment is characterized by
some 30,000 feet of beds between the Humbug forma-
tion of Mississippian age and the Park City formation
of Permian age, whereas in the autochthon to the east
the same stratigraphic interval contains less than 2,000
feet of beds.

The structural continuity between the northern and
southern segments of this belt is speculative because
neither the thick unmetamorphosed Precambrian sedi-
mentary rocks of the northern block nor the thick Penn-
sylvanian and Permian rocks of the southern block ex-
tend unbroken from one block into the other. Never-
theless, parts of the Oquirrh formation have been
identified by Olson (1956) in the Promontory Range,
where they are in sequence above thick unmetamor-
phosed Precambrian rocks. This relation serves to
establish the kinship of the two blocks, though the
thrust itself is concealed. The trace shown on figure
335.1 is regarded as the likeliest of several possibilities.
Antelope Island, underlain largely by highly metamor-
phosed Precambrian rocks, is regarded as autoch-
thonous. The thin (288-foot) wedge of Precambrian
slate, dolomite, and tillite reported there by Larsen®
may be the landward edge of a depositional basin that
originally lay to the west. Overlying tan or pink
conglomeratic quartzites are believed to be equivalent
to the Tintic quartzite and are therefore not of Precam-
brian age. Deformation of these quartzites into nearly
isoclinal folds in which there was sufficient axial plane
shearing to produce marked stretching of quartzite
pebbles, suggests that the thrust plane passes close to
the northwestern tip of Antelope Island, and that the
thick sequences of unmetamorphosed Precambrian
rock on Fremont Island and Promontory Point are
allochthonous.

1 Larsen, W. N., 1957, Petrology and structu're of Antelope Island,
Davis County, Utah: Utah Univ., unpublished Ph. D, thesis.
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Estimates of the displacement on thrusts of this belt
range from as little as 12 miles (Hintze, 1960, p. 2062)
to as much as 75 miles (Eardley, 1951, p. 330). The
first estimate is based entirely on observations within
the allochthon, and hence does not give information
about the total movement with respect to the autoch-
thon. The second, though larger than those derived
below, appears to be possible from stratigraphic
evidence.

The minimum displacement of the northern block is
best estimated from the relations of its characteristic
unmetamorphosed Precambrian sedimentary rocks.
If, as suspected, Antelope Island represents the eastern- '
most edge of the principal depositional basin, the 7,000-
foot sequence of these Precambrian rocks exposed east
of Ogden must have come from somewhere west of the
present site of the island, a distance of at; least 30 miles.
Lack of information as to the rate of thickening makes
it impossible to estimate how much farther west they
may have originated.

Other evidence is obtained from the relative effects of
the Devonian-Mississippian unconformity (fig. 335.1, p.
D-130), as expressed by the thickness of beds between
it and the top of the Tintic or its stratigraphic equiva-
lent, the Brigham quartzite. The 6,000-foot isopach in
the thrust block meets the Willard thrust opposite the
2,000-foot isopach in the footwall. Projecting the iso-
pachs eastward at the same rate as those known within
the allochthon suggests about 40 miles of displacement
on the thrust. A similar result is obtained from the
data for rocks of Mississippian age (fig. 335.2).
Isopachs representing some 4,000 to 5,000 feet of beds
in the overriding block meet the Willard thrust opposite
the line representing some 1,800 feet of beds in the
autochthon. Here, also, a movement of some 40 miles
is required to restore the continuity of the two sets of
isopachs.

Displacements of the Charleston-Nebo block can best
be estimated by reconstruction of the general form of
the Oquirrh basin (fig. 335.3). As there is no evidence
for the configuration of the now-destroyed east half, its
general outline and the maximum slopes have been made
approximately symmetrical with the west half. On
such a basis, a displacement of about 40 miles is likely.
Obviously, different assumptions regarding configura-
tion and slope would yield values ranging from half to
twice this amount. . ‘

REFERENCES
Bardley, A. J., 1951, Structural geology of North America: New
York, Harper & Bros., 624 p.
Hintze, Lehi, 1960, Thrust-faulting limits in western Utah
[abs.] : Geol. Soc. America Bull,, v. 71, no. 12, p. 2062.
Olson, R. H., 1956, Geology of Promontory Range, in Utah Geol.
Soc. Guidebook to the geology of Utah, no. 11: p. 41-75.
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336. SUBDIVIDING THE JORDAN VALLEY GROUND-WATER BASIN, UTAH

By I. WenpeLL Maring, Norman, Okla.

Work done in cooperation with the Utah State Engineer

Jordan Valley, Utah, is a structural basin on the
eastern margin of the Basin and Range physiographic
province (index map on fig. 336.1). The basin has
been partly filled with unconsolidated and semiconsoli-
dated material of Tertiary and Quaternary age. This
material has been deposited by streams, lake currents,
mudrock flows, glaciers, and wind, and consists chiefly
of mixtures of boulders, gravel, sand, silt, clay, and
limestone. During both Tertiary and Quaternary
times, periods of subaerial erosion and deposition have
alternated with periods when lakes of different depths
have occupied all or part of the valley. At many times,
subaerial erosion and deposition were taking place in
some parts of the valley while erosion or deposition in
lakes was taking place in other parts. Stream discharge
fluctuated through wide ranges caused by variations in
climate, especially in Pleistocene time. At first inspec-
tion, the basin deposits appear to be a disordered array
of heterogeneous rock material which resulted from the
variety of the processes of sedimentation that have been
active, from the number of unconformities and the
varied relief on their surfaces, and from the occurrence
of several faults within the valley fill. No widespread
continuous aquifers were found to exist.

Despite the complex sedimentary history of the basin,
it has been found possible to divide the Jordan Valley
into hydrologic units on which the management and
development. of ground water might be based. The
central problem was to determine whether bodies of
material with similar hydrologic properties existed and,
if so, to portray them adequately on a map. Studies of
the phystography, drillers’ logs, gravel percentages in
well cuttings, specific capacities of wells, and water
quality provided satisfactory criteria for dividing the
valley into six natural ground-water districts (fig.
336.1) whose boundaries are marked on the surface by
some physiographic feature. Several of these districts
are divided into two or more subdistricts on the basis
of less obvious differences than those that distinguish
the districts. Generally the subdistrict boundaries arve
not distinguished by physiographic features of any sort.
For the water user, the important differences in these
districts are the specific capacities of the wells and the
quality of water in these wells (table 336.1). The degree

to which surface boundaries can be based on physi-
ography aids in describing the districts, even though
some of the subsurface boundaries are more grada-
tional than the sharp physiographic features on the
surface. )

A qualitative study of drillers’ logs indicated that the
overall lithologic aspect of the sediments could be used
to differentiate the districts and subdistricts, and a
gravel-percentage map showed that coarse material gen-
erally predominated in some areas and was relatively
rare in others. A map of the specific capacity of large-
diameter wells showed that each district or subdistrict
has a characteristic range in specific capacity. The dif-
ferences in specific capacity of wells between areas were
great enough to render unimportant such factors as well
diameter, length of pumping test, amount of drawdown,
length of the perforated section, amount and nature of
development, and other factors that affect the accuracy
of this determination. A map of the dissolved-solids
content in ground water and a comparison of the major
constituents showed that, in general, the ground-water.
districts and some subdistricts have a distinctive range
in water quality.

The differences between the districts are due to local
differences in the sedimentary and tectonic events of the
valley. For example, the East Lake Plain district has
dropped repeatedly relative to the East Bench district
along the East Bench fault which forms their common
boundary. Lakes frequently covered the East Lake
Plain district but only rarely extended onto the East
Bench district which, for a long time, has been topo-
graphically higher. The East Lake Plain district,
therefore, is underlain by thick sequences of lake sedi-
ments, whereas subaerial sediments predominate in the
East Bench district. Another example is the Cotton-
woods district, which has also dropped relative to the
East Bench distriet but has had a large supply of coarse,
well-sorted sediment delivered to it by the two Cotton-
wood Creeks. These two creeks have deposited channel
and alluvial-fan deposits in times of low lake levels and
have built large deltas at times of high lake levels. The
coarse, well-sorted deposits in the district are highly
permeable and permit the development of wells of high
specific capacity. The lithology and high permeability
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of the sediments probably account for the fact that the The criteria used to divide the complex sedimentary
water of the Cottonwoods district contains less dis- basin of Jordan Valley into ground-water districts can
solved solids, average 250 parts per million, than the be used to divide areas of similar complexity and
water of any other district in Jordan Valley (table thereby aid in water management of such areas, and in
336.1). predicting the characteristics of future wells,

TasBLE 336.1.—Occurrence of ground water in Jordan Valley, Utah

0
Approximate Gravel Specific Dissolved solids (parts
thickness away from capacity per million)
District or subdistrict Physiography Material Type of deposits away from boundaries (gallons
boundaries (percent) per minute .
(feet) per foot) Minimum | Average [Maximum !
East Bench....._._.___| Pediments and Boulders and clay Deposits of mud- 0-500_ ... ..... 50-100 . _.._. 20-100. ... 320 600 685
alluvial fans with some gravel rock flows and
overlain in some and sand, mostly ephemeral
places by lake- reddish brown., streams.
shore features. Sandstone, silt
stone, and lime-
stone of Mesozoic
age in pediment
areas.
East Lake Plain: .
Main part_____ ~---| Lake plain overlain | Blue-gray lake- Lake-bottom sedi- | >>1,000 in <26 ... L I 251 490 764
in some places by bottom clays and ments and prob- most places.
alluvial fans or silts with discon- ably turbidity-
abandoned flood tinuous gravel current deposits.
plains. lenses.
City Creek Fan.._| Alluvial fan..___.___ Boulders and Alluvialfan________. 500.._ ... .| 50-100-..____ 50500 ... 253 530 761
gravel, C o
North Bench.._._. Bajada overlain by | Boulders, gravel, Deposits of mud- B T TeTeRRRRS RO Ny o )
lake shore sand, and clay. rock flows.
features.
Cottonwoods.. ... Large lake-shore Brown sand and Alluvial fans of Unknown but | Mostly Upper area 75 250 651
features cut by gravel inter- perennial streams >1,000 50-100 50-200;
abandoned layered with interiayered with everywhere but in the lower area
stream channels. blue-gray clay. lake-bottom north and 5-40.
deposits and south
deltas. <25.
Southeast_.___....___.. Lake-shore features. | Gravel, sand,and | _____________________ Unknown but | >50_..__.__ | _____.______. 184 ® 1,004
In south, dis- clay. >1,200 in
sected pediment. places.
West Slope......._.__. Gentle eastward | oo _________ooo_|oooooio) 365 640 31,240
slope overlain by
lake shore fea-
tures. Pedi-
ments near
mountains.
South Fan...___._.| ___. {4 (Y, Bouiders, gravel, Alluvial fans._._____ 200-560_ ... >25, >50in | 5-80. - - |ooooe oo
sand, and clay. most
places.
North Pediment.___|.___. doo oo Tertiary clay, silt, Lake-bottom sedi- Unknown but | <25.______._ S JRN (NI PR R
and limestone. ments. >1,400.
Northwest Lake Lake plain overlain ..l e e
Plain: in places by flood
plains. _
Main part_......._|.____ d0...oo......____| Blue-gray clay with | Lake-bottom sedi- 2,300 ... [ Low._.._.._. 492 1, 640 3, 600
’ thin sand lenses. ments.
Mid-Jordan. ....__|.____ Ao . Sand and gravel in- | Channel, flood Unknown but | 25-50._______ <20.oaoo 244 380 798
terlayered with plain, and lake >T775.
clay. " deposits.
South Margin._....|____. do__ ... ..... Sand, gravel,and | .. ___.__.___ 500 ________ 25-50_ ... 10-20__...... 840 1,150 1, 510
clay.
North Oquirrh____{____. [+ 1 S 0-300 feet of blue Lake deposit under- | 150-800___.__.___ 25-50_ ... 30-750.__.__ 2,485 6, 860 10, 800
lake clay under- lain by talus or
lain by coarse brecciated bed-
angular gravel. rock.

! Excluded from this column are maxima caused by isolated contamination or isolated occurrences of thermal water.
2 Not meaningful.
3 Exclusive of general contamination of beds less than 300 feet deep by Jordan River water in the area where this is used for irrigation.
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337. POTASH-BEARING EVAPORITE CYCLES IN THE SALT ANTICLINES OF THE PARADOX BASIN,
COLORADO AND UTAH

By Roserr J. Hite, Salt Lake City, Utah

Potash was discovered in the Paradox basin of south-
east Utah and southwest Colorado in 1924 (Dyer, 1945,
p. 56), but the full extent and richness of the deposits
were not recognized until the last decade when im-
proved logging techniques and more closely spaced
drill holes enabled a more complete investigation of the
deposits.

The potash deposits occur in the “saline facies” of
the Paradox member of the Hermosa formation of
Pennsylvanian age. The areal extent of the “saline
facies” in the Paradox basin is about 11,000 square
miles and nearly two-thirds of this area is underlain
by potash deposits (fig. 337.1).

The “saline facies” originally may have been about
7,000 feet thick, but locally it is now greatly thickened
in intrusive salt anticlines in some of which as much
as 14,000 feet of saline rocks have been drilled.

A recent detailed study of the stratigraphy of the
“saline facies” resulted in an informal system of no-
menclature in which the halite units of the evaporite
cycles are distinguished numerically (Hite, 1960).
This system is used by the writer in the correlation of
potash deposits, which are widely distributed in the
salt basin.

The “saline facies” consists of at least 29 evaporite
cycles. Each cycle, if complete, in ascending order of
deposition consists of : (1) limestone, (2) dolomite, (3)
anhydrite, and (4) halite with or without potash salts.
The sequence is then repeated in a reverse ovder of: (3)
anhydrite, (2) dolomite, and (1) limestone to complete
the cycle (fig. 337.2). Potash-bearing cycles generally
exhibit an asymmetrical form with the potash occur-
ring near the top of unit 4. Units 1, 2, and 3 of each
cycle include some clastic material that commonly is
euxinic black shale, mudstone, and siltstone. A com-
plete vertical succession in any one cycle is not every-
where present because of a lateral gradation from a
super-saline or saline facies in the basin deep to a
limestone facies on the basin shelf (fig. 337.2). Thus,
in the basin deep (line X of fig. 337.2) only units 3 and
4 may be present; while at some point intermediate
between the basin deep and basin shelf (line ¥ of fig.
337, 2) all units may be present and the vertical suc-
cession is complete.

In about 18 of the 29 evaporite cycles, chemical sedi-
mentation proceeded to the point of potash precipita-
tion. Of these 18 cycles, 11 contain potentially

valuable potash deposits. These are found in salt beds
5, 6, 9, 13, 16, 18, 19, 20, 21, 24, and 27 of Hite (1960).
In several of these cycles the average content for spe-
cific intervals of some deposits may exceed 30 percent
K,;O. Only two potash salts, sylvite (KCI) and
carnallite (KCI-MgCl,-6H,0), are present in large
quantities. Minor amounts of polyhalite (2CaSO,-
MgSO0,-K,SO,-2H,0), kieserite (MgSO,-H,0), and
rinneite (FeCl.-3KCl-NaCl) have been reported.

Many of the potash deposits are extensive. Perhaps
the most noteworthy of these is the deposit in salt bed
19. This deposit has been traced from Crescent Junc-
tion, Grand County, Utah, in the northwestern end of
the salt basin to northern Montezuma County, Colo.—
a distance of nearly 110 miles—and may prove to be
one of the thickest in the world. In the northwestern
part of Moab Valley anticline (fig. 337.1), where the
salt structure is nonintrusive, the potash deposit is 420
feet thick, and consists mostly of carnallite and halite.
However, the deposit shows lateral changes in min-
eralogy as the carnallite gives place to sylvite (fig. 337.3,
p. D-138). The presence of this deposit in an area ex-
tending from Cane Creek anticline to Salt Valley
anticline (fig. 337.3) solves an enigma which has dis-
couraged prospecting in the Salt Valley anticline area
for many years. The thick deposit of potash found
in the Defense Plant Corporation Reeder well 1 pre-
viously was considered a secondary thickening or en-
richment brought about by salt flow in the salt
anticline. Such an origin can now be ruled out because
the deposit shows thickness and mineralogic character- -
istics that are similar throughout a large surrounding
area.

The potash deposits of the “saline facies” are found
at depths ranging from 1,700 to 14,000 feet below the
surface. At present they are minable only in salt anti-
clines. Recent exploration has been concentrated on
nonintrusive folds such as the Cane Creek anticline,
the northwestern part of Moab Valley anticline, and
Lisbon Valley anticline (fig. 337.1). Data on these
structures are fairly complete, and at the Cane Creek
anticline the first shaft in the potash field is expected
to be started sometime in 1961.

‘In the nonintrusive salt anticlines the minimum

depths to the top of the salt range from 1,600 to 2,400

feet and depths to the uppermost potash deposits of
economic importance may range from 1,800 to 4,000
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feet. The potash deposits of salt beds 5 and 9 appear
most favorable for exploitation. On the Cane Creek
anticline, mine development will probably proceed in
these two deposits between the depths of 2,400 and
3,500 feet.

Drill-hole information concerning intrusive salt anti-
clines, however, is meager and most of it has come from
oil and gas test wells. Several potash test holes were
drilled on the Salt Valley anticline but unfortunately
no gamma ray-neutron logs were obtained except from
the Defense Plant Corporation well. Such logs are
necessary to provide adequate stratigraphic control for
correlation between holes.

In the intrusive salt anticlines the “saline facies” is
near the surface; the uppermost salt bed may be less
than 500 feet deep. The relatively thick and high-
grade potash deposits in salt beds, 18, 19, 20, and 21.
although beyond the reach of present conventional min-
ing methods in the nonintrusive structures, are up-
folded within the intrusive anticlines to more favorable
depths.

Variable degrees of salt dissolution and removal are
evident in nearly all of the salt anticlines. In the non-
intrusive structures dissolution has removed as much
as 1,500 feet of salt. In the intrusive salt anticlines the

604493 0—61——10

effect of salt solution may be even more pronounced.
Thus, by a combination of structural elevation and salt
dissolution, a potash deposit low in the “saline facies”
may be brought near the surface. Such deposits might
well be found at depths of less than 500 feet.

Recognition of widespread units in the “saline facies”
of the Salt Valley anticline indicates that the potash
deposits in this and other intrusive salt anticlines prob-
ably occur as identifiable continuous bodies. These
bodies would no doubt show a high degree of crenula-
tion and faulting. In this respect the intrusive salt
anticlines of the Paradox basin are probably similar
to the salt stocks of Germany where stratigraphic se-
quences are recognizable in spite of intense tectonic de-
formation, and where potash salts have been success-
fully mined for more than a century.
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338. CRETACEOUS ROCKS IN LEA COUNTY, NEW MEXICO

By Swioney R. Aswr and Avrrep CresscH, Jr., Albuquerque, N. Mex., and Washington, D.C.

Work done in cooperation with the State Engineer of New Mezico and the New Mexico Institute of Mining and Tech-
nology, State Bureaw of Mines and Mineral Resources Division

Rocks of Cretaceous age are exposed at only two lo-
calities in Lea County, but their subsurface distribu-
tion is extensive. The outcrop at North Lake (fig.
338.1) has been known for many years (Theis, 1934,
p. 147; 1938, p. 124; Conover and Akin, 1942, p. 285-
288; Lang, 1947, p. 1476; and Dane and Bachman,
1958), but it has not been related to the Cretaceous
rocks in the subsurface. The Cretaceous rocks near
Eunice were uncovered in the course of quarrying
gravel from a pit about 3 miles east of town; appar-
ently they have not been described previously.

EXPOSURES

The Cretaceous rocks exposed at North Lake consist
of dark-gray siltstone and thin interbedded stringers
of limestone (fig. 338.2). Several of the limestone
stringers wedge out laterally into siltstone. In the
lower part of the section that was measured the string-
ers are light-brown crystalline limestone; in the upper
part of the section they are light gray and fine grained.
Both the siltstone and limestone weather yellow.

The fossils listed below were collected from the out-
crop in sec. 32, T. 10 S., R. 34 E., north of the section
shown on figure 338.2 and were identified by T. W.
Stanton (written communication, 1935) :

Gryphaea corrugata Say

Exogyra texona Roemer

Plicatula cf. incongrua Conrad

Ewxogyra plexza Cragin

Pecten (Neithea) texanus Roemer?

Serpula(?) sp. :

These fossils indicate that the enclosing rocks are of
Early Cretaceous age.

Exogyra texana, Gryphaea corrugata, and Plicatula
sp. have been found in the Tucumcari shale in east-
central New Mexico (Dobrovolny and Summerson,
1946). On the basis of the similarity of the fossil as-
semblage and lithology, the rocks at North Lake are
correlated with the Tucumecari shale.

At the other exposure, which is 3 miles east of Eunice
in the SW14 sec. 29, T. 21 S., R. 38 E., randomly
oviented blocks of limestone 3 to 5 feet thick and as
much as 20 feet long have been uncovered in a gravel
pit (fig. 338.3).

The limestone is thick bedded to massive and is white,
light gray, or buff; at places it weathers yellowish
brown ; it is fossiliferous, compact, moderately hard, and
chalky. Some layers that consist mostly of fossil
fragments also contain sand. The bedding planes are
wavy and a few are marked by shaly partings. The
upper surfaces of these blocks are smoothed and
rounded, as if by sediment-laden water, and at places
the abraded areas extend down into cracks along joints.

Fossils in the limestone are difficult to remove from
the matrix. The fossils have not been identified, but
several genera of pelecypods and one or two genera of
gastropods have been observed. Some lenses consist
largely of fragments apparently derived from small
individuals of Gryphaea.

Brand (1953, p. 28) described similar limestones at
McKenzies Lake and Cedar Lake in eastern Gaines
County, Tex., about 50 to 60 miles northeast of the
Eunice locality, which he correlated with the Comanche
Peak limestone of the Fredericksburg group of Early
Cretaceous age on the basis of fossil evidence. The
lithology of some of the units of the Comanche Peak at
Cedar Lake is strikingly-similar to that of the limestone
blocks in the gravel pit, which, therefore, are believed
to be equivalent to the Comanche Peak.

Poorly cemented sandstone and conglomerate are
associated with the limestone blocks and are exposed in
three other pits nearby. Some of these rocks possibly
are of Cretaceous age also, but they are barren of fossils
and are similar to the Ogallala formation of Pliocene
age, which underlies much of the surrounding area.

Stratigraphic relations are obscure; at some places
the limestone blocks rest directly on the Chinle forma-
tion of Late Triassic age, but many of the blocks are
covered, and apparently are underlain, by sand and
aravel.

Figure 338.3 shows most of the evidence bearing on
the origin of the residual blocks, and indicates that the
blocks probably were preserved from pre-Ogallala
erosion in a collapse or subsidence depression in the
red-beds surface. However, the blocks could have
slumped into a narrow pre-Ogallala valley cut through
the Cretaceous rocks and into the Triassic rocks. The
alluvium-filled fissure near the right side of figure 338.3
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Ficure 338.1.—Distribution of Cretaceous rocks in Lea County, N. Mex., based on 8,000 logs of water-wells and seismic
shotholes provided by the State Engineer Office, and by oil and geophysical exploration companies.
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suggests that slumping or collapse also occurred after
Ogallala deposition which strengthens the collapse-
depression hypothesis. ’

SUBSURFACE OCCURRENCE

The principal criteria for determining the distribu-
tion of Cretaceous rocks in the subsurface (fig. 338.1)
consist of references in drillers’ logs to 5 feet or more of
“yellow,” “blue,” or “gray” clay or shale, which are not
descriptive of other units in the area. In some places
descriptions of geologists’ samples and the occurrence of
fossils in drill cuttings have strengthened the interpre-
tations. Some of the drillers’ logs list limestone or
sandstone with the clay or shale. Many logs indicate
gravel or coarse sand between the recognizable Creta-
ceous rocks and the Triassic rocks. Except for the sand
and gravel, the drillers’ logs are consistent with the
description of rocks at North Lake; therefore, the sub-
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surface rocks are assigned tentatively to the Tucum-
cari shale. Although the sand and gravel may repre-
sent Trinity or lower Fredericksburg rocks, they are
assigned tentatively to the Tucumecari shale.

The main body of the Tucumcari shale lies uncon-
formably on the eastward dipping red shales of the
Chinle formation of Late Triassic age. It is nearly
horizontal, and is overlain unconformably by the
Ogallala formation and by sand, soil, and alluvium of
Quaternary age. The erosional unconformity at the
base of the Ogallala dips eastward at about 10 feet per
mile, which is a little less than the slope of the land
surface.

There are two large depressions in the surface of the
main body of the Tucumcari shale north of Tatum, the
southernmost of which is beneath the land surface de-
pression that contains Ranger Lake. The closed
depressions in the top of the Tucumcari suggest sub-
sidence after deposition.

The main body of the Tucumcari shale ranges in
thickness from 0 to nearly 200 feet but generally ranges
between 50 and 100 feet. It is thickest in the north-
eastern part of the county and thins gradually to the
west, pinching out along an irregular line from T. 9 S.,
R.33 E.toT.14 S, R. 38 E. Incumplete data suggest
that the Tucumcari shale thickens beneath the depres-
sions. The four small areas of subsurface occurrence
of Tucumecari shale west and south of the main body
(fig. 838.1) are relatively thin, ranging in thickness
from 0 to 50 feet and averaging about 20 feet.

South of the areas in which the Tucumecari shale can
be mapped as a continuous deposit are several areas of

Slope wash \

g L
Limestone Limestone and Sandstone and Caliche Pebbly silt Red shale
dst rubble I ate

Ficure 338.3.—Sketch of the rocks exposed in the north wall
of a gravel pit in the SW14 sec. 29, T. 21 §., R. 38 K., east of
Eunice, N. Mex. The red shale is the upper Triassic Chinle
formation; the limestone is the Cretaceous Comanche Peak
limestone; the sandstone, conglomerate, and caliche are
probably the Pliocene Ogallala formation ; and the pebbly silt
and soil are of Pleistocene or Recent age. From photograph
by Alfred Clebsch, Jr.
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discontinuous or sporadic occurrence of Cretaceous
rocks. The thicknesses reported range from about 5
feet to a little more than 100 feet. The average thick-
ness in the large areas near Lovington and Hobbs is
between 20 and 60 feet. Most of these areas contain
shotholes for which the drillers did not note the diag-
nostic colors and rock types. However, this may reflect
only the wide range in accuracy and quality of the
drillers’ logs. Cretaceous rocks may actually be some-
what more widespread in the subsurface than shown
on figure 338.1, judging by the logs of isolated wells
and shotholes, but the data are too scarce to outline
additional areas.

In the southernmost subsurface outlier as shown on
figure 338.1 and in a few wells 2 to 5 miles north of
Hobbs, drillers have reported 5 to 20 feet of hard lime-
stone or “hard gray rock”, which might be the equiva-
lent of the limestone exposed east of Eunice.

339.

By Joun H. ABranHAaMmS, JR.,

DISTRIBUTION OF MOISTURE IN SOIL AND NEAR-SURFACE TUFF ON THE PAJARITO PLATEAU,
ALAMOS COUNTY,
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LOS
NEW MEXICO

James E. WeIr, Jr.,, and WiLiam D. Purrymun, Albuquerque, N. Mex.

Work done in cooperation with the U.S. Atomic Energy Commission

The Pajarito Plateau adjoins the steep eastern flanks
of the Sierra de los Valles in north-central New Mexico.
It has been dissected by eastward-flowing streams into
several fingerlike mesas. The plateau is underlain by
pumice deposits, ash falls, hnd ash flows that were
ejected from a large volcanic vent to the west. Ash
flows that cap the plateau are welded rhyolite tuff. Soil
on the middle part of the mesas is well developed on
the flat uplands and is thought to be derived largely
from tuff weathered in place. Three zones are rec-
ognizable: An A zone from which most of the clay has
been leached, a B zone containing montmorillonite, and
a C zone (transitional from soil to tuff) with a high
clay content. The zone of saturation is more than 1,000
feet beneath the surface of the plateau in the areas
studied (fig. 339.1).

Measurements of the rate and amount of water move-
ment and of moisture content of the soil and tuff, both
under natural conditions and in controlled infiltration
experiments, were made as an essential part of studies
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of aqueous movements of radioactive substances origin-
ating from liquid wastes or from leachable radioactive
solids. These measurements were made as a part of the
program with the Los Alamos Scientific Laboratory.
A neutron-scattering moisture probe was inserted
into test holes cased with 2-inch plastic pipe to deter-
mine the moisture content of the rock and soil. The
measurements were checked against laboratory deter-
minations of moisture drill in cores. The moisture con-
tents determined with the probe appeared to be about
1 to 2 percent higher than those made in the laboratory.

NATURAL DISTRIBUTION OF MOISTURE

Twenty-three test holes were drilled on Frijoles Mesa
and moisture measurements were made in the spring,
summer, and fall of 1960 to study natural infiltration
in the soil and tuff. In general, the moisture content
was found to increase from the surface to a depth of
2 to 3 feet, then decrease to a depth of 4 to 12 feet,
and remain relatively constant at greater depths.
There were some variations, however, that were ap-
parently related to drainage and soil thickness. Data
from the 23 test holes are summarized in the adjacent
table.
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Depth at which Depth at which
Thickness of soil moisture content moisture content
(feet) was less than 10 was less than 5
percent (feet) percent (feet)
Range |Average Range |Average Range | Average
Fifteen test holes
in well-drained
areas..._._._._. 0.5-4.0 3.5 2.5-9.0 4.7 | 7.0-14.0 8.8
Eight test holes
near arroyos,
ditches, and in
poorly drained
areds.- . oooo- 2.2-9.0 5.3 | 4.0-19.0+ 9.5 [ N P,

1 Moisture content does not decrease to 5 percent; the holes range in depth from 19
to 49 feet.

The moisture content in the upper 5 or 6 feet was
highest in March and April, as a result of late winter
snow; it decreased to a minimum in QOctober, owing to
the high evapotranspiration rate during the summer
and early fall.

Test-hole 5M-2 (fig. 339.2) is representative of the
test holes in well-drained areas. Moisture measure-
ments show that below a depth of 6 feet the moisture

MOISTURE CONTENT, IN PERCENT BY VOLUME
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F1eUrRe 339.2.—Moisture measurements in selected test-holes on Frijoles Mesa, Los Alamos County, N. Mex.
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content of the tuff remained unchanged and below 10
feet it was less than 4 percent.

Test holes near arroyos, ditches, and in poorly
drained areas that received or retained water during
periods of storm runoff are represented by test-holes
6M-1 and 1M-3A (fig. 339.2). Although moisture
measurements in test-hole 6M~1 suggest a small increase
in moisture content between about 6 and 10 feet in
depth between March and October, they merely reflect
the fact that measurements in this interval were made
at slightly different depths. Thus, additional points
on the October curve probably would have resulted in

SURVEY RESEARCH 1961

a curve that more nearly duplicated the March curve.
In hole 6M-1 the moisture content below a depth of
about 4 feet remained nearly the same, and the moisture
content in the tnff ranged from 6 to 10 percent during
both periods.

Construction near test-hole 1M-3A, on the bank of
an arroyo, caused water to pond 2 to 4 inches deep
several feet from the test-hole during wet periods. The
ponded water percolated through the thin soil and sand
mn the bed of the arroyo and moved downward and
laterally into the tuff as shown by the increase of
moisture from 12 percent to 17 percent at a depth of

MOISTURE CONTENT, IN PERCENT BY VOLUME
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Fieure 339.3.—Changes in moisture content beneath the infiltration pit at site A during 99 days of continuous infiltration,

September 21 through December 29, 1959, and subsequent drainage for 8 months, Los Alamos County, N. Mex.

Esti-

mated rates of infiltration: 2nd day, 24 gallons per day per square foot; 10th day, 10 gpd per ft*; 20th day, 6

gpd per ftZ
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6 to 13 feet (fig. 339.2). DBetween 13 and 20 feet a
small increase in moisture content is suggested, but
between 20 and 49 feet the moisture content remained
about 6 to 8 percent.

INFILTRATION EXPERIMENT

At site 4 (fig. 339.1) an infiltration pit 2 feet in
diameter by 1 foot deep was constructed during Sep-
tember 1956. The soil is similar to that on Frijoles
Mesu; it is about 6 feet thick and is underlain by
welded tuff. The area is moderately well drained. A
test-hole 20 feet deep was drilled in the center of the
infiltration pit and a 2-inch plastic pipe was installed
so that it projected about 1 foot above the pit. Soil
and tuff were packed around the casing to prevent
seepage down alongside the casing. Moisture measure-
ments were made prior to application of water. Water
was introduced into the pit and a constant head main-
tained at three-quarters of a foot for 99 days.

The wetted front (fig. 339.3) moved to a depth of
about 414 feet during the first 2 days of infiltration and
to a depth of about 634 feet during the next 97 days,
but water did not move through the transition zone
into the tuff, except in the lower moisture range. The
moisture content decreased with depth from a maxi-
mum of about 38 percent in the B zone of the soil to
less than 4 percent within a foot of the surface of the
tuff.

Water appavently was perched on the C zone of the
soil and the moisture content within the B zone ap-

340. STRUCTURAL EVOLUTION OF THE VALLES CALDERA,
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proached saturation. After the first several days of
infiltration, most movement of water probably was
lateral, as indicated by measurements in a series of
holes around another infiltration pit nearby. Some
water undoubtedly was lost by evaporation and trans-
piration.

Although the quantity of water used during the study
was equivalent to almost. 50 years of precipitation on
the Pajarito Plateau, the moisture content in the A
and B zones had returned to nearly normal after 8
months of drainage; the moisture content in the C zone
and top 2 feet of tuff was slightly higher than before
the experiment,-and the moisture content of the tuff
between 8 and 20 feet was unchanged. However, con-
ditions during this study cannot be considered normal
because the clogging or silting of pores probably was
greatly accelerated when this volume of water moved
mto the soil within a period of 99 days without the
normal seasonal distribution which involves alternate
percolation and drainage.

CONCLUSIONS

Although water not removed by surface drainage
infiltrates into the soil of the Pajarito Flateau, this
study indicates that the downward movement of this
water is impeded or stopped by the dense transition
zone between the soil and the tuff. Thus, it seems that
where the normal soil cover is undisturbed, there would
be little or no recharge to the zone of saturation from
precipitation on the surface of the plateau.

NEW MEXICO, AND ITS BEARING ON THE

EMPLACEMENT OF RING DIKES
By R. L. Syars, R. A. Bamey, and C. S. Ross, Washington, D.C.

The Valles caldera is located 50 miles northwest of
Santa Fe, N. Mex., in the heart of the Jemez Mountains,
a broad uplift composed of late Tertiary and Quater-
nary volcanic rocks that rest on igneous, metamorphic,
and sedimentary rocks of Precambrian through Ter-
tiary age. The volcanic rocks arve of the alkali-calcic
suite and range in composition from basalt, through
andesite, dacite, rhyodacite, and quartz latite, to rhyo-
lite. They cover an area of over 1,000 square miles and
attain a maximum thicknes of at least 5,000 feet. Struc-
turally, the volcanic rocks are situated on the western
margin of the Rio Grande depression and are faulted

progressively downward to the east by numerous north-
trending faults.

In early Pleistocene time, after a period of quiescence
and erosion, a series of catastrophic eruptions broke.out
in the center of the volcanic pile, and nearly 50 cubic
miles of rhyolitic pyroclastic material in the form of ash
flows poured, from vents now concealed, down canyons
in the higher mountains and spread out as broad coa-
lesced fans on the surrounding gentler slopes. The re-
sulting deposits, now recognizable as sheets of welded
tuff, attain a maximum thickness of 1,000 feet and con-
stitute the larger part of the Bandelier rhyolite tuff
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(Smith, 1938). As a result of this tremendous out-
burst, the roof of the eviscerated magma chamber col-
lapsed to form the Valles caldera (see Williams, 1941,
p. 251-252).

Subsequent activity—the main concern of the present
paper—was confined within the caldera. It included in
succession (a) eruption of rhyolite flows and pyro-
clastics on the caldera floor; (b) arching of the caldera

floor into a central structural dome; and (c) extrusion. -

of a ring of volcanic domes peripheral to the structural
dome. '

STRUCTURAL FEATURES

The spatial relations of the intra-caldera units are
shown on figure 340.1. The topographic rim of the cal-
dera, slightly enlarged by erosion, is 12 to 15 miles in
diameter. The ring faults bounding the subsided cal-
dera block are largely covered by younger volcanics and
alluvium, but existing exposures indicate that they con-
stitute a complex fracture zone 2 to 3 miles wide. In-
side this ring-fracture zone is a central, initially a fairly
intact block, which now is arched into a steep-sided
structural dome that is bisected by a northeast-trending
graben and broken by numerous radial faults. The
dome is a mosaic of blocks dipping radially as much as
25°, is 8 miles in diameter, and has 3,000 feet of struc-
tural and topographic relief. That this structural dome
was produced by positive vertical uplift, not differential
collapse, can be proved by abundant evidence, most im-
portant of which are: (a) tilted lake beds and alluvium
initially deposited on the caldera floor are now exposed
on the dome at elevations higher than the caldera rim;
(b) prevolcanic sediments crop out 1,000 feet higher
in the dome than in the caldera walls; (c) Bandelier
rhyolite tuff (Smith, 1938) on the crest of the dome
crops out 1,200 to 2,000 feet higher than remnants of
tuff in the fault-beheaded valleys on the rim; and (d)
Redondo Peak, the highest point on the dome, is 1,000 to
2,000 feet higher than peaks on the rim, yet is situated
closest to the lowest segment of the rim.

Moreover, the structural pattern of the dome itself
strongly supports an origin by means of vertical up-
lift. This pattern is a variant of one that has been
mapped many times (Wisser, 1960) and has been re-
produced in clay-cake experiments by H. Cloos (1939)
and others. It is considered compatible only with
vertical forces, which cause radial and tangential ten-
sion over the surface of a dome owing to increase of
its area. The floor of the Valles caldera was without
doubt domed by such forces, either in response to
hydrostatic readjustment in the partly emptied magma
chamber (an explanation suggested by van Bemmelen
(1939, p. 138) for similar features in the Toba depres-
sion) or owing to a resurgence of new magma from
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below which resulted in the intrusion of a stock or

laccolith.
POST-SUBSIDENCE VULCANISM

The eruptive events associated with the formation
of the Valles structural dome are depicted in figure
340.2. Following catastrophic eruption of the Bande-
lier rhyolite tuff (fig. 340.2A) and formation of the
caldera by collapse, a group of early rhyolite lavas
erupted along a northeast-trending zone on the caldera
floor (fig. 340.2B). Shortly thereafter the center of
the caldera floor began to rise, and simultaneously a
group of middle rhyolite lavas erupted from the ring-
fracture zone northwest of the dome and also from
within the graben forming along the crest of the dome
(fig. 340.2C). The middle rhyolite northwest of the
dome was interbedded with sediments (caldera fill) and
tilted (fig. 8340.1), whereas that in the graben was con-
fined by faults and deformed as the graben deepened.
Finally (fig. 340.2D), great volumes of viscous rhyolite
erupted from the ring-fracture zone forming an almost
complete ring of late rhyolite domes, many of which
exceed 2 miles in diameter and rise 1,000 feet above the
caldera floor.

The foregoing post-subsidence history, with minor
modifications, appears to be common to a number of
calderas, particularly those associated with large
volumes of silicic welded tuffs. Van Bemmelen (1929,
1939) has described a similar sequence of structural
doming and vulcanism in the Toba depression in north-
ern Sumatra. The Rigis block, in the Gedongsoerian
depression in southern Sumatra, also described by van
Bemmelen (1932, 1935), has had a comparable history.
In the San Juan Mountains, Colo., Steven and Ratté
(1959) have recognized a structural dome within the
Creede caldera, and Burbank and Luedke (Burbank,
1933 ; Burbank and Luedke, oral communication, 1960)
have found evidence for a similar structure in the
Silverton caldera. Cornwall and Kleinhampl (1960)
postulate structural doming within a Tertiary caldera
near Beatty, Nev. Of considerable importance also is
the fact that B. C. King (1955) recognizes doming of
the caldera floor in the Arran complex of Scotland.

IGNEOUS RING COMPLEXES

Granting that at least some igneous ring complexes
are the subvolcanic equivalents of calderas as initially
suggested by Clough, Maufe, and Bailey (1909), and
that they are but members of a denudation series
(Reynolds, 1956, Buddington, 1959), the central struc-
tural dome of the Valles caldera and its peripheral ring
of volcanic domes may reasonably be considered the
surficial equivalents of a central intrusion and an as-
sociated ring dike. Moreover, the close association in
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time and space of structural doming and peripheral
extrusion suggests that some ring dikes may be em-
placed during uplift rather than during subsidence of
the caldera floor, space for the ring dike being provided
for by tensional reopening of the caldera ring fracture
accompanying doming rather than by ring fracture or
major stoping of the caldera block. In figure 340.3
the two contrasting mechanisms are compared sche-
matically. The upper diagram, depicting the mechan-
ism effective at the Glen Coe and Mull complexes in
Scotland, shows cauldron subsidence and contempo-
raneous ring intrusion along shear fractures inclined
away from the center of the complex (Anderson, 1936).
The lower diagram of the Valles caldera shows ring
intrusion, as inferred from vulcanism, occurring during
postsubsidence doming of the caldera floor, space being
provided by tensional reopening of the ring fracture.
The inclination of the ring fracture in the Valles
caldera is not known, but it is inferred to be vertical
or to dip steeply inward.

GLEN COE TYPE

VALLES TYPE

Froure 840.8.—Schematic sections contrasting the Glen Coe and
Valles type calderas.

R
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It cannot be refuted that ring-fracture stoping and
major stoping are demonstrable mechanisms in many
ring complexes, but it is suggested that some ring com-
plexes, especially those with central intrusions, may
have originated by the mechanism evident in the Valles
caldera. A preliminary reexamination of the literature
on ring complexes indicates that a number of complexes
may be so interpreted.
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341. HYPOTHETICAL CIRCULATION OF GROUND WATER AROUND SALT SPRINGS IN WESTERN OKLAHOMA,
TEXAS, AND KANSAS

By Porrer E. Warp and A. R. Leonarp, Norman, Okla.

Work done in cooperation with the U.S. Public Health Service

Salt springs, seeps, salt plains, and marshes occur at
several places in western Oklahoma and adjacent parts
of Texas and Kansas. The ground water emerging
from these springs and seeps is highly mineralized.
The chloride concentration of water from individual
springs ranges from about 20,000 to 190,000 ppm (parts
per million). Spring flow is small but the total salt
load contributed to the Arkansas and Red Rivers is
estimated to be 15,000 tons per day. Shallow halite de-
posits are concluded to be the source of the salt dissolved
in these springs.

Frye and Schoff (1942) have suggested that ground
water circulating to depths of 1,000 feet or more may
move down fault planes in local collapse basins and
then flow many miles laterally at depth to emerge
ultimately as salt springs. Frye and Schoff did not
describe in detail the ground-water circulation at the
springs. Recent studies of other springs have indicated
that some springs result from circulation of ground
water in shallow relatively local hydraulic systems
(fig. 341.1).

The salt springs occur in the outcrop area of red
beds of Permian age, which consist principally of red
and gray gypsiferous shale, siltstone, sandstone, massive
gypsum, and thin dolomite. In the subsurface many
of the beds contain halite as isolated crystals, discontin-
uous shaly lenses, and thick beds. Many of the springs

Precipitation

(intermittent)

Flowerpot shale
(low permeability)

Salt spring
_ (perennial)
R uvium

2 MILES
J

FicUre 341.1.—Hypothetical circulation of ground water through
halite-bearing Permian rocks near a salt spring. Arrows
show the direction of water movement.

in Oklahoma emerge from shale or dolomite beds in
the upper part of the Flowerpot shale (or its strati-
graphic equivalent), less than 50 feet below the base
of the Blaine gypsum. 'Box canyons, prominent bluffs,
and canyons are characteristic topographic features
in most of the spring areas. The Permian red beds are
relatively impermeable, but solution channels are well
developed and common in the gypsum and dolomite
beds. The shale and siltstone beds are fractured,
jointed, and contain numerous small veins of selenite
that have been deposited in the joints and along bedding
planes by circulating ground water.

Salt hoppers or molds of salt crystals are common
in the shale in the upper part of the Flowerpot shale,
and halite has been found at depths of less than 100
feet in core holes drilled near some of the springs and
plains. A core hole drilled about 1 mile from one of
the salt springs in southwestern Oklahoma indicated
that ground water had circulated through nearby halite-
rich deposits. At a depth of 200 feet the hole pene-
trated shale containing cubic voids which were formerly
occupied by halite crystals. A few inches deeper the
voids were partly filled with halite, and at still greater
depth the halite cubes were unaffected by the so'vent
action of ground water.

Although halite occurrences arve widespread, the
springs occur at relatively few places, suggesting that
certain conditions are necessary for a salt spring: (a)
halite deposits or halite-bearing rocks at shallow depth;
(b) ground water that circulates to the halite-bearing
zones; and (¢) a local topographically low area where
the water can emerge as a mineral spring. Joints and
fractures in the shale apparently do not extend to
depths of more than a few hundred feet, and most of the
halite at such depths in western Oklahoma, Texas, and
Kansas seems to be beyond the reach of circulating
ground water. In areas of flat topography, small
amounts of water may reach and dissolve the salt,
but are not able to circulate to alower point of
emergence because of the topography. This salt water
probably moves laterally into other formations in the
subsurface. Conditions such as this occur southwest
of Wichita, Kans., where brine for a chemical plant
is pumped from wells about 600 feet deep although no
salt springs are known in the area. The brine occurs
in the Wellington formation of Permian age in a zone
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that contains halite deposits a few miles to the west
(fig. 341.2).

Further evidence for the shallow circulation of
ground water around the salt springs is the occurrence

FEOEI Surface depréssions _
Lang Surface
T4 —
— L
Fresh water Stumping caused by salt removal S
— -
~— /—'gt water
Shale of low permeability
500 — _—\/ -
¥—/ and

Modified after Lee, 1949
10 MILES

re
w

Ficure 341.2.—Generalized cross section in south-central Kan-
sas showing the removal of salt from the Wellington formation
(Permian) through solution by ground water. Arrows in-
dicate direction of ground-water movement.
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of sinkholes and surface collapse features along the east-
ern limit of the salt deposits and in the vicinity of
many salt springs. For example, the Great Salt Plain
in Alfalfa County in northwestern Oklahoma is a low
subcircular shallow basin that was formed, at least in
part, by collapse resulting from the removal of under-
lying salt deposits. Salt water seeps from the under-
lying broken bedrock into the alluvium covering the
basin and thence into the Salt Fork of the Arkansas
River. Salt is brought to the surface in this manner at
a rate of more than 3,000 tons per day.

Water collected from several spring areas in 1959 has
been shown by tritium analyses to contain a large pro-
portion of post-1954 water. Considering the low per-
meability, the rate that water moves through the rocks
must be slow; consequently, the water could not have
migrated more than a few miles in so short a time.
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342. BRECCIA AT SIERRA MADERA, TEXAS
By R. E. Eccreron and E. M. SHoEMAKER, Menlo Park, Calif.

Work done in cooperation with the National Aeronautics and Space Administration

Sierra Madera, Tex., is an isolated group of hills on
the southern edge of the Edwards Plateau underlain
by highly deformed Permian dolomite and limestone;
the structure contrasts sharply with that of less-de-
formed Permian rocks in the surrounding region. King
(1930), who first mapped the area in detail, interpreted
the structure as a complex dome with overturned beds
on the flanks, broken by radial faults, and partly en-
compassed by smaller concentric folds; he compared
it with the similar but much larger Vredefort dome of
South Africa. On the basis of King’s interpretation,
Boon and Albritton (1937, p. 60-62) suggested the
structure was formed by meteorite impact. Data ob-
tained from drill holes and outcrop since 1937 show that
the structure of Sierra Madera is even more unusual
than King supposed and tend to support the suggestion
of impact origin.

In the fall of 1959 Sierra Madera was visited by
Shoemaker, in company with R. S. Dietz, R. J. Hack-

man, and A. C. Mason, who found that the Permian
beds contained abundant conical slip surfaces termed
shatter cones (Dietz, 1960). On this visit the central
part of the structure was found by Shoemaker to be
underlain by an immense mass of breccia, and the.
northwestern boundary of the breccia was located. The
approximate extent of the breccia was determined by
Shoemaker, Eggleton, and Roach on a second visit in
January 1961 (fig. 342.1). Knowledge of the shapeand
character of this breccia mass, the existence of which
has not been fully recognized heretofore, is critical to
the interpretation of the origin of the structure.

The breccia zone consists of blocks of carbonate rocks
up to several hundred feet across enclosed in a matrix of
angular fragments that grade progressively downward
in size to microbreccia. In the outcrops, about half of
the breccia is composed of fragments small enough to
permit recognition of the clastic nature of the material
in hand specimens. Microbreccia, recognizable in thin
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F1eure 342.1.—Geologic sketch map of Sierra Madera, Tex.

section, constitutes a smaller proportion of the body
and forms the matrix between the larger fragments.
Some of the microbreccia consists of mixed fragme’nts
derived from beds of diverse lithology and some is com-
posed entirely of fragments of uniform lithology. All
gradations may be found between mixed microbreccia
and rock which has merely been shattered.

Three deep holes have been drilled at Sierra Madera,
two of which began in the breccia. Drill cuttings of the
upper 3,100 feet of Phillips No. 1 Elsinore well, which
is located near the center of the breccia, were kindly
given to us by Mr. Addison Young and logged by
Eggleton. We are also indebted to Mr. Young for cor-
relation of units between the three wells.

GEOLOGICAL SURVEY RESEARCH 1961

Three main lithologic phases are present in the cut-
tings of the Phillips No. 1 Elsinore hole: (a) micro-
breccia with light-colored matrix, (b) microbreccia
with dark material in the matrix, and (¢) unfractured
dolomite and limestone. Dolomite is predominant over
limestone. In most samples the cuttings are mainly
chips about 1 to 5 mm long but some are as long as 1 cm
and rarely 2 cm. The microbreccia is a prominent
constituent of the cuttings from the surface to a depth
of about 1,600 feet and again between depths of about
2,600 feet and 2,800 feet. Microbreccia with dark
material in the matrix is the predominant constituent of
the cuttings between 800 feet and 1,170 feet and is rare
in other samples.

A typical specimen of microbreccia with light-colored
matrix consists of angular fragments of moderate yel-
lowish-brown to light brownish-gray, yellowish-gray,
and pinkish-gray to white carbonate rocks in a very
pale orange carbonate matrix (fig. 342.24). It contains
30 percent fragments ranging from 0.2 mm to 5 mm in
length and about 70 percent matrix composed of grains
finer than 0.2 mm. The fragments have sharp corners
and rough, commonly concave, faces.

0o 5 MILLIMETERS
RS R T S W |

B

F16URE 342.2.—Chips of breccia from cuttings from Phillips
Petroleum Company’s drill hole No. 1 Elsinore. A, Breccia
with light-colored matrix; B, Breccia with dark material in
the matrix. Rock fragments, stippled; light-colored matrix,
‘white ; dark materialin matrix, black ; and pyrite, densely ruled.
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Typical microbreccia with dark material in the ma-
trix has angular fragments of very light gray and light
yellowish-brown carbonate rock in light brownish-gray
matrix. The dark material, which is black megascop-
ically but brown and slightly translucent as seen with
the microscope, occurs both as partial films on the an-
gular fragments of carbonate rock and as very small
particles generally less than 1 mm long. Some of the
films of dark material can be recognized to be stylolites
but others cannot be so identified (fig. 342.25).

The composition of the dark material in the matrix
of the microbreccia has not been determined but most
of it is evidently carbonaceous. Pyrite constitutes
about 0.001 percent of the material in the cuttings. No
meteoritic constituent has yet been identified.

Structures observed in the cuttings include slicken-
sides and segments of shatter cones. The slickensides
appear to be most common in the samples having abun-
dant microbreccia. Shatter cones are conical surfaces
in the carbonate rocks marked with fine straight ridges
and grooves radiating from the apices of the cones or
from subsidiary flanking conelets. The shatter cones
seen at Sierra. Madera are typically about 2 em to 20 cm
in basal diameter and only small parts of their surfaces
can be found in cuttings. Their distribution in the drill
hole appears to be relatively uniform throughout the
interval studied. '

Young (1952), who at first identified the cuttings
from the upper part of the Phillips No. 1 Elsinore well
as part of the Leonard series of Permian age, now (writ-
ten communication, 1960) places the base of the Leonard
at 4,100 feet. The 4,000+ foot thickness assigned to
the Leonard contrasts sharply with a normal thickness
for the Leonard of about 2,000 feet in the Glass Moun-
tains to the southwest and with 2,660 feet in the Hunt
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No. 48 Elsinore well (Young, written communication,
1960) on the flank of the Sierra Madera structure. The
additional 1,440 feet assigned to the Leonard in the
Phillips No. 1 Elsinore well can be attributed entirely
to the breccia, which extends to a depth of at least 1,600
feet and possible 2,800 feet. Structural relief on the
top of an anhydrite bed, which occurs at 2,910 feet in
the Phillips No. 1 Elsinore well, is only about 500 feet
between the three wells drilled at Sierra Madera. Dips
of the beds a short distance beneath the breccia are,
therefore, probably fairly gentle.

On the basis of the surface and subsurface informa-
tion the breccia at Sierra Madera is here tentatively in-
terpreted as a great lens, 114 miles across and possibly as
much as 2,800 feet thick, nested in a collar of steeply up-
turned and overturned beds. The structure appears to
be similar to that at Meteor Crater, Ariz., and at the
Teapot Ess nuclear explosion crater at the Nevada Test
Site of the U.S. Atomic Energy Commission (Shoe-
maker, 1960, p. 422-424). By analogy, the breccia at
Sierra Madera may once have underlain a crater about
2 miles in diameter.
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343. JOHN DAY FORMATION NEAR ASHWOOD, NORTH-CENTRAL OREGON
By Davrras L. Pecx, Menlo Park, Calif.

The thickness and lithology of the upper Oligocene
and lower Miocene John Day formation change mark-
edly between Ashwood, Oreg., and the type area along
the John Day River between Clarno and Picture Gorge,
20 to 60 miles to the east (fig. 343.1). At the type
area the formation consists of 1,000 to 2,500 feet of
vichly fossiliferous varicolored andesitic to rhyolitic
tuff and tuffaceous claystone that were mostly deposited

604493 0—01——11

as ash falls (Merriam, 1901, p. 291--303 ; Calkins, 1902,
p- 143-159; R. G. Coleman ;* Fisher and Wilcox, 1960,
and Hay, R. L., 1961). West of the John Day River
the formation contains increasingly abundant rhyolitic
volcanic rocks (Waters, 1954). Between Ashwood
and Willowdale it consists of about 4,000 feet of tuff,

1 R. G. Coleman, 1949, The John Day formation in the Picture Gorge
quadrangle, Oregon: Oregon State College Masters Thesis.
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Fieure 343.1.—Index map of part of north-central Oregon. X,
location of chemically analyzed samples listed in table 343.1.

lapilli tuff, strongly to weakly welded ash flows, and
subordinate flows of trachyandesite and rhyolite (fig.
343.2). The rhyolitic flows are related to a large
rhyolitic dome in the lower part of the formation, ex-
posed along Trout Creek northwest of Ashwood.

The moderately to strongly welded ash flows range
in thickness from 50 to 400 feet.. Some of the thicker
units, however, may be composed of several separate
ash flows that comprise a single cooling unit (as defined
by Smith, 1960, p. 812). Each ash flow consists of hard
welded lithoidal rock, light gray to reddish, overlying
a thin layer of nonwelded tuff and gray vitric welded
tuff in which welded vitroclastic texture is discernible
with a hand lens. From a trace to 20 percent (by
volume) of each ash flow is composed of intratelluric
crystals and crystal fragments, mostly of anorthoclase,
oligoclase, and quartz. Sparse to abundant litho-
physae, mostly concentrated in layers, occur in the
upper, lithoidal part of each ash flow. In the basal
portion of one thin nonwelded to weakly welded ash
flow are abundant chalcedony-filled spherulites (“thun-
der-eggs™), described by Ross (1941). Chemical analy-
ses of samples from three widespread ash flows are
listed in table 343.1. The analyses show that the ash
flows are rhyolitic, whereas analyzed silicic volcanic
rocks in contemporaneous strata in the Oregon Cascade
Range are dacitic and rhyodacitic (Peck, 1960a, 1960b).

" The contrast in lithology of the John Day formation
between Ashwood and the area along the John Day
River is the result of at least two independent factors.
The rhyolitic dome, lava flows, ash flows, and some of
the tuff and lapilli tuff near Ashwood were derived
from nearby vents. Eastward, away from the vents,
the lava flows and ash flows become thinner and less
abundant, and they are almost completely missing along
the John Day River. The deposits of rhyolitic tuff
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TaBLE 343.1.—Chemical analyses, specific gravity, and norms of
ash flows in the John Day formation mear Ashwood, north-
central Oregon

(Rapid rock analyses by P. L. D. Elmore, I. H. Barlow, and S. D. Botts; location
of samples shown on map and stratigraphic position shown on columnar section]

1 2 3
Chemical analysis (percent)
SiOg o . 71. 8 73.8 72. 2
ALOs ol __ 13.0 11. 4 11. 4
FeoOs. o o ._. 1.3 1.7 1.4
FeO_ . _. .26 . 85 . 66
MgO.l . .12 .10 .33
CaO. .- . . 87 .78 . 61
NagOo. 2.3 2.2 2.9
KO . 5.0 4.8 3.4
H,O_ . 5.4 4.2 6.0
TiOs oo _: . 16 .18 . . 16
POs. . S .01 .02 .01
MnO._ _ .. .03 .05 . 08
COqg e .05 .05 .07
Total . ___ 100 100 99
Specific gravity (powder)
2.26 2. 34 2.29
Norms (weight percent)
Quartz_ . ______ .| 37 41 41
Orthoclase_ .. . ___._____._____ 30 28 20
Albite____ .. _________________ 19 18 25
Anorthite_______ . ___ .. _________ 4.2 3.9 3.1
Corundum._______._______________ 2.2 1.2 1.8
Hypersthene enstatite..__________ .3 .2 . 8
Magnetite_ . ____ . ___________.___ .5 2.1 1.9
Hematite_____________.__________ 1.0 .3 .2
Nlmenite._______________________ 3 .5 .3
Normative feldspar (molecular percent)
Orthoelase. .- ... _____.____ 54 55 41
Albite_____ _ . o..__ 38 3; 53
Anorthite_________________.__.___ 8 6

1. Welded tuff (DLP-58-42); collected from vitric base of ash flow in sec. 12, T. 10
S.. R. 16 E., at 3,350 feet altitude on bank of county road 1.9 miles S. 62° W. of
Ashwood. Yellowish-gray vitric rock containing 2 percent crystals and crystal
fragments (avg. 1 mm in diameter) of sodic oligoclase in shards and ash of glass
(N=1.50), a small part of which is devitrified to 8-cristobalite and feldspar.

2. Welded tuff (DLP-58-50); collected from vitric base of ash flow in sec. 18, T.
8 S., R. 17 E., on bank of county road 2.6 miles S. 25° W. of Antelope. Medium
gray vitric rock containing about %4 of 1 percent crystals and crystal fragments
of calcic oligoclase and a trace of altered pyroxene and amphibole in welded
shards and ash of glass (N'=1.50) that is partially devitrified to B-cristobalite
and feldspar.

3. Welded tuff (DLP-58-3%9a); collected from vitric base of welded ash flow in sec.
20, T. 9 8., R. 15 E., in roadcut on eastern side of former U.S. Highway 97, half
a mile south of Pacific States Cut Stone quarry. Medium light gray rock
containing a trace of crystals and crystal fragments of sodic plagioclase and
quartz in welded shards and ash of pale brown glass (N=1.50) that is partially
devitrified to B-cristobalite and feldspar.

o
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THICKNESS,
5 IN FEET LITHOLOGY
H ——— — s
€ o
g [ Basaltic flows; columnar-jointed flows of very fine-grained dark-gray basalt; a few small lenses of tuff
€3 ch between some flows.
-
=
an
450-600 /‘)/ Massive tuff and less abundant pumice lapilli tuff; mostly yellowish-gray poorly sorted air-fall tuff.
/\\/, Vertebrate fossils of Miocene age found at several localities (Hodge, 1932, p. 697). Contains several per-
. cent crystals, mostly andesine, and fragments of hyalopilitic andesite.
=
R udl __/ Massive lapilli tuff (ash flow) overlain by 25 feet of thinly bedded waterlaid tuff; light-gray lapilli tuff
150 B = * contains angular lapilli of dark-gray obsidian and flattened pumice lapilli in a “salt and pepper” matrix;
i o nonwelded except for weakly welded 25-foot layer at base. Contains less than 1 percent crystals, mostly
472 T~ oligoclase, and 1 to 2 percent fragments of andesite and schist.
300 /LL > Massive tuff and pumice lapilli tuff; greenish-yellow and yellow-gray ash-flow and air-fall tuff.
~
—_———— S22 —/ Moderately welded rhyolitic ash flow; varicolored in shades of red, orange, and gray; porous-textured
50-100 2o =)y g stony rock containing sparse lithophysae; shards visible in most hand specimens; thin vitric layer at base.
= Contains a trace of crystals, mostly oligociase and quartz.
100-400 A/’z’al Tuff and lapilli tuff; poorly exposed.
=~ _/ Strongly welded crystal-rich rhyolitic ash flow; purplish-red to very pale orange stony rock containing
R PR =Y=0 ] moderately abundant lithophysae and 10 to 20 percent crystals as large as 2 mm. Crystals consist of
A?"‘ - anorthoclase (about OrgoAbAn;,) and much less abundant oligoclase, quartz, and myrmekitic intergrowths
— | of quartz and anorthoclase; crystals lie in a finely devitrified matrix derived from welded glass shards
- and ash.
— Tuff and lapilli’ tuff; varicolored massive air-fall and ash-flow tuff and well-bedded waterlaid tuff.
s 300-900 == al : e air
2 =] Contains sparse fragments of bones and silicified wood.
‘E" "G_'_ Weakly welded rhyolitic ash flow; light-gray rock speckled with abundant angular fragments of black
5 == glass. Lower 4 to 6 inches of ash flow is moderately welded; in many areas it is altered to clays and
- opal, and contains abundant chalcedony-filled spherulites (“thunder-eggs”). Contains about 1 percent
3 — crysta]s 'of calcic oligoclase and a trace of quartz and altered pyroxene; glass fragments consist of per-
Q e ———_ litic vitric welded tuff. )
E Strongly welded rhyolitic ash flow; light-gray to pale-red stony rock; composed of dense platy layers
2 100-400 = that alternate with lithophysae-rich massive layers; thin vitric layer at base. Devitrified to fine-grained
stony aggregate composed of quartz, tridymite, alkalic feldspar, and iron oxide minerals, in which shard
g 5 (1 B 2 ———__ structure is rarely visible; contains only traces of intratelluric crystals, mostly of oligoclase.
- T~ Massive tuff and lapilli tuff; light-gray to yellow air-fall tuff.
0-400 Local rhyolitic flows; light-gray to grayish-red massive and flow-banded rocks; typically contain about
2 percent crystals as much as 2 mm long, which weather to give the rock a spotted appearance. Thin
—_— vitric ash flow occurs locally at base. Crystals consist mostly of sodic plagioclase; groundmass is
devitrified.
200-1500 Trachyandesitic flows and minor tuff;flows composed of very dark gray aphanitic rock that breaks into
fist-size pieces upon weathering. Rock consists of felted laths of andesine and grains of clinopyroxene
(ferriferous pigeonite) and magnetite in a glassy matrix.
_/ Strongly welded rhyolitic ash flow; light-gray stony rock containing moderately abundant lithophysae
—_— and 1 to 2 percent crystals; thin vitric layer at base. Crystals consist mostly of sodic oligoclase, which
200 lie in a devitrified matrix. .
-—/ Tuff; poorly exposed. Fossil leaves of late Oligocene age found at one locality (J. E. Wolfe, 1959,
—_—— 1 written communication).
- 20 - . Strongly welded ~rhyqlit.ic ash flow; light-gray stony rock containing sparse lithophysae and about 5 per-
100 - cent crystals; thin vitric layer at base. Crystals consist of equally abundant quartz and feldspar, and
c rare biotite and hornblende; feldspar is mostly anorthoclase (about Or,,AbAng,) but includes calcic
22 %7 \ oligoclase. ‘“ .
& E e Andesitic flows, breccia, and tuff; thin reddish saprolite at top of formation.
o§ 7

Froure 343.2.—Generalized columnar section of the John Day formation between Ashwood and Willowdale, north-central
Oregon. x and number shows stratigraphic positions of chemically analyzed samples listed in table 343.1.
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and lapilli tuff probably also thin eastward away from
the vents. Some of the tuff, lapilli tuff, and tuffaceous
claystone both near Ashwood and along the John Day
River may have been derived from contemporaneous
vents in an ancestral Cascade Range, 60 to 120 miles to
the west (R. G. Coleman;? R. L. Hay, written com-
munication, 1961). Grain size of the tuffaceous rocks
decreases eastward from Ashwood to Picture Gorge,
and the rocks are similar in composition to contem-
poraneous andesitic, dacitic, and rhyodacitic pyro-
clastic rocks, flows, and intrusives in the Western Cas-
cades (Peck, 1960a, 1960b). A decrease in thickness
of these tuffaceous rocks eastward away from the vents
probably accompanies the eastward decrease in grain
size.
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344. DIFFERENTIATED GABBROIC SILLS AND ASSOCIATED ALKALIC ROCKS IN THE . CENTRAL PART OF
THE OREGON COAST RANGE, OREGON

By P. D. Swavery, Jr., and H. C. WaeNER, Menlo Park, Calif.

Gabbroic and alkalic hypabyssal intrusive bodies®
that are closely related in space and time of develop-
ment crop out throughout the central part of the
Oregon Coast Range (fig. 344.1). The distribution of
these bodies has been known for some time and the
petrology of some of these intrusives has been briefly
described by Rogers and others (1941), Baldwin
(1947, 1956a, b), Snavely and Vokes (1949), and
Snavely and others (1950) ; Roberts (1953) described
in detail the petrology of the Marys Peak sill.

Studies in progress on the gabbroic and alkalic rocks
in the Oregon Coast Range are concerned primarily
with their magmatic evolution. The origin of the al-
kalic rocks is of particular interest. Considerable
field and chemical data, summarized here, are available
and bear on the parentage of these rocks.

FIELD RELATIONS

The gabbroic and alkalic rocks occur generally as
intrusive sheets that have angles of inclination ranging

1The term gabbroie, as used here, includes intrusive rocks that range
in composition from gabbro to diorite, and generally have granophyric,
ophitic, and subophitic textures. They are commonly referred to as
dolerites by writers outside North America. The alkalle rocks dis-
cussed include nepheline syenite and camptonite. .

from nearly flat-lying to vertical; the thicker bodies are
essentially horizontal. As the angular discordance be-
tween the thicker intrusive sheets and the enclosing
strata is generally less than 20 degrees, the sheets are
termed sills. The gabbroic sills commonly are thickest
along the crest of the Coast Range uplift and thin to-
ward the flanks. At most places the alkalic rocks crop
out west of the gabbroic intrusives and, although in
close proximity, the two types have not been found in
contact. Intrusives of both rock types usually occur
in beds of Eocene age and are not known to intrude
strata younger than middle Oligocene. Gabbroic sills
probably covered an area of more than 2,500 square
miles; their thickness averages 400 to 500 feet, but. lo-
cally is more than 1,000 feet. Erosional remnants of
sills cap most of the prominent flat-topped mountains
and concordant upland surfaces such as Mount Hebo,
Mount Gauldy, Saddleback Mountain, Fanno Peak,
Euchre Mountain, Marys Peak, Prairie Peak, and
Roman Nose Mountain. The alkalic rocks probably
comprise less than 5 percent of the intrusive suite in
the Oregon Coast Range. Nepheline syenite porphyry
forms the stock at Blodgett Peak in the Waldport
quadrangle and the 200- to 300-foot sills that cap Table
and Cannibal Mountains in the Tidewater quadrangle;

e
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the original extent of this sill was probably more than
200 square miles. Camptonite forms the stock at
Cougar Mountain in the Euchre Mountain quadrangle
and is present in sills and dikes in the same general
area.

The contacts between intrusives and country rock
are usually sharp; no evidence for stoping or assimila-
tion has been found. Most commonly the sedimentary
rocks are weakly metamorphosed only at (or for a few
feet beyond) the contact, but above some of the thicker

sills the country rock has been transformed into

hornfels.
GABBROIC SILLS

The thick gabbroic sills comprise a gradational se-
quence of rock types that includes basalt of the chilled
border facies, granophyric gabbro and granophyric
diorite in the main body, and less abundant irregular
masses of a pegmatitic facies and cross-cutting veins of
quartz-feldspathic micropegmatite. Preliminary re-
sults of petrographic studies and analyses of samples
collected from many of the larger bodies indicate that
the rock types are similar to those found in other intru-
sives' described elsewhere in the world (Wager and
Deer, 1939 ; Walker and Poldervaart, 1949 ; Hotz, 1953 ;
Walker, 1940, 1958).

The Oregon intrusive bodies range in composition
‘from gabbro to diorite and, with few exceptions, ex-
hibit a micropegmatitic intergrowth of quartz and feld-
spar in thin sections.

Plagioclase feldspar, the most abundant mineral,
commonly occurs as strongly zoned tablets that range
outward from cores of calcic labradorite to rims of
calcic andesine in the granophyric gabbro and from
calcic andesine to sodic andesine in the granophyric
diorite. The abundant small plagioclase laths in the
groundmass have the same composition as the rims of
the larger crystals.

On the average, considering both gabbro and diorite,
the rocks of the sills consist. of about 50 percent plagi-
oclase (Anyo_s;), about equal amounts (10 to 20 percent
each) of pyroxene (predominantly augite, pigeonite, or
ferroaugite), quartz-feldspar intergrowth, and second-
ary minerals, and less than 5 percent of olivine, quartz,
and opaque minerals. Olivine and quartz are present
in some, but not in all sections studied.

The average of 21 chemical analyses of gabbroic rocks
from the thicker sills of the Oregon Coast Range is
given in table 344.1, column 2. This average is nearly
identical to the chemical composition of a basalt sample
from the chilled margin of the Mount Hebo sill (table
344.1, column 1). Inasmuch as the two are so similar,

the average in column 2 probably represents the com-

position of the original magma. The Coast Range
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average is similar to the average.tholeiitic andesite of
Nockolds (1954) shown in table 344.1, column 5. Gab-
broic rocks of Oregon, however, contain more SiO,
and less MgO and CaO than Nockolds’ average.

The analysis of the chilled facies and the average
analysis of the gabbroic rocks fall within Kuno’s (1960,
p. 137, fig. 10) field for tholeiite but plot near the boun-
dary of his alkali dolerite field. The same analyses,
when plotted on a diagram of Murata (1960, p. 250, fig.
2), fall near the differentiation trend line for the tho-
leiitic basalt series, but are displaced slightly toward
the trend line for the alkalic basalt series. The differ-
entiation trends of the Oregon Coast Range intrusive
rocks and the Skaergaard liquids of Wager and Deer
(1939) are compared in the FMA diagram, figure 344.2.
Both the Oregon Coast Range and Skaergaard magmas
were progressively enriched in iron during the greater
part of crystallization and were enriched in alkalis (and
in silica, which does not plot on the diagram) near the
end of crystallization. The diagram shows that mag-
nesia-rich rocks of the Oregon Coast Range, and pre-
sumably the magma that gave rise to them, are rela-
tively richer in alkalis than comparable Skaergaard
liquids. This relatively high alkali content seems to be
typical of most Oregon Coast Range igneous rocks, for
available analyses indicate that the alkali content in the
basalt flows of the widespread lower Eocene and more

F
FeO
o0— — —0
Skaergaard
——_2-_»

Oregon Coast Range

M

K;0+Nay0 MgO

FI1GURE 344.2.—Comparison of differentiation trends of Oregon
Coast Range gabbroic intrusive rocks and the Skaergaard
intrusion (in weight percent). Samples include basalt and
gabbro from the chilled border facies, granophyric. gabbro,
granophyric diorite, pegmatitic facies, and quartz-feldspathic
micropegmatitic veins.
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TasrLe 344.1.—Average chemical analyses (in percent) and norms of Oregon Coast Range gabbroic and alkalic intrusive rocks and averages
of similar magma types

[Analyses in columns 1-4 by 1. H, Barlow, S. D,

Botts, Gillison Chloe, P. L. D. Elmore, J. W. Goldsmith, R. L. Hill, M. D. Mzick, and D. F. Powers]

1 2 3 4 5 6 7
Averago Average Range Average Range Average Range Average Average Average
Chemical analyses
Si0pc e 54. 8 54.5 [50.5 -58.0 59.0 [57.6 -60.0 40.6 [38.7 -41.8 51. 43 61. 95 40. 70
AlOgo oo 13.3 13.1 [11.0 -15.0 187 |18.5 -18.8 13.1 |11.4 -14. 4 13. 05 18. 03 16. 02
FeaOpecoceeaen o 1.6 3.5 1.3 ~-6.3 - 3.4 2.4 - 43 7.1 6.9 -72 3. 36 2. 33 5. 43
FeO. oot 10. 8 9.5 6.7 -12. 8 2.3 1.6 — 3.2 81 6.9-95 9. 74 1. 61 7. 84
MgO._ .. 3.3. 2.3 .84- 4.0 .24 | .08- 0.55 6.0 5.2-173 5. 28 . 63 5. 43
CaOooo . 7.1 6. 4 4.8 -77 1.2 .91- 1.8 10. 2 9.7 -10. 6 8. .78 1. 89 9. 36
NagOo oo 3.4 3.3 2.6 - 6.2 8 4 7.8~-9.2 3.8 3.6 -4.2 3.18 6. 55 3.23
KaOo oo L6 1.5 .48~ 2.1 4.0 3.6 -43 1.9 1.7-22 1. 04 5. 53 1. 76
HyOr oo 57 1.5 32- 2.5 L6 .98- 2.5 2.9 | 24-31 . 87 . 54 } 2. 62
H,0- . .27 1.0 .25- 2.8 40 14- 0. 60 .39 .24-0.50 | |oo__o_. ’
TiOge oo 2.0 2.0 1.4-36 15| .13-0.20 3.7 3.0-4.6 2. 60 .73 3. 86
PeOgee L .35 . 53 . 16— 0. 94 .21 . 14- 0. 30 1.6 1.4-19 .45 .18 . 62
MnO.___ . ._...._ .21 .25 17- 0. 36 .22 17- 0. 24 . 25‘ 24~ 0. 27 .19 .13 . 16
L0107 USSR DRUPUPIPIR SRR (SRR PSR PRI FPUPIPU, SIS SSNPUPRON! P F 2.97
Norms
[« 6.3 I R O e e ey 3.2 | |eoaoos
o) 9.5 89 |oooooooo.._ 239 feooooooo.. 1.1 | oos 6.1 32. 8 10. 6
abo o __ 28.8 27.8 |- 54.0 |- _____. 136 |ooooooo___ 27.2 54.0 13. 6
13§ DS 16.1 16.4 | ______. 1.4 |oooo___. 131 .. 18. 1 3.3 23.9
1o 200U S DRSS (SRR PR 9.1 Joooo_.oooo._ 9.9 |oooofeaooos .6 7.4
CaSiOgeeoa . 6.8 49 | 1.9 | 1.4 [ooooo._... 9.2 21. 7.9
MgSiOg. oo 83 5.8 |- 1.6 | .. ... 83 | . 13.2 L6 5.6
FeSiOg oo 15. 6 1.6 | _.. B T D, 2.0 |ooo_oooiios 1.y |oo..._. 1.6
MgaSiO e m oo oo N T 47 oo 5.6
FeaSiO - - oo T S . 1 2 e 1.6
L20) 2.3 5.1 |oooooooos 4.9 |.ooooo... 102 | _____. 4.9 .3 7.9
1 P 3.8 3.8 |ooooo- B T (U A 7.0 |- 5.0 1.4 7.5
Y 1.0 L3 | 3.7 oo 11 .4 1.3
Number of
analyses._.. 1 21 7 3 26 15 15

NOoO ;s w =

. Basalt from upper chilled border of sill at Mt. Hebo, Oregon Coast Range.
. Average gabbroie intrusive rock, Oregon Coast Range.
Avorage nepheline syenite porphyry, Oregon Coast Range.
. Average eamptonite, Oregon Coast Range.
. Avgrage tholclitic andesite, Nockolds (1954, p. 1019).
. Average alkali trachyte, Nockolds (1954, p. 1016).

. Average camptonite, Johannsen (1938, p. 65); norm calculated by the authors; CO3 was assumed to be secondary.

restricted upper Eocene and middle Miocene rocks is
higher than that of the alkali basalts of Nockolds (1954.
p. 1021).

ALKALIC ROCKS

The nepheline syenite porphyry at Blodgett Peak
has a trachytoidal texture made apparent by conspic-
uous euhedral and complexly twinned phenocrysts of
albite (about An,,) set in a medium-gray groundmass.

2 Optical determination shows Nx as 1.532+0.003 and 2V as about
(-)556°.

The average mineral composition of the nepheline sye-
nite at Blodgett Peak consists of about 50 percent albite
laths in the groundmass, 10 to 15 percent each of albite
phenocrysts, nepheline and analcite, and secondary min-
erals, 5 to 10 percent aegirine and aegirine-augite, 3 to
5 percent olivine and opaque minerals, and 1 to 2 percent
riebeckite. Deuteric analcite has partially replaced
both the nepheline and the albite, and also occurs as
crystals in rare miarolitic cavities. At Table Mountain
the albite phenocrysts have been almost completely al-
tered to sericite and clay minerals.
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The average chemical composition of 7 samples of
nepheline syenite porphyry from the Oregon Coast
Range is listed in table 344.1, column 3. This average
is similar to Nockolds’ (1954) average alkali trachyte
(table 344.1, column 6). The syenite of the Coast Range

contains less Si0,; and K,O and more Na,O and total

iron. These differences in silica, potash, and soda re-
sult in less orthoclase and more nepheline in the norm
for the average Oregon syenite. ’

A lJamprophyre, camptonite, forms the Cougar Moun-
tain stock and associated dikes and sills in the northeast-
ern part of the Euchre Mountain quadrangle (fig.
344.1). The most common facies of camptonite is a
porphyritic rock composed chiefly of randomly oriented
black equant crystals of hornblende in a medium-gray
fine-grained groundmass. Pegmatoidal lenses and
stringers are not uncommon, and contain long slender
prismatic crystals of hornblende as much as 20 mm in
length. A dike of biotite-rich camptonite intrudes the
Tyee formation along the Siletz River in the west-cen-
tral part of the Euchre Mountain quadrangle.

In thin sections the camptonite is characterized by
phenocrysts of reddish-brown markedly pleochroic bar-
kevikitic hornblende, which form 30 to 40 percent of
the rock. Plagioclase feldspar phenocrysts (Angs.ss)
form 10 to 25 percent; titaniferous augite, usually with
reaction rims of aegirine-augite or aegirine, as much as
25 percent; opaque minerals, 3 to 10 percent; and apa-
tite, 1 to 2 percent. Deuteric analcite and its alteration
products constitute as much as 30 percent of the rock.

Chemical analyses of camptonite from the Oregon
Coast Range (table 344.1, column 4) compare closely
with the average listed by Johannsen (table 344.1,
column 7). Camptonite from Oregon, however, con-
tains less Al,O, and more P,0; than Johannsen’s aver-
age. The greater amount of alumina in Johannsen’s
average results in a much greater percentage of anor-

thite in the norm.
CONCLUSIONS

The close association in space and time of emplace-
ment of the alkalic and gabbroic intrusives in the Ore-
gon.Coast Range suggests that they are comagmatic.
Available chemical data indicate that the parent magma

was probably transitional between the tholeiitic and

alkalic series. It seems reasonable to assume that a
magma of intermediate composition would give rise to
two divergent rock types. Therefore, the writers specu-
late that the-alkalic rocks are an early product of dif-
ferentiation of an alkali-rich tholeiite generated in a
belt transitional to the continent and the Pacific Basin.
It should be stressed that the results summarized here
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are preliminary and that additional petrographic and
analytical data are needed before more than conjecture
can be attempted concerning the magmatic evolution
of these Oregon rocks.
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METAMORPHISM, METASOMATISM, AND INTRUSION ALONG THE

NORTHWEST BORDER ZONE OF THE IDAHO BATHOLITH, IDAHO
By An~xa Hreranen, Menlo Park, Calif.

The grade of metamorphism of the Belt series north-
west of the Idaho batholith increases toward the bath-
olith through a distance of about 40 miles from the
greenschist facies through the epidote-amphibolite
facies to the sillimanite-muscovite subfamels of the
amphibolite facies (fig. 345.1).

The mineralogic changes are best e‘dnblted in the
micaceous glanofelses, phy.llltes, and schists that are
metamorphosed equivalents of parts of the Wallace
formation described by Ransome and Calkins (1908)
in the Coeur d’Alene district and by Umpleby and
Jones (1923) and Wagner (1949) near Avery. In the
micaceous rocks of the biotite-almandite subfacies of
the epidote-amphibolite facies the late porphyroblasts
are almandite and biotite, usually 2 to 3 mm in diame-
ter; in places these mmemls are partly altered to
chlorite. In the schists of the staurolite-kyanite sub-
facies the porphyroblasts are staurolite and kyanite;
the staurolite crystals are 2 to 6 cm long and those of
kyanite are even larger. Both of these minerals con-
tain abundant inclusions of quartz distributed along
surfaces that are continuous with those of the folded
beds in the enclosing schist. Many almandite grains
are enclosed by later staurolite and kyanite and others
have pushed the foliation aside. Some almandite crys-
tals have a zone of inclusions of small quartz grains
near their centers and another along their borders in-
dicating two stages of synklnem‘l,t,lc crystalhzatlon
These two stages (early and late phase in fig. 345.2)
are also indicated by pseudomorphs consisting of kya-
nite, almandite, and muscovite but having the outlines
of staurolite twins. A still later stage is recorded by
alteration of kyanite to muscovite. In a zone next to
the batholith the only stable polymorph of Al,SiO,
is sillimanite, which forms needles oriented parallel to
the foliation. Some of the garnet, biotite, and silliman-
ite continued to crystallizz in a later stage.

Many outcrops show two sets of folds, one on either
a northeastward- or a northwestward-trending axis and
another on an east-west axis. The northeastward- and
northwestward-trending folds are parallel to the Ne-
vadan (Jurassic) trends. The style of folding changes
with the grade of metamorphism. In the greenschist
facies large open folds are common and the foliation is
parallel to bedding, to axial planes, or to nearby fault
zones. The folds become increasingly tighter to the
south, and in the zone next to the batholith steep iso-
clinal folds or overturned flow folds prevail. The axial
plane foliation and cleavage folds are best developed in
micaceous layers metamorphosed to the epidote-amphib-
olite facies; they are rare in the amphibolite facies near
the batholith. Concentric folds with foliation parallel
to the bedding are common in thin-bedded quartzite in
all metamorphic zones. Where several sets of folds oc-
cur, the style of folding in all sets in a given metamor-
phic zone is similar, except as it is modified by the dif-
ferences in competency of the materials folded. The
northeastward- and northwestward-trending folds were
formed simultaneously, and east-west folding, perhaps
started in Precambrian time, was renewed during the
Jurassic period. Lineation is well developed in most
rocks, and it is always parallel to one of the three fold
axes.

In many places along the northwestern contact zone
of the batholith secondary hornblende, biotite, and an-
desine were developed: in garnet-mica schist, biotite
gneiss, and diopside gneiss. Comparison of the chemi-
cal analyses of the normal metasedimentary rocks with
those of the andesine and hornblende-bearing parts of
the same strata indicates introduction of Ca, Fe, Mg,
and locally Na, and removal of K and Si during the
development of the secondary minerals. The secondary
minerals show no preferred orientation and in many
places obliterated the earlier structures, suggesting that
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FIGURE 345.1.—Sketch map showing the major rock units, distribution of some of the index minerals of metamorphic facies,

and rearrangement of elements northwest of the Idaho batholith. The rocks south of the sillimanite isograd were meta-
morphosed to the amphibolite facies, those between the biotite and sillimanite isograds to the epidote-amphibolite facies,
and the rocks north of the biotite isograd to the greenschist facies. Mainly Na was introduced into the anorthosite bodies.
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Postkinematic

Facies Minerals Synkinematic crystallization crystallization
(Jurassic) (Early Cretaceous)
Early phase Late phase

Biotite-aimandite] muscovite
subfacies 25 to

35 miles north biotite
from the batho-| almandite
lith
tremolite
microcline
albite
epidote
scapolite
chlorite
Staurolite- muscovite
kyanite sub-

facies 15 to 25 biotite
miles north froml 3imandite

from the batho- |
lith staurolite

kyanite

actinolite

diopside

microcline

oligoclase

epidote
scapolite

Sillimanite- muscovite
muscovite sub- -
facies about 15{ biotite

mile-wide zone garnet

next to the
batholith sillimanite

oligoctase

actinolite

hornblende

diopside

andesine

bytownite
andesine

Fiaure 845.2.—Sequence of crystallization in various metamor-
phic facies northwest of the Idaho batholith.

D-163

the metasomatic introduction of elements occurred after
the major deformation. The basified zone is about 10 to
12 miles wide and about 15 to 20 percent of the meta-
sedimentary rocks were affected. Potassium feldspar,
which is a common metamorphic mineral in many strati-
graphic units farther from the batholith, is very scarce
or absent in the equivalent units in the basified aureole
and also in a zone, 5 to 10 miles wide, outside it. In a
zone 20 to 40 miles northwest of the batholith, the only
change in chemical composition during the metamor-
phism was the loss of H.O and CO, that took place at
certain temperature intervals along the facies boun-
daries.

The largest intrusive bodies in the area are quartz
diorite and quartz monzonite. The contacts of quartz
diorite are in part concordant and in part discordant.
Foliation is well developed in many small bodies in the
western part of the area and near the contacts of the
larger bodies, but the centers of the large bodies are
massive. These structural relations suggest that the
emplacement of small intrusive bodies began during
the deformation but that the emplacement and crystal-
lization of the largest bodies followed the deformation.

The metamorphosed and metasomatized rocks of the
inner contact zone and the quartz diorite are cut by the
quartz monzonite that makes up most of the present
exposed batholith. The lead-alpha ages of the batho-
lithic rocks average 108 million years, which dates the

. intrusion as late Early Cretaceous (Larsen and others,

1958). Because the minerals in the rocks of the silli-
manite-muscovite subfacies, which were invaded, were
stable in the temperature and pressure of the intrusion,
new minerals formed only where elements were
introduced.

These observed relations are interpreted as follows:
The rearrangement of elements in the immediate
vicinity of the present batholith began during the for-
mation of the quartz monzonite magma by partial melt-
ing of a part of the crust at depth. The melting
probably was an ultimate result of elevated tempera-
tures during the deformation in the lower part of the

" crust. If so, the first melt would be granitic in com-
~position (3, in fig. 345.3) and the zone around the

developing magma would be relatively enriched in Ca,
Fe, and Mg by subtraction of granitic components (2,
in fig. 345.3). When the temperature rose (or the pres-
sure decreased) the magma would become more mafic
(quartz-monzonitic) and finally- the basified aureole
around it would also melt partially to form a.quartz
diorite magma. This magma invaded its roof and gave
off solutions carrying Na, Ca, Fe, and Mg, which ad-
vanced into the country rocks, reacted with their min-
erals, and formed local segregations of hornblende,
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FicUure 345.3.—Schematic cross-section showing interpretation of the relation between metamorphism and intrusion along the

northwest border zone of the Idaho batholith during late Mesozoic time.

Sketch 4 shows (1) the zone of high-grade,

essentially isochemical, metamorphism during Jurassic time; (2) the zone of rocks basified by depletion of granitic com-

ponents; and (3) the magma produced by partial melting and aggregation.

Sketch B shows quartz diorite (4) which

was formed from the basified rocks (2 of sketch 4), by partial melting and recrystallization. A new basified zone
(basic front) (5) was formed around the quartz diorite by metasomatic introduction of Na, Ca, Fe, and Mg from

the quartz dioritic magma during Early Cretaceous time.

The entire series of metamorphic, metasomatic, and early

magmatic rocks was then intruded by the quartz monzonite that makes up the batholith proper (6).

biotite, and andesine (5, in fig. 345.3). During an early
stage of this metasomatism the elements were carried
in solutions that moved in open channels; at this stage
hornblende and andesine crystallized together, forming
small bodies of metasomatic quartz diorite. Later,
when the pore liquids became stationary and the ele-
ments moved only by diffusion, the femic and salic
constitutents crytallized in separate places, the former
giving rise to segregations of hornblende and biotite
and the latter to secondary andesine that replaced
quartz in the schist and bytownite in the anorthosite.

Much of the potassium and silicon that have been
removed from the contact aureole of the batholith
probably migrated to the granitic and quartz mon-
zonitic magmas during their formation. On the basis
of the above discussion, it is concluded that the chemical
differences between the quartz diorite and quartz
monzonite series is due to the differentiation of elements
during the formation of the magmas rather than during

their crystallization. The crystallization differentia-
tion of the quartz monzonite magma gave rise to a
normal rock series ranging from olivine and pyroxene
gabbros to granite, whereas the quartz diorite magma
yielded hornblendite, hornblende gabbro, quartz diorite,
and tonalite.
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346. DEFORMATION OF THE EPICENTRAL AREA, HEBGEN LAKE, MONTANA, EARTHQUAKE OF
AUGUST 17, 1959—DUAL-BASIN CONCEPT

By Irvine J. Wirkinp, Denver, Colo.

The geologic work completed in the Hebgen Lake
“area (fig. 346.1) since the earthquake of August 17,
1959 (Witkind, 1959, 1960; Niles, 1960) has yielded
many detailed data on both relative and absolute
ground movement in some parts of the area, but very
little in other places. Two different interpretations of
the nature and pattern of structural deformation stem
from the available data. One interpretation (Myers
and Hamilton, Art. 347), suggests subsidence of a
single large basin, transverse to the major topographic
elements. The other interpretation, here called the
“dual-basin concept”, suggests unequal subsidence of
two independent basins, one on each side of the core of
the Madison Range (fig. 346.2). Whichever interpre-
tation is correct, it seems clear that the crest of the
range, in a relative sense, is higher in relation to the
adjacent downthrown basins than it was before the
earthquake.
During the earthquake, new fault scarps appeared at
several localities throughout the epicentral area. The
major scarps coincide with, or are near, previously

mapped normal faults which trend generally north-
west and dip southwest. Two of these scarps, the Red
Canyon and Hebgen fault scarps, are north of Hebgen
Lake (fig. 346.1) and coincide with the northwest-
trending Red Canyon and Hebgen faults respectively.
Minor fault scarps, along the west front of the Madi-
son Range (fig. 346.1), coincide with the well-estab-
lished Madison Range fault. All these fault scarps
clearly result from reactivation of the faults.

The Red Canyon and Hebgen faults are considered
to be the fundamental faults of the earthquake, or at
least surface modifications of a deep fault. This is
supported by a preliminary analysis of seismograms of
this earthquake which suggest “strike of the fault plane
N.80%=12° 'W.s dip 55292 SW. ;. strike of the ‘aux-
iliary plane N. 62°=15° W.” (Ryall, 1961, p. 63).

The geologic pattern of the area indicates that each
of the faults—Red Canyon, Hebgen, and Madison
Range—is marginal to one or more crustal blocks which
have subsided repeatedly in the past (Pardee, 1950, p.
369; Witkind, 1960, p. 34). Thus, the Red Canyon and

F1cUre 346.1.—Shaded relief map of the epicentral area, Hebgen Lake, Mont., earthquake of August 17, 1959,
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Myers, W. H. Hays, and Warl/"en Hamilton; and measurements of scarp heights by I. J. Witkind,\ J. B. Epstein,

W. B. Myers, Warren Hamilton, and W. H. Hays.

Hebgen faults flank both the Red Canyon and Hebgen
Lake blocks (fig. 346.2). Similarly, the segment of the
Madison Range fault that was reactivated is along the
east edge of the crustal block underlying the Missouri
Flats basin (fig. 346.2), part of the much larger Madi-
son basin.

During the earthquake these blocks subsided un-
evenly. Their general deformational pattern is shown
locally by the new shoreline of a tilted lake, by meas-
ured displacement along new fault scarps, and by pre-

cise level data determined by the U.S. Coast and Geo-
detic Survey.

I believe that this subsidence of local crustal blocks
is a direct result of the broad epeirogenic uplift and
arching which this region has been undergoing since
late Cenozoic (Pardee, 1950, p. 403).

The dual-basin concept, based on subsidence of local
crustal blocks, holds that the West Yellowstone and
Missouri Flats basins, to the east and west of the Madi-
son Range, respectively, subsided during the earth-
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quake, but the core of the Madison Range remained
fairly stable. The axes of these two basins are sub-
parallel but not connected.

The west half of the West Yellowstone basin, and
parts of the adjacent mountains to the north and west,
subsided during the earthquake. This subsided area is
underlain by the Red Canyon and Hebgen Lake crustal
blocks (fig. 346.2). Of these, the Red Canyon block
of about 20 square miles includes part of the mountains
north of the lake. The Hebgen Lake block, although
very much larger, is of uncertain areal extent. It in-
cludes the west half of the West Yellowstone basin and
the east flank of the core of the Madison Range. The
northeastern edge of this block is bounded by parts of
the Hebgen and Red Canyon faults. Itssouthern edge
may be delineated by the local faults of small displace-
ment which break the surficial deposits south of Hebgen
Lake (fig. 346.2). o

Near Hebgen Lake, data on the amounts and pattern
of movement are ample, for when the West Yellowstone
basin, which includes Hebgen Lake, dropped and tilted
northeasterly, it displaced the lake. Measurements of
the old and new shorelines, made by W. B. Myers,
supply many of the data used to contour this part of
the basin (fig. 346.2).

The east edge of the Missouri Flats basin has sub-
sided the most near the Madison Range fault. Precise
levels completed by the U.S. Coast and Geodetic Survey
indicate subsidence of about 7 feet along former U.S.
Highway 287 near the east edge of the basin.

The fault scarps along the Madison Range fault are
2 to 3 feet high, but these may not accurately reflect
the absolute displacement (Witkind, 1960, p. 38). Itis
assumed that they do, and I interpret the isobase lines
to show drag of the eastern edge of the basin along the
Madison Range fault, comparable to the drag along
the northeast edge of the Hebgen Lake block (fig.
346.2).

Elsewhere in the Missouri Flats basin, the data are
inadequate to define a pattern of displacement. Sev-
eral small lakes may have been tilted, but their former
shorelines are submerged, for increased surface- and
ground-water discharge since the earthquake has caused
the lakes to rise. This, coupled with conflicting state-
ments by local residents, makes it uncertain which of
the lakes, if any, have been tilted. The exact pattern
of this deformed basin will be in doubt until it is resur-
veyed topographically.

The deformation pattern along the crest of the Madi-
son Range is uncertain, for no data are presently avail-
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able for this critical area. One interpretation (Myers
and Hamilton, Art. 347) is that it subsided as much as
13 feet at places. I suggest that maximum subsidence
probably did not exceed 3 feet (fig. 346.2). The east
flank of the range, within the Hebgen Lake block was
flexed downward (fig. 346.2). How far to the west
this downward warp extends is not established. Most
of the pre-earthquake bench marks in the Madison
River Canyon are concealed beneath the newly formed
Earthquake Lake.

It has been proposed that deformation of the Madi-
son Range is shown by subsidence in Madison River
Canyon (Myers and Hamilton, Art. 347). A compari-
son of pre- and post-earthquake surveys of the U.S.
Coast and Geodetic Survey and the Bureau of Public
Roads suggests that the canyon floor subsided from
about 8 feet at Beaver Creek to about 7 feet near Stag-
ger’s Ranch at the west mouth of the canyon (fig.
346.1), but these data are equivocal. In the fall of 1960
surveys by the Bureau of Public Roads showed recent
changes of from 1.0 to 1.8 feet in elevation in the area
between Beaver Creek and the Madison Slide (L. D.
Tingey, written communication, 1961). It would seem
that this part of the canyon was still not stable in 1961.
The surveys show that 2,900 feet west of Beaver Creek
the highway dropped about 20 feet; this compares to
an 8-foot drop of the highway at Beaver Creek. This
unusual and sudden change must be attributed to some
factor other than absolute subsidence. I suggest that
unequal compaction of the alluvial fill may be the
cause; this view is supported by the many sand spouts
on the broad alluvial flat near Beaver Creek. Com-
paction of unconsolidated materials played an impor-
tant role in the subsidence elsewhere in the area, and
probably was a factor in the amount of subsidence
determined for former U.S. Highway 287 where it
enters the west end of the canyon near Stagger’s Ranch.
Here the road rests on unconsolidated sand and gravel.
My hesitancy to accept the subsidence data in the Madi-
son River Canyon stems chiefly from the uncertainty
as to how much of the measured subsidence is due to
true bedrock movement and how much is due to com-
paction of the surficial cover. The true pattern of
deformation for the Madison Range will be determined
only by a resurvey of the bedrock crest.

Available geologic and geodetic data, and the prelim-
inary seismic solution for the earthquake fault, suggest
that the Hebgen-Red Canyon fault zone is fundamental,
and that deformation everywhere in the area is most
extreme near faults. On this basis, subsidence of two
basins seems reasonable.
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347. DEFORMATION ACCOMPANYING THE HEBGEN LAKE, MONTANA, EARTHQUAKE OF AUGUST 17, 1959—
SINGLE-BASIN CONCEPT

By W. BrabLey Myers and WarreN Hamivron, Denver, Colo.

During the major (magnitude at least 7.1) earthquake
of August 17, 1959, in southwest Montana, an area at
least 27 miles long and 14 miles wide subsided detect-
ably. Maximum absolute subsidence was about 22
feet, and a tract of ‘at least 60 square miles dropped
more than 10 feet, but there was almost no known eleva-
tion of the land above previous levels.

Many details of this subsidence can be defined by
the data obtained from level lines, scarp heights, and
lakeshore tilting. The U.S. Coast and Geodetic Survey
releveled bench marks on a line that passes through
West Yellowstone, the northeast side of Hebgen Lake,
Madison River Canyon, and Madison River.

By constructing a post-quake road profile from the
individual Coast and Geodetic Survey level-rod read-
ings, and comparing this with the known pre-quake
profile of the highway, we obtained a continuous meas-
ure of subsidence between the bench marks. These new
data show the maximum subsidence along Hebgen Lake
to be 22 feet, rather than the 19 feet demonstrated by
the most subsided bench mark.

The new road-profile data are critical to the struc-
tural interpretation in Madison River Canyon, which
cuts directly through the Madison Range. (Bench
marks in the canyon were mostly buried beneath the
enormous landslide, triggered by the earthquake, and
the new lake dammed behind it.) These data (fig.
347.1) show that no warping occurred across the range-
front fault at the mouth of Madison River Canyon, and
that both the Madison Range and Madison Valley in
that area subsided equally 6 to 8 feet. The data also
show that a topographic basin in Madison River Can-
yon between Hebgen Lake and Earthquake Lake sub-
sided at least 12 feet, at least 6 feet more than the

1August 17 by local date ; August 18 by Greenwich date.

narrow part of the canyon between- the topographic
basin and Hebgen Lake. This basin has broad flats
of thick alluvium and till and a gentle river gradient,
whereas the Madison River Canyon is otherwise narrow
and has a steep gradient, so that the increased subsid-
ence in the basin was not unexpected.

In Article 346, Witkind states that the subsidence
measured within Madison River Canyon was due partly
to compaction and slumping, and, therefore, is equi-
vocal in structural evaluations. He believes that sub-
sidence in Madison Valley and West Yellowstone basin
was due largely to structural deformation. This inter-
pretation seems to assume that in Madison Valley,
where sedimentary fill is thick, there was practically no
compaction, but in Madison River Canyon, where fill
was very thin, compaction unaccompanied by any
noticeable slump away from nearby outcrops, produced
most of the subsidence.

We examined the prehistoric fault scarp at the mouth
of Madison Canyon, and found no new breaks. Further,
although Madison River there runs on thin alluvium
and at places reaches bedrock, there was no apparent
steepening of its gradient to suggest warping at the
range front.

In the upper part of Madison River Canyon (as was
true also along Hebgen Lake except in obvious land-
slides), control points on bedrock subsided compatibly
with those on surficial deposits, so slumping and com-
paction of unconsolidated materials at these places con-
tributed little to the subsidence.

The contours of absolute subsidence (isobases) defined
by these various data (fig. 347.1) can be drawn with
confidence near Hebgen Lake and along the level line,
and with less confidence near the major new fault
scarps, but elsewhere their location is doubtful. Where

a~
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IFreure 347.1.—Absolute subsidence during Hebgen Lake earthqu
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and road profiles by the U.8. Coast and Geodetic Survey; measurements of lakeshore tilting by W. B. Myers, W. H. Hays,
and Warren Hamilton; and measurements of scarp heights by I. J. Witkind, J. B. Epstein, W. B. Myers, Warren Hamilton,

and W, H. Hays.

the trend of the isobases is most closely controlled, near
the south half of Hebgen Lalke, it is westward; we
assume that this trend continues into the Madison
Range, whereas Witkind (Art. 346) makes a contrary
assumption that the isobases define a more northerly
trending basin of subsidence. Subsidence of the Madi-
son Range seems adequately demonstrated within Madi-
son River Canyon, and we infer that the range subsided

" south of the canyon also.

We thus interpret the data to indicate a broad basin
of new subsidence that plunges gently eastward across
Madison Valley, Madison Range, and West Yellow-

604493 0—81——12

stone basin to Hebgen Lake. The basin, be it a single
complex one as we suggest, or two disconnected ones as
Witkind suggests, ends obliquely and abruptly against
three reactivated fault scarps, 5 to 20 feet high, which
trend southeastward near the northeast side of Hebgen
Lake. All are dip-slip normal faults, upon which no
tectonic strike-slip oftfset was recognized. Northeast of
these scarps and their immediate disturbed zones,
known elevation or subsidence in 1959 was limited to less
than 1 foot. Of the three high scarps, two break Pale-
ozoic sedimentary rocks, and the third cuts thick Pleis-
tocene deposits which hide bedrock structure.



D-170

The two major faults in Paleozoic rocks (mapped by
I. J. Witkind, J. B. Hadley, W. H. Nelson, and others)
lie for most of their lengths between bedrock bluffs and
the talus below them, and probably follow previously
active faults. The faults at their west ends, however,
cross bedrock ridges where there is neither structural

" nor topographic evidence for previous faulting, and the
new breaks appear here to extend beyond older fault-
ing. The faults are nearly bedding-plane faults, and
are limited to areas where the bedding dips steeply. to-
ward the subsidence basin. The trend of one of the
faults swings with the bedding through a large arc in
strike. Where bedding is oriented favorably to permit
sliding down the dip, the measured subsidence is ac-
counted for almost entirely by the height of new scarps.
Where attitudes are less favorable for sliding, subsi-
dence was accomplished by a combination of warping
(to a maximum of %° of new tilting) and faulting.

These two major reactivated faults at the surface are
thus closely controlled by fold structures, in Paleozoic
rocks, which probably do not extend deeper than 1 mile.
The surface scarps, therefore, cannot directly portray
the pattern of deformation in deep basement rocks;
rather, the surface breaks must be due to refraction or
resolution of deeper faults or flexures into planes of
easy near-surface slip.

The third major 1959 fault scarp -extends farthest
southeast and displaces early Wisconsin (late Pleisto-
cene) deposits. It alsoisa reactivated fault along which
had occurred at least two previous major episodes of
faulting with a total pre-1959 displacement of as much
as 60 feet.

The south flank of that part of the broad basin of new
subsidence within the West Yellowstone basin is a

R
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gently sloping platform, broken by new low scarps
(mostly less than 2 feet high) and small monoclines,
along small east-trending reactivated faults. Previous
displacements along these structures formed faults and
abrupt monoclines with a maximum local structural
relief of 50 feet in early Wisconsin surficial deposits,
and progressively less in late Wisconsin and Recent
materials. (The materials were studied by G. M. Rich-
mond, and the structures by us.) Broad tilting and
gentle warping also occurred during late Quaternary
time.

Most 1959 fault scarps in unconsolidated materials
were nearly vertical, much steeper than the probable
attitudes of the underlying bedrock faults, showing
that fractures were refracted into steeper orientations
as they approached the surface.

Madison Valley south of the Madison River Canyon
has been much deformed by Quaternary tilting and sub-
ordinate faulting along structures which are oblique at
high angles to the northwest-trending and generally
older basin-and-range structures of Madison Valley and
Madison Range, and which are continuous with the
major east-trending structures of the tectonically very
active Centennial Range and Centennial Valley. The
late Quaternary warps and faults of the south part of
West Yellowstone basin also have a dominant eastward
trend, and other modern folds strike eastward from the
basin to Gibbon River in Yellowstone National Park.
It appears to us that the northwest-trending Madison
structures are being progressively modified and dis-
torted as structures of the Centennial system are ex-
tended across them, and that the deformation accom-

panying the 1959 earthquake provided another °

increment in this modification.

348, STRATIGRAPHY OF THE WILKINS PEAK MEMBER OF THE GREEN RIVER FORMATION, FIREHOLE
BASIN QUADRANGLE, WYOMING

By WitLiam C. CurBertson, Denver, Colo.

In the past few years the Wilkins Peak member of
the lacustrine Green River formation of Eocene age
has been extensively explored for trona in the southern
half of the Green River basin, but very little detailed
information about the member has been published.
During the summer of 1960, the author, assisted by
H. W. Anderson, mapped the Wilkins Peak member
in most of the Firehole Basin 15-minute quadrangle

(fig. 348.1) and measured several sections. This work
gives information on some prominent marker beds,
their facies and color changes, and their correlation
with units in the Diamond Alkali Co. No. 3 core hole,
which is about 7 miles northwest of the quadrangle
(fig. 348.2). ’

The Wilkins Peak member, which was named by
Bradley (1959, p. 1072), is 875 to 1,050 feet thick in the
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IProure 348.1.—Index map showing Firehole Basin 15-minute
quadrangle and adjacent area, Sweetwater County, Wyo.
See sections on figure 348.2.

Firehole Basin quadrangle and consists of platy to

fissile dolomitic marlstone, oil shale, claystone, lime-
stone, and dolomite; crossbedded siltstone and sand-
stone; blocky mudstone; and several thin tuff beds.
Calcareous algae in a few thin limestone beds and some
poorly preserved plants are the only megafossils that
were noted in the member. In the subsurface the mem-
ber contains an unusual assemblage of saline minerals,
chiefly shortite and trona (Milton and Fahey, 1960),
that diminish in abundance eastward from the center
of the Green River basin. On the outcrop the shortite
crystals have been dissolved leaving molds, or they have
been replaced to form calcite pseudomorphs. The top
of the member is the base of the first brown fish-bearing
oil-shale bed of the Laney shale member, and the base
is placed at the top of thick laterally continuous oil-
shale beds of the Tipton shale member. .

SANDSTONE-SILTSTONE-MUDSTONE UNITS A\

Nine sandstone-siltstone-mudstone units, ranging in
thickness from 4 to 85 feet (fig. 348.2), are persistent in
varying degrees across the quadrangle. These are
designated A to I, from oldest to youngest. On Sage
Creek the units typically consist of interbedded yellow-
ish-gray (5Y7/2)* arkosic very fine to fine grained sand:
stone, yellowish-gray (5Y7/2) arkosic siltstone, gray-
ish-olive (10Y4/2) argillaceous siltstone, and a minor
amount of silty to nonsilty grayish-olive (10Y4/2)
mudstone that weathers to a blocky rubble. Some units
contain a few thin beds, 1 to 4 feet thick, of limestone,
oil shale, or marlstone. The sandstone and siltstone

1 Color designations according to Rock Color Chart, National Re-

gearch Council, 1948,
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are crosshbedded in long and very short sweeps, and
channeling sandstone beds are common. The arkosic
sandstone and siltstone beds generally weather to mod-
erate olive-brown (5Y4/4) ledges. Locally the units
form slopes that appear dark green or olive-brown from
a distance, in contrast to white-weathering beds that
separate the units. , .

Northward the units become finer grained and
thinner, and many are lighter in color. The A, B,
and D units (fig. 348.2) are the most uniform and
persistent of the lower eight units, and they are con-
spicuous ledge-formers throughout the quadrangle.
The C, E, F, G, and H units are less persistent; in’
the vicinity of the Logan Draw and Lauder slide sec-
tions (fig. 348.2) they grade to mostly slope-forming
silty and nonsilty mudstones that are pale olive
(10Y6/2) to dusky yellow green (5GY5/2), and that =
only locally contain a thin bed of ledge-forming cross-
bedded siltstone or sandstone. In the Wilkins Peak
section, farther northeast, the C, F, and H units underlie
covered slopes and consist mostly of very pale-olive
(10Y7/2) mudstone (fig. 3¢8.2). Units E and G each
contain a small ledge of crossbedded sandstone or silt-
stone interbedded with the grayish-olive to pale-olive
mudstone, but the units are not conspicuous. The thin-
ning and the-change in color and ledging characteristics
of the E through H units northward make this part of
the section appear similar from a distance to overlying
white-weathering beds.

In the upper part of the member, unit I is conspicuous
everywhere as a dark-greenish band or ledge in the
middle of a long white slope formed on a shortite-bear-
ing sequence of marlstone, oil shale, and limestone.

In the core description of Diamond Alkali Co. No. 3
hole, the nine units are either silty or sandy mudstones
(units B, D, E, F, and G) or massive dark-green to
gray mudstone or shale beds (units A, C, H, and I),
and they are easily recognized. They can also be
identified on the electric log of the well by their low
resistivity.

TUFF, LIMESTONE, AND MUDSTONE BEDS

At least six tuff beds in the Wilkins Peak member
extend across the quadrangle (fig. 348.2). The first
(oldest) tuff is an analcitized bed 3 to 6 inches thick in
the lower part of the member that weathers to dark
yellowish orange (10YR6/6) slabs and bricks. The
second and next higher tuff is very irregular in thick-
ness, ranging from 3 to 12 inches, and is everywhere
present in an oil shale and limestone interbed in the
lower part of unit A. The third and fourth tuffs in the
upper part of the member are 2 to 20 inches thick and
are 13 to 17 feet apart stratigraphically; they are par-
ticularly conspicuous in the northwest part of the
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quadrangle. The fifth tuff is a layered tuff 2 to 8 inches
thick, and the sixth tuff is a light-gray massive tuff 3 to
18 inches thick. The second, third, fourth, and fifth
tuff beds are recognized in the core description of the
Diamond Alkali Co. No. 3 hole, but, identification of
the first tuff is uncertain.

At least two limestone beds can be easily correlated in
the measured sections, but they are not recognized in the
core hole (fig. 348.2). The upper is a bed 1 to 4 feet
thick that forms a prominent bench at the top of unit
H in much of the area. The other forms a bench below
unit G and is notable because it is 4 to 8 feet thick, con-
tains less than 5 percent interbeds of claystone, and is
slightly yellow on weathering.

Two grayish-olive (10Y4/2) mudstone beds that are
about 70 and 140 feet, respectively, above the base of the
Wilkins Peak member (fig. 348.2) are persistent marker
beds throughout the quadrangle. In the core hole the
lTower part of the member is much thinner than in the
measured sections, so that the correlation of the two
mudstone beds with beds in the core hole is uncertain.

THREEFOLD SUBDIVISIONS OF THE WILKINS
PEAK MEMBER

Deardorft, Millice, and Textoris * each subdivide the
Wilkins Peak member into three parts on the basis of a
middle unit composed chiefly of green or brown silt-
stone, sandstone, and mudstone, but each recognizes a
somewhat different middle unit. These middle units
can be correlated with the nine marker units of the
Firehole Canyon section (fig. 348.2) as shown on
figure 348.3.

3 Deardorff, D. L., 1959, Stratigraphy and oil shales of the Green
River formation southwest of the Rock Springs uplift, Wyoming:
Master's thesls, Univ. Wyoming, 98 p.

Millice, Roy, 1959, Stratigraphy of the Green River formation in the
sontheastern Bridger basin, Wyoming: Master’s thesis, Univ. Wyo-
ming, 89 p.

Textoris, D. A, 1960, Stratigraphy of the Green River formation in
the Bridger basin, Wyoming: Master's thesis, Ohlo State Univ.,, 107 p.
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Firehole D. L. Deardorff Roy Millice D. A. Textoris
Canyon (1959, p. 93-95) (1959, p. 27 and 64) (1960, pl. 1)
section Sage Creek section firehole Canyon section D.A.C. No. 3 core hole
White shale beds Upper unit
Upper unit
— Middle unit
i# Green siltstone tongue
p— Middle unit
. Lower unit
Greenish-gray .
shale beds Lower unit

Letters A to | refer to units shown on columnar section, figure 2;
Theses cited in footnote in text

Ficure 348.3.—Probable correlation of subdivisions of Wilkins
Peak member described in three unpublished Master’'s theses
with the Firehole Canyon section. Letters A {o I refer to
units shown on columnar section, figure 348.2 ; theses cited in

. footnote 2.

In the southern part of the area the middle unit of
Deardorff is the most distinctive, but in the northern
part the middle unit of Millice is most easily recognized.
The threefold subdivision of Textoris seems to be useful
in the subsurface because of the distinctive electric log
characteristics of each subdivision, although lateral
changes such as the increase or decrease in number of
trona beds may make electric log correlations locally
uncertain.
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349. CHILSON MEMBER OF THE LAKOTA FORMATION IN THE BLACK HILLS, SOUTH DAKOTA AND WYOMING
By Epwin V. Posr and Hexry Beun IIT, Denver, Colo., and Beltsville, Md.

The stratigraphic terminology of the Inyan Kara
group of Early Cretaceous age in the Black Hills of
South Dakota and Wyoming has recently been revised
by K. M. Waagé (1959). During field work in the
Black Hills in 1955 and 1956, Waagé recognized a

regional transgressive disconformity that separated
rocks comprising the lower and upper parts of the
Inyan Kara group. This disconformable relation be-
tween the two parts of the Inyan Kara group is similar
to the relation between the two principal subdivisions
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recognized by Waagé in equivalent rocks in the Colorado
Front Range, in south-central Colorado, and in other
parts of the western interior.

Rocks above the transgressive disconformity make up
the Fall River formation; they correspond closely with
the Fall River as defined by Russell (1927, 1928).

The rocks beneath the transgressive disconformity
make up the Lakota formation, as redefined by Waagé
(1959). The Lakota formation includes as members
rocks that formerly were placed in Darton’s (1899)
original Lakota sandstone as well as the Minnewaste
limestone and the Fuson formation. Much of Darton’s
Lakota, particularly in the southern Black Hills, has
thus become merely an unnamed lower member in the
revised Lakota formation, and has been referred to by
Waagé (1959, p. 86) as the “Lakota formation below
[the] Minnewaste limestone member.”

CHILSON MEMBER
The lower member is here named the Chilson member

of the Lakota formation. The name is derived from.

Chilson Canyon in the center of the Flint Hill quad-
rangle, where two principal subdivisions of the member
are best developed coextensively.

Subsequent to Waagé’s work, detailed geologic map-
ping by members of the U.S. Geological Survey on be-
half of the Division of Raw Materials of the U.S.
Atomic Energy Commission in 13 7Y,-minute quad-
rangles in the southern Black Hills has shown that the
Chilson member is distinguishable beyond the limits of
the Minnewaste limestone member, and that it consists
of two conspicuous fluvial sandstone bodies, each of
which fingers laterally into flood-plain, lacustrine, or
paludal facies. Each sandstone-mudstone complex is
considered a subdivision of the Chilson member. These
subdivisions are here informally designated unit 1 and
unit 2. :

Because of the extreme lithologic variation within the
Chilson member, no single type section is typical.
Figure 349.1 shows representative stratigraphic sections
of the Lakota formation, including the Chilson member,
at three localities in the southern Black Hills. The
center section shows the rock units present in Chilson
Canyon in the Flint Hill quadrangle, where both units
1 and 2 of the Chilson member are well developed. The
left-hand section, at Red Canyon in the Edgemont NE
quadrangle, is typical of areas in the southwestern
Black Hills where unit 1 forms most of the Chilson
member. The right-hand section, at Flagpole Mountain
in the Cascade Springs quadrangle, is representative of
the Chilson member in the southeastern Black Hills
where it consists entirely of unit 2.

The “Lakota formation below [the] Minnewaste
limestone member” described by Waagé (1959, p. 85-86,
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sec. 11) at the reference section of the Lakota formation
in Fall River Canyon in the Hot Springs quadrangle
consists entirely of various facies of unit 2 in the Chil-
son member, none of which can be directly correlated
with beds shown in the sections on figure 349.1.

Unit 1, the older, typically includes very fine grained
well-sorted yellowish-gray sandstone in lenticular
bodies separated by thin partings of carbonaceous silt-
stone. Highly carbonaceous laminated siltstone and
mudstone are interbedded with, or are laterally adja-
cent to, the sandstone. The unit ranges in thickmess
from zero to a maximum of about 400 feet; the great-
est thickness is estimated to be present in the south-
central part of the Edgemont NE quadrangle. Unit 1
is believed to include the coal-bearing sequence of the
Lakota described by Waagé (1959, p. 40-43) in the
northern and western Black Hills. '

Unit 2 is the younger of the two Chilson units. It
overlaps unit 1 from the southeast, and is generally
restricted to the southeastern Black Hills. Unit 2 is
characterized by grayish-yellow or reddish-orange to
reddish-brown very fine grained well-sorted rarely
carbonaceous sandstone in lenticular bodies that are
interbedded with and finger laterally into varicolored
siltstone or claystone. The mudstone and sandstone-
are calcareous at many places. Mudstones of unit 2
are locally carbonaceous, particularly near their western
boundary with unit 1. The thickness of unit 2 ranges
from zero to 437 feet, and is greatest at Flagpole Moun-
tain in the east-central part of the Cascade Springs
quadrangle.

The Chilson member of the Lakota formation rests
on either the Morrison formation or the Unkpapa sand-
stone. Where sandstone forms the lowermost rock unit
in the Lakota, the contact is clear cut. Mudstone of
unit 1 can generally be distinguished by its content of
carbonaceous material from the claystone in the Mor-
rison or mudstone at the top of the Unkpapa. Locally,
noncarbonaceous mudstone of unit 2 rests on mudstone
of either the Morrison or Unkpapa, and at such places
the contact must be chosen arbitrarily. -

Because of rapid facies changes in the Chilson mem-
ber and the Fuson member, there has been much diffi-
culty in mapping the contact between them. Most of
this difficulty disappears, however, when the rocks
are mapped in enough detail to show the distribution
of the individual facies. Such mapping has shown
that a distinctive reddish-brown sandstone commonly
forms the top of unit 2, both where the Minnewaste is
present and for several miles beyond its limits. This
sandstone has been used as a marker bed through much
of the southern Black Hills. The greatest difficulty in
mapping the contact between the Fuson and unit 2 of
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mudstone. Commonly includes a 5 ft

‘Mudstone, lower part gray calcareous
claystone, upper part light-gray
noncal careous siltstone

Uriitvz

c.
Siltstone, gr axxsE- green

Sandstone, fine-grained, yellowish-brown

;__with splotches of pink

. Siltstone, greenish-gray to red !

56| Siltstone, brownish-gray, carbonaceous in [
lower part; contains interbeds of fine- |~

»
2
| __grained white sandstone %
Sendstone and siltstone, interbedded; %
‘?;d
2,

Sandstone, paie yellowish-ormnge, fine- to
very fine-grained, 4-ft-thick beds which
are internally crossbedded

thick reddish-brown sandstone at top,
and is overlain to east by Minnewaste
limestone member

Mudstone, largely covered; upper part
O|.  yellowish-gray to gray calcareous
mudstone; sparsely carbonaceous clay
shale at base; includes a thin sand-
_stane

sandstone, fine-grained, gray, 1-ft
beds; siltstone, platy, brownish-gray,
carbonaceous Ve
Sandstone, fine-grained, white, chielly
ledge forming, faintly crossbedded;
lower 5 ft composed of lenses with A
intervening seams of carbonaceous
siltstone
Covered slope; one small outcrop of
brownish-gray carbonaceous shale 10
Klem == 56 (Lt above Base
andstone, very fine-grained, tabular,
forms massive cliff, weathers light membe -
pinkish tan, iron-stained; carbona-
ceous splotches, white clay grains
in_upper part
Co‘s:}e’:;zd; probably gray carbonaceous silty
e

Mudstone, pale greenish-gray, locally
calcareous, contains ostracods;
includes some thin sandstone beds, and
fingers eastward into Sg sandstone

Unit 1

Sandstone, pale yellowish-orange, very
fine-grained, scattered small patches
of white to greenish-gray interstitial
clay; lower part contains large lerises
of crossbedded sandstone, upper part

_ tabular bedded

Sandstone, yellowish-gray, fine-grained,
locally carbonaceous; composed of many
crossbedded lenses separated by thin
beds of dark-gray carbonaceous silt-
stone ad mudstone

Largely covered; probebly greenish-gray
silty claystone containing thin
tabul ar-bedded light-gray sandstone

Morrison formation: covered; probably
Jdm green calcareous mudstone

/M\/\_
Morrison formation: pale olive-gray
calcareous mudstone

N~——— e~

Sandstone, grayish-yellow, vex"y fine-
grained; tabular beds 1-3 ft thick
lixgllower part, more massive in top

f

Unkpapa sandstone: pale-pink fine-
grained sandstone that weathers to
rounded somewhat cavernvus cliffs.
Probably not more than 50 ft thick

FIGURE 349.1.—Representative stratigraphic sections of the Lakota formation in the southern Black Hills. Symbols in columns shown on figure 349.2.
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the Chilson member has been encountered beyond the
limits of both the red sandstone marker bed and the
Minnewaste limestone member. Detailed mapping
generally allows the geologist to locate the contact be-
tween the uppermost sandstone in unit 2 and an inter-
val of distinctive limestone concretions and calcareous
conglomerate near the base of the Fuson. Rocks of
unit 1 can generally be distinguished from the overly-
ing Fuson rocks both by the absence of carbonaceous
material and the presence of variegated mudstone and
conglomeratic sandstone in the Fuson.

MINNEWASTE LIMESTONE MEMBER

The Minnewaste limestone member has been mapped
with little difficulty. It ranges in composition from
rather clean dense pinkish-gray limestone to calcareous
sandstone; the typical rock is sandy limestone. The
Minnewaste ranges in thickness from zero to a maxi-
mum of 80 feet; the greatest thickness was noted in a
gully draining into the east side of Tepee Creek in
the southeastern part of the Cascade Springs quadran-
gle. The Minnewaste described in the reference sec-
tion of the redefined Lakota formation by Waagé (1959,
p. 85, sec. 11) is representative of the unit, and it is
here suggested that this be taken as the reference sec-
tion of the Minnewaste limestone member.

FUSON MEMBER

Waagé (1959, p. 29) has suggested that “Darton’s
Fuson is the key to the difficulties that have arisen in
attempts to map his threefold subdivision in different
parts of the Black Hills,” and has stated (p. 32) that
the Fuson “ * * * Jacks definite upper and lower con-
tacts and is too variable in rock type * * * to permit
consistent identification on the basis of its own lithie
content.” Because of this, Waagé (1959, p. 33) rec-
ommended discarding the name “Fuson,” or at best,
restricting its use to the area in the southeastern Black
Hills where the Minnewaste limestone member is
present.

By recognizing the regional transgressive discon-
formity as the contact between the Fall River and
Lakota formations, Waagé (1959) has in effect defined

~ the top of the Fuson. The rocks above and below this
disconformity differ from place to place; laminated
carbonaceous siltstone at the base of the Fall River
formation commonly rests either on Fuson mudstone or,
in places, on conglomeratic channel sandstone. The
contact is readily mappable where thick channel sand-
stone of the Fall River formation rests on Fuson mud-
stone, but is difficult to map where such sandstone in
the Fall River rests on similar sandstone in the Fuson
member.

SURVEY RESEARCH 1961

Several characteristic lithologies have been recog-
nized in the Fuson member. Variegated claystone and
siltstone is perhaps the most widespread and character-
istic Fuson rock type, particularly in the southern and
northern Black Hills. White, speckled with red,
massive argillaceous fine-grained sandstone commonly
exists in the middle of the member, and a thin bright-
green clayey sandstone is found at many localities in
the middle of the member. Channel sandstone that is
locally conglomeratic ¢(Klfs;, on figure 349.2) com-
prises much of the lower Fuson along the western side
of the Black Hills, and crossbedded conglomeratic
sandstone (Klfs, on figure 349.2) also fills a channel
scoured from the top of the Fuson part or all the way
through the mudstone and massive argillaceous sand-
stone facies in the southern Black Hills. Common in
the lower. 15 feet of the Fuson in the southern Black
Hills is a thin-bedded ripple-bedded reddish- or yellow-
ish-orange fine-grained locally calcareous sandstone
that has streaks and small lenses of clay parallel to the
bedding; the clay weathers out giving the rock a
characteristic pitted surface. A thin calcareous con-
glomerate and concretions of limestone or barite occur
locally in the lower 5 feet of the member. Polished
well-rounded pebbles of pink quartzite, quartz, and
chert are diagnostic of the Fuson; they weather abun-
dantly out of the mudstone beds of the member °
throughout the Black Hills area.

Ostracodes found in the calcareous conglomerate near
the base of the Fuson member were described by I. G.
Sohn (written communication, 1955) as differing from
those in other collections of the Lakota formation in
that they include a large smooth genus not typical of
Lower Cretaceous rocks. Thus, it appears that the
Fuson and Chilson members may be distinguished by
paleontologic as well as lithologic evidence.

The base of the Fuson member is in contact with
either the top of the Minnewaste limestone member, the
top of the several facies of the Chilson member, or, in
parts of the Black Hills, with the top of the Morrison
formation and possibly the top of the Unkpapa sand-
stone. The greatest difficulty in locating the base of
the Fuson member has been encountered in the rela-
tively small area where the Fuson rests on unit 2 of
the Chilson member, but detailed mapping of the vari-
ous facies along this contact has resulted in satisfactory
location of the contact.

The type locality of the Fuson member at Fuson
Canyon in the southeastern Black Hills is not satisfac-
tory for several reasons. The base of the member is
not exposed, the Minnewaste limestone member is
absent in that immediate area, and the Fuson there
consists dominantly of sandstone and siltstone. The
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following stratigraphic section has the Minnewaste
limestone member underlain by the red sandstone
marker bed of the Chilson member as a base, and it
includes more of the mudstone so typical of the Fuson
in much of the Black Hills. It is presented as a refer-
ence section for the Fuson member of the Lakota
formation in the southern Black Hills. The variability
of the Fuson may be demonstrated by comparing this
section with that at Fuson Canyon (Waagé, 1959, p. 84,
sec. 10), with the Fuson member at Waagé’s reference
section of the Lakota formation in Fall River Canyon
south of Hot Springs, S. Dak. (Waagé, 1959, p. 85, sec.
11), and with a section measured in Red Canyon north
of Edgemont, S. Dak. (fig. 349.1).

Reference stratigraphic scction of the Fuson member of the
Lakota formmation on cast bank of Cheyenne River, SW
NWY, sec. 2, 1.9 8., R. 4} E., Cascade Springs quadrangle,
Balt River County, S. Dalk.

[Measured by E. V. Post and D. W. Lane]

Fall River formation (in part) :
Siltstone, dark-gray, carbonaceous, laminated ; becomes
sandy and more massive at top- - ________ 30
Sandstone, yellowish-gray, fine-grained, locally mica-
ceous; contains white clay grains in streaks along
bedding; bedding wavy; weathers cavernous________ 12

Feet

Lakota forma'tion :
Fuson member :
Sandstone, white to pink, splotched with red, medium-
to fine-grained, friable ; abundant interstitial white
clay in streaks parallel to bedding; broad low-

angle crossbeds ; becomes clayey at top__—________ 38 .
Claystone, variegated green to dark reddish-brown;

silty at base oo 10
Mudstone, yellow, jarositic, limonitic, gypsiferous; in

part a boxwork of selenite with little mudstone.___ 1

Claystone, dark-gray to greenish-gray; largely clean,

some carbonaceous ; hackly fracture ; includes lime-

stone concretions 6 to 8 inches thick by 1 to 2 feet

in diameter at base._ - oo 26
Conglomerate, medium-gray; limestone and white

silty claystone pebbles in a calcareous sandstone

FULT: 19 ¢ . S 1.5
Claystone, gray to olive-gray_______________________ 5.5
Sandstone, light yellowish-gray, fine-grained, cal-

careous, 'tightly cemented-— . ___________________ 3

Total thickness of Fuson member______________ 85.0
Minnewaste limestone member :
Limestone, pinkish-gray, dense; contains streaks of

coarsely crystalline caleite_ . ___________ 2
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Lakota formation—Continued
Chilson member (in part) :

Unit 2:
Sandstone, moderate reddish-brown, fine-grained,
moderately well-cemented. oo _______ 5
Sandstone, pinkish- to yellowish-orange, fine-

grained to very fine grained, moderately well-
cemented; sparkles because of secondary silica
overgrowths on quartz grains; color banded with
red iron-oxide bands along laminae of abundant
white clay grains_____________________________ 30

REGIONAL CORRELATION

The mapping and stratigraphic studies of the Inyan
Kara group in the Black Hills carried out by the Geo-
logical Survey from 1952 to 1957 resulted in part in the
correlation of rock units as shown by Mapel and Gott
(1959). Work done during 1958 and 1959 has resulted
in further definition of the relations among these vari-
ous rock units in the southern Black Hills. Figure
349.2, which is a reduced and revised version of the cross
section published by Mapel and Gott (1959), shows the
relations among the Fuson, Minnewaste, and Chilson
members of the Lakota formation as presently under-
stood.

The most significant change in this section was made
in the area between the Edgemont NE quadrangle and
the Wyoming—South Dakota boundary, where it was
recognized that the conglomeratic sandstone labeled
Klfs, on figure 349.2 (and S, by Mapel and Gott, 1959)
is, in fact, a sandstone in the Fuson member, and there-
fore younger than rocks of the Chilson member. This
has resulted in assigning practically all the conglom-
eratic sandstone of the Inyan Kara group to the Fuson
member of the Lakota formation.

The various sequences of the Lakota formation de-
scribed by Waagé (1959, p. 35-46) can be matched very
closely with the formally named members of the La-
kota. His northern and eastern sequences, as well as
the upper part of the southern sequence, are equivalent,
to the Fuson member, and his coal-bearing sequence
and the lower part of the southern sequence are equiv-
alent to the Chilson member. Waagé (1959, p. 48)
recognized this correlation in stating,

If the correlations suggested here are correct, beds Darton
called Lakota and Fuson (in part) in the northwestern Black
Hills are equivalent only to beds he called Fuson in the south-
eastern Black Hills. To state it another way, using Darton’s

classification, there is no Lakota in the northwestern Black
Hills—it is all Fuson.
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Fieure 349.2.—Diagrammatic restored cross ‘section of the Lakota and adjacent formations in the southwestern Black
Hills showing the relations among the Fuson, Minnewaste limestone, and Chilson members of the Lakota formation.

The line that marks the top of the Chilson member
on figure 349.2 has been emphasized. By following it
northwestward, one can clearly see that the Chilson
member pinches out in the vicinity of Inyan Kara
Creek and that the Lakota formation northwest of that
point consists entirely of the Fuson member.
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350. ARTESIAN WATER IN THE SPIRITWOOD BURIED VALLEY COMPLEX, NORTH DAKOTA

By C. J. Huxer, Jr., Grand Forks, N. Dak.

Worl done in cooperation with the. North Dakota State Geological Survey and the North Dakote State Water
' Conservation Commission

~

Thick bodies of saturated sand and gravel were dis-
covered in 1958 during reconnaissance test drilling near
the eastern boundary of Stutsman County, N. Dak.
Subsequent, drilling has indicated that these sand and
gravel deposits are part of a large buried valley system
cut into the Cretaceous Pierre shale. The buried valley
system is referved to as the Spiritwood buried valley
complex, and its location and relation to other buried
valley systems are shown on figure 350.1.

Cross sections (figs. 350.2 and 350.3) show that the
Spiritwood buried valley complex consists of several
distinct valleys. In section B-B’ a deep trenchlike
inner valley filled with clay is shown incised into a
wider and more gently sloping outer valley. In section

1047

4-4’ two separate and distinct valleys are shown side
by side. A similar relation is illustrated in section
D-D’, although the valleys are of different depths and
are more widely separated than those shown in section
4-4’. It is inferred from existing well data that a
major tributary enters the Spiritwood buried valley
complex at a point about 4 miles south of section C-C’
and 3 miles west of the county line (fig. 350.2).
Significant thicknesses of sand and gravel have been
found only in the westernmost valley shown by section
A-A’, the outer and more gently sloping valley shown
by section B-B’, and the incompletely defined valley
shown by section C-C’ (fig. 350.3). Water-bearing
sands and gravels in these valleys are referred to as the
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Freure 3850.1.—Map showing physiographic provinces of North Dakota (modified from Simpson, 1929) and relation of the

Spiritwood buried valley complex to other buried valley systems in the region.

figure 350.2.

Rectangle indicates area shown in



D-180

Spiritwood aquifer and are considered to be glacio-
fluvial in origin. The Spiritwood aquifer reaches a
maximum thickness of at least 115 feet and is found be-
tween altitudes of 1,150 and 1,370 feet. Thick bodies
of silt and clay in the inner valley of section B-B” (test
hole 1594, fig. 350.3) and the eastern valley of section
D-D’" may be either preglacial or glaciofluvial in origin.
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FicUure 350.2.—Map showing location of wells and test-holes
in the Spiritwood buried valley complex.
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The range in depth and width of the several valleys
within the Spiritwood buried valley complex is ap-
parent in the test-hole sections. The size of the Spirit-
wood buried valley complex suggests that it may have
been a major segment of the preglacial-drainage sys-
tem in North Dakota. The ancient Cheyenne system
may have flowed north into Dickey County along the
trend of a moraine (Flint, 1955, p. 148) which 1s cor-
related with one of the inner members of the Antelope
morainic system (fig. 350.1). According to Hard
(1929, p. 28) this moraine might mark the trend of a
buried valley. Upham (1894, p. 244; 1895, p. 107)
thought that the Cheyenne system extended from the
end of the moraine northeastward to the present Red
River channel and then northward into Hudson Bay.
It is possible, however, that the ancient Cheyenne sys-
tem continued straight north from the end of the inner
Antelope moraine, and that the Spiritwood buried val-
ley complex is a segment of that system. Such a course
is marked by depressed areas and areas of interior
drainage from LaMoure (fig. 350.1) to the line of sec-
tion D-D’ (fig. 350.2). The Spiritwood buried valley
complex can be traced on the basis of well inventory
data from the line of section 4-4’ northeastward into
southern Griggs County, a distance of more than 20
miles. At this point the Spiritwood complex is only
6 miles southeast of the southeastern extension of the
buried Heimdal Valley (fig. 350.1).

All existing wells in Stutsman County have been in-
ventoried and the locations of those penetrating the
Spiritwood aquifer are shown on figure 350.2. Depth
to water in these wells ranges from above land surface
in a flowing well in T. 188 N, R. 62 W., to 70 feet below
land surface in a well in T. 140 N, R. 62 W.

Chemical analyses were made on water samples from
3 wells and specific conductance determinations in the
field were made on water from 7 other wells. The total
dissolved solids were calculated from the specific con-
ductance determinations. Of the 10 wells for which
data are available, 8 yielded water in which the total
dissolved solids were between 500 and 800 ppm (parts
per million). The other 2 wells, in the SE14 T. 138 N.,
R. 62 W, are 220 and 171 feet deep and were found to
have total dissolved-solid contents of 1,343 ppm and
1,158 ppm, respectively. o

Aquifer tests are needed to determine the ground-
water yleld of the Spiritwood aquifer ; however, its large
areal extent and thickness, the coarseness of its gravels,
and its high degree of saturation indicate that it is
potentially productive.

Pel
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F1oure 350.3.—Cross sections in the Spiritwood buried valley complex.
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351. A BURIED VALLEY NORTHWEST OF MANHATTAN, KANSAS

By Hewnry V. Beck, Manhattan, Kans.

Work done in cooperation with the State Geological Survey of Kansas

North and northwest of Manhattan, Kans., is a buried
valley about 2 miles wide. The altitudes of the ground
surface in this area ranges from about 1,040 feet in the
east to about 1,180 feet in the west. The valley was
reported, but not described, by Todd (1918, p. 197) and
Mudge (1955, p. 273). The buried valley is Y-shaped
with the base of the Y pointing to the northeast in
the direction of former flow (fig. 351.1). The valley is
widest where the two branches join and it narrows to-
ward the northeast. Here the valley is confined be-
tween high bluffs composed of Permian rocks.

Logs of test holes indicate that the gravel deposits
in the basal part of the buried valley are overlain by
reddish-brown silt and clay ranging in thickness from
about 7 to about 80 feet. The gravels in the south-
western tributary are composed of limestone and chert
fragments of.local origin. The deposits in the south-
eastern branch are composed principally of arkosic
gravel, indicating a westerly source.

Furthermore, this area contains some gravel deposits
of glacial origin. Glacial boulders in these deposits
probably were derived from colluvial wash from de-
posits of glacial drift on Bluemont Hill.

The deposits in the buried valley are typical of those
found in terraces of Kansan and Illinoian age that
are east of the junction of the Kansas and Blue Rivers.
Davis and Carlson (1952) applied the names Menoken
to terrace deposits of Kansan age, Buck Creek to ter-
race deposits of Illinoian age, and Newman to terrace
deposits of Wisconsin age. The principal differences
in the terrace deposits of Kansan and Illinoian age are
the lithologic character of the gravel and the topo-
graphic position. Generally Menoken deposits have
a higher percentage of glacially derived material than
the Buck Creek. In the area extending eastward from
Manhattan to a point near Lawrence, the bedrock sur-
face beneath the Menoken terrace ranges from 45 to 70
feet above the bedrock surface beneath the Buck Creek
terrace. The interval between the two surfaces is less
in the western part of the area. The bedrock surface
beneath the Buck Creek terrace is about 15 feet below
the surface of the Newman terrace.

During a part of the Pleistocene, the ancestral Kan-

sas River flowed northward through the buried valley

by way of the southeastern branch and the outlet to -

the northeast. The ancestral Wildcat Creek joined
this stream at a point about 2 miles north and a little
west of Manhattan. The ancestral Wildcat Creek
abandoned a segment of its channel in the buried valley
and established its present course no later than early
Illinoian time. The evidence for dating this change
in course is based on terrace deposits along the west

* side of the present Wildcat Creek valley in the SWij

sec. 13, T. 10 S., R. 7 E,, (fig. 351.1), which have been
identified as Illinoian in age. They are equivalent to
the Buck Creek terrace of Davis and Carlson (1952)
and Beck (1959). Gravel deposits in the basal part
of this terrace are principally of local origin, but also
contain some glacial gravel that probably was derived
from glacial drift on the upland area west of the valley.
In the buried valley the gravel deposits are an import-
ant source of ground water. The yields of wells are
dependent on the thickness of gravel at any particular
locality.

Bedrock in the buried valley adjacent to Blue River
lies at altitudes ranging from 1,002 to 1,025 feet, and
in"the southeastern branch altitudes range from 1,020
to 1,050 feet (fig. 351.2). In the southwestern branch,
altitudes are generally above 1,060 feet. The contours
indicate that the streams flowed northward and north-
eastward and preclude the possibility that the ancestral
Blue River flowed southward through the valley. The
southwestern branch had the steepest gradient, which
is typical of a tributary stream draining‘a limestone
and shale terrane. The deepest part of the southeast-
ern branch is along the east side of the valley, which
may indicate a second period of downcutting in this
area. 'The earlier period of cutting reached base level
at altitudes near 1,050 feet, and the second entrench-
ment reached base level near 1,020 feet.

- Glacial deposits on Bluemont Hill and on the hill
south and west of Manhattan are evidence that the
channel was blocked by ice during the Kansan glacial
period. The cutting of the valley between Bluemont
Hill and K-Hill may have begun at this time, but the
southeastern branch of the buried valley was again occu-
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pied and deepened by the ancestral Kansas River in
late Kansan time and probably in early Illinoian time.

Illinoian terrace deposits, in the SW1; sec. 13, T.
10 S, R. 7 E., are evidence that the ancestral Wildcat
Creek occupied its present course no later than early
Illinoian time. By early Wisconsin time, the ancestral
Kansas River had abandoned the buried valley and
had breached the area between Bluemont Hill and
K-Hill. Illinoian deposits are absent in the valley be-
tween these hills. The valley is narrow here, however,
and if such deposits were deposited it is probable that
they have been removed by floods of the Kansas River.

R
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352. STRATIGRAPHY OF LOWER AND MIDDLE PARTS OF THE PIERRE SHALE, NORTHERN GREAT PLAINS

By James R. GiLL and Wirtiam A. CoeBan, Denver, Colo.

The Pierre shale of Late Cretaceous age was de-
posited in a broad epicontinental sea that covered the
Great Plains States and contiguous areas to the west
and extended north into Canada. The eastern limit of
the sea is not well known. The Pierre is being studied
to determine the chemical, mineralogic, and sedimen-
tary changes that take place in fine-grained rocks across
a basin of marine deposition (Tourtelot, Schultz, and
Gill, 1960). Stratigraphic investigations conducted
concurrently with geochemical and mineralogic studies
by H. A. Tourtelot and L. G. Schultz cover about two-
thirds of the basin of deposition in the northern Great
Plains (fig. 352.1).

Rocks deposited along the eastern shoreline of the
basin have been removed by post-Cretaceous erosion
but much of the broad eastern stable shelf and eastern
slope areas remain (fig. 352.1). These areas, far re-
moved from the dominant westward source of the sedi-
ments, were the site of slow to moderate deposition and,
in general, contain a distinctive suite of fine-grained
shale and marlstone. The trough of the basin was the
site of more rapid deposition and contains coarser
grained rocks. There is a pronounced westward in-
crease in coarser grained rocks across the trough of the
basin and the western slope area, and an interfingering
of marine beds with brackish-water. and nonmarine de-
posits on a narrow western shelf.

The three units described here (figs. 352.2B and
352.3 4 and B) represent the lower and middle parts of
the Pierre shale of South Dakota and equivalent rocks
described by various names in adjacent States (fig.

" 804498 0—61——13

352.4 and table 352.1). These units reflect three dis-
tinct phases in the depositional history of the Upper
Cretaceous rocks of the region. The first depositional
phase is one of regression (fig. 352.14), herein referred
to as the Eagle regression -(R-2 regression of Weimer,
1960) ; the second phase is one of transgression (fig.
352.1B), the Claggett transgression (T-3 transgres-
sion of Weimer, 1960) ; and, the third phase is one of
regression (fig. 352.1C) called the Judith River re-
gression (R-3 regression of Weimer, 1960).

EAGLE REGRESSION

Rocks between the Niobrara formation and the base
of beds equivalent to the Claggett shale—roughly
equivalent to the Eagle sandstone of Montana (fig.:
352.2B and table 352.1) —represent the initial regressive
phase of deposition of the Pierre shale (figs. 352.28 and
352.4). The depositional history of the shelf area east
of the zero thickness line is obscure. Some stratigra-
phers believe that the area was undergoing erosion at
the time (Reeside, 1957; LeRoy and Schieltz, 1958),
Stratigraphic and paleontologic evidence now strongly
suggest that beds equivalent to the Eagle sandstone in-
terfinger with and grade into calcareous beds of the
Niobrara formation in the eastern shelf area (fig.
352.4).

The western part of the stable eastern shelf and the
eastern slope area contain dominantly noncalcareous
deposits of gray bentonitic claystone, a few thin silty
layers, and abundant red-weathering thin ferruginous
layers and concretions (Gammon ferruginous member
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TABLE 352.1.—Correlation of lower and middle parts of the Pierre shale and equivalent rocks, northern Great Plains

[Roman numerals refer to areas shown on figure 852.4; dot shows index fossil collected]

1/ Zapp and Cobban, 1960

of Pierre shale in the Black Hills region, fig. 352.4).
The trough of the basin was the site of rapid deposi-
tion in which great thicknesses of silty and sandy beds,
bentonitic claystone, and persistent beds of bentonite
accumulated. The Sussex, Shannon, Groat, Virgelle,
and other sandstones occur at several horizons (figs.
352.2B and 352.4). These beds thicken and become
coarser grained to the west. Oil has been produced
commercially from some of these sandstones in the
southwest part of the Powder River basin, and gas is
produced from similar beds in eastern Montana.

CLAGGETT TRANSGRESSION

Rocks equivalent to the Claggett shale of Montana
(fig. 352.4 and table 352.1) represent a transgression of
the Pierre sea (fig. 352.34). Volcanism at the start of
this phase resulted in widespread ashfalls that are pre-

served as persistent beds of bentonite at the base of the -

black shale sequence throughout the Dakotas, Montana,
Wyoming, and western Nebraska.

Deposits of the stable eastern shelf area are thin,
consisting of black organic-rich radioactive shale and
thin beds of bentonite characteristic of the Sharon
Springs member of the Pierre shale (fig. 352.4). These
rocks contain distinctive ammonite faunas (table 352.1)
and have easily identified electric and gamma-ray
curves that provide a reliable time-stratigraphic datum
throughout the area. The distinctive black shale and
bentonite sequence of the shelf area extends westward
across the eastern slope area into about the center of
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* hipcappuc;ep?is . frr— ® “K" sandstone i :
Virgelle sandstone member ° Gammon
) ferruginous member
Ll ’ L

the basin where the organic-rich black shale loses its
identity because of dilution with detritus from the
western source area. The bentonite beds thicken toward
the source area and retain their identity over large
areas.

Deposits of the stable eastern slope area accumulated
more rapidly than those of the eastern shelf; in addi-
tion to bentonite and organic-rich black shale, the de-
posits contain black flaky shale characteristic of the
Claggett shale. The thickness of these transgressive de-
posits increases gradually across the western Dakotas.
and eastern Montana (fig. 352.34). Western Nebraska,
north-central Colorado, and southeastern Wyoming
were the site of rapid deposition resulting in thick ac-
cumulations of black shale and silty and sandy beds in
the bottom of the trough (figs. 352.34 and 352.4).
Sandy deposits in this stratigraphic interval are
thought to indicate an isolated local source area in
south-central Wyoming.

JUDITH RIVER REGRESSION

Rocks equivalent to the Judith River formation (fig.
352.4 and table 352.1) represent the second regressive
depositional phase of the Pierre shale. Nonmarine
rocks were deposited along the eastward retreating
shoreline in western Montana and Wyoming (figs.
852.1C and 352.3B) and are represented in the trough
portion of this area by regressive beds of marine
sandstone.

The restricted eastern shelf area received thin ac-
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cumulations of claystone, calcareous shale, and thin
beds of silty marlstone. Noncalcareous shale and silty
shale were deposited in the eastern slope area. The
trough of the basin contains relatively thick deposits of
silty shale, siltstone, and sandstone. In the northern
part of the area, the thickness of the unit and the dis-
tribution of sandstone deposits indicate that the sedi-
ments were being transported eastward across Montana
and northeastward. across North Dakota (fig. 352.3B).
The arcuate pattern formed by the 300- and 400-foot
isopach lines may have been the result of ocean currents
moving in a clockwise direction.

Nonmarine deposits in the upper part of the Park-
man sandstone (figs 352.38 and 352.4) show that the
western shoreline had moved eastward into the Powder
River basin of east-central Wyoming near the close of
this phase of deposition.

Natural gas is produced in eastern Montana from
sandstones in the Judith River formation and oil is pro-
duced from the Parkman sandstone member of the
Mesaverde formation in eastern Wyoming and from
the Hygiene sandstone member of the Pierre along the
Front Range in Colorado. '
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353. ANALYSES OF GAS AND WATER FROM TWO MINERAL SPRINGS IN THE COPPER RIVER BASIN,
ALASKA

By Do~xarp R. Nicuors and Lyn~x A. Yeure, Washington, D.C.

Two gas and mineralized-water springs, previously
reported by the authors (1961, p. 1076), were sampled
during the summer of 1960. These springs, here
termed the Copper Center and Tazlina mineral springs,
issue from small mounds and thus may be classed as
incipient mud volcanoces. Several other smaller
springs, also presumably mineralized, have been seen
from the air, but were not visited. All of the springs
are in the southeastern Copper River Basin (fig. 353.1),
and appear to be associated with mud volcanoes that
have been divided into two general groups based on
geographic distribution and chemical and physical
characteristics. The Drum group (Shrub, Upper
Klawasi, and Lower Klawasi mud volcanoes) lies east
of the Copper River and has the large'st cones, 150
to 310 feet high; its springs are characterized by ear-,
bon dioxide gas and warm sodium bicarbonate and

sodium chloride waters. The Tolsona group (Nickel
Creek, Shepard, Tolsona No. 1, and Tolsona No. 2 mud
volcanoes) lies west of the Copper River and has cones
25 to 60 feet high; all but the inactive Shepard mud
volcano have springs that discharge methane gas and
cool sodium chloride and calcium chloride water.

East of the Copper River, thick glacial, lacustrine,
and fluvial deposits mantle andesitic lavas of Tertiary
to Recent age. West of the Copper River, marine sedi-
mentary rocks of Cretaceous age, and semiconsolidated
sandstone, conglomerate, and a few thin lignitic beds of
Tertiary age, are overlain by Pleistocene deposits
(Miller and others, 1959, p. 52, pl. 8).

DESCRIPTION OF THE SPRINGS

The Copper Center mineral spring is 214 miles N.
20° E. of Copper Center (fig. 358.1). It consists of
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Freure 353.1.—Location of principal mud volcanoes and mineral springs, Copper River Basin, Alaska.

two vents, each 114 inches wide, and a single pool 5
to 8 feet in diameter and 2 feet deep. The pool and
vents lie on the eastern edge of a barren, almost imper-
.ceptible mound, the base of which is about 75 feet in
diameter and about 1 foot below the nearby ground
surface. The mound consists largely of pebbly clayey
silt to a depth of at least 314 feet. The bottom of the
pool, however, is covered by medium to coarse sand.
Coarse gravel, which lines the drainage channel from
the spring, and twigs and sand in the pool are coated
by an iridescent bluish-purple precipitate.

When observed, water in the pool was clear green

-and had a temperature of 63°F, 12° less than the air
temperature but 15° to 25° more than ground-water
temperature. Water from the pool discharged into a
small stream at a rate of about 9 gpm, but sank into
the stream bed within 300 yards. Discharge from the
vents was insignificant. A dry, grass-covered drainage
way, 50 to 500 feed wide, that extends southwestward
from-the spring to a gully incised in the bluffs of the
Copper River suggests that discharge of water from
the pools was much greater in the past. Gas bubbled
intermittently from several places in the pool and from
the two small vents.

The Tazlina mineral spring is in a clearing on a low
terrace north of the Tazlina River, about 214 miles east
of Tolsona Creek. In this approximate area, Theodore
Chapin, in 1914 (unpublished data), found a “circular
area 15 feet across [with] over 50 mud volcanoces * * *

[and with] mounds 4 to 5 feet high.” The Tazlina
spring, which may be the same as Chapin’s mud
volcanoes, presently consists of 4 pools 3 to 5 feet in
diameter on a single grass-covered mound 3 to 4 feet
high and 250 feet in diameter. The mound is composed
of dark-gray clayey silt and fine sand. Gas bubbled
intermittently from 3 of the 5 vents in the largest pool
at the mound crest (fig. 353.2), but activity was very
sporadic in the other 3 pools on the northeast slope.of
the mound. The water seeps into grass-covered
marshes bordering the pools; the rate of discharge
could not be measured. Gray, silt-laden water in the
pools had a salty taste and a temperature of 40° F,
close to that of the ground water but 35° lower than air
temperature at the time measured.

WATER AND GAS ANALYSES

- Waters from the Copper Center and Tazlina mineral
springs (table 353.1) are similar to waters of the
Tolsona group of mud volcanoes (Nichols and Yehle,
1961, table 3); the principal difference is that the
average of total dissolved solids of the Tolsona group
is much lower than that of the Copper Center mineral
spring and much higher than that of the Tazlina
mineral spring. Waters from the Tolsona group also
have an appreciably higher iron content. Both the
spring and mud volcano waters are relatively low in
bicarbonate and high in chloride and calcium in con-

~ trast to waters of the Drum group.

~7T
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Ficure 353.2.—Gas bubbling from 2 of 5 vents in pool at crest
of Tazlina mineral spring.

TaBLE 353.1.—Analyses of water and ratios of chemical con-
stituents in water from Copper Center and Tazlina mineral
springs

[Analyses by U.S. Geological Survey, Palmer, Alaska.]

Mineral spring
Copper Center Tazlina (Sample
(Sample 6129 col- 6131 collected
lected Aug. 7, 1960) Aug. 8, 1960)
Constituent (ppm):
o R S e R S 24 24
) Y PAER S s i e L 20 .03
(G et e et s (R 3, 060 909
Mg oA b IGSr ) S 24 48
Nl it i o e 5, 960 1,170
| et N R R S T 55 11
i o IER e E R A e S .04 .25
HIG G e P e e e Gy 124 216
oL B PR e At e 4.0 3.5
ElcEal iy A el sulesl o) SR g 14, 400 3, 400
et o R Rl i 3
POS v CE e TR B e [0 f e R A T
Total dissolved solids
(calculated) ... .__._. 23, 600 5, 670
Hardness as CaCO;__ __ . __ 7,730 2, 470
Non-carbonate-. . e lps .. 7, 630 2, 290
Specific conductance . . _ ______ 36, 400 9, 800
BYenBitrt i o R e RO 4 [ 2o e el )
g1 5 bt e e N it A o L 8.0 7 s
Ratio:
(00 NR e e T . 5134 . 7769
Mgy Wit et pia i . 0078 . 0528
KN it s el st . 0092 . 0094
EE OGRS e e T . 0086 . 0635
oL 91 B el SN AN . 0003 . 0103
Ol L e e e . 0001 . 0009
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TaBLE 353.2— Analyses of gas from Copper Center and Tazlina

mineral springs, and Tolsona No. 1 mud volcano

[Mass spectrometer analyses by, and used with permission of, Helium Activity
Laboratﬁory, U.S. Bureau of Mines, Amarillo, Tex.; Tr.=trace, less than 0.05
percen

Mineral springs
Tolsona No. 1
mud volecano
Copper Cen- Tazlina (Sample
ter (Sample (Sample Y-0.287x, col-
N-0.224d, col- | N-0.229, col- [lected Aug. 29,
lected Aug. 7, | lected Aug. 8, 1960)
1960) 1960)
Component (percent):
Methane_ .. ___ pifele = ST 44. 6 58. 2 63. 4
Bibhanes /v o bdg el i 50 4
Propane. s coliuts 2k s il
pRbUGane s e s ) ) T,
gehmtaiies T 1 e ) i) B
R-pentafe s ol S iit 20 .0 0
1=pentanes. oLl 510 A .0
Cyclo-pentane__ ______ B} .0 P
Hexanes plus_ __ ______ T 20 Tr.
Nitrabanie i feh 55. 0 40. 4 35.9
Chreyeeniitoal s s ol i . ol i |
Arponasli Rl a Bl S iyl .2 i
Flelivmite . n b ss JIE A byt sl Sl
Hyidrozenc it e s Ll i) | 10
Hydrogen sulfide_ _____ L0 .0 <160
Carbon dioxide____:___ Al 9 w2
1 o e S e 99. 94 100. 1 99. 9+
SiHfurtgdepiicc HT il ae 2 5 | ot R M SRER e LA Al L 2
Calculated total Btu_. _____ 454 592 645

Analyses of gas emanating from the Copper Center
and Tazlina mineral springs and an analysis of gas
from the Tolsona No. 1 mud voleano are presented in
table 353.2. These analyses show a high methane and
nitrogen content and closely resemble analyses of
Tolsona group gases (Nichols and Yehle, 1961, table
2). This contrasts with the predominantly carbon
dioxide gas emanating from the Drum group.

The Copper Center and Tazlina mineral springs are
included in the Tolsona group of mud volcanoes because
of the composition of their water, and especially of
their gas. Comparison of the ratios of chemical con-
stituents of the spring water with median ratios of
chemical constituents of other waters of different types
as reported by White (1960, p. B452) shows no striking
similarities, and the source of the water issuing from the
springs and mud volcanoes remains uncertain. How-
ever, the close similarity of gas from springs and mud
voleanoes of the Tolsona group suggests that all have a
common source, perhaps from buried Cenozoic marsh or
coal deposits, or from porous nonpetroliferous beds of
pre-Tertiary (Cretaceous?) age.
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354, THRUST FAULTS IN THE SOUTHERN LISBURNE HILLS, NORTHWEST ALASKA

By RusserL H. CameBeLr, Menlo Park, Calif.

Work done in cooperation with the U.8. Atomic Energy Commission

The structure of the southern Lisburne Hills, Alaska,
is dominated by north-trending imbricate thrust faults
along which rocks of the Lisburne group of Mississip-
pian age have been thrust eastward over Lisburne and
younger strata. The zone of thrust faulting extends
from the Chukchi Sea northward to Cape Lisburne
where it again passes beneath the waters of the Arctic
Ocean (Collier, 1906; Dutro, Sable, and Bowsher,
written communication, 1958). The northerly struc-
tural trends of the Lisburne Hills are in sharp con-
trast to the general easterly structural trends of the
Brooks Range and Arctic Foothills provinces.

The rocks of the area are exclusively sedimentary,
probably all marine, and most are well stratified. They
range in age from Devonian(?) (Collier, 1906, p. 16,
17) to Cretaceous and crop out in parallel northeast- to
north-trending bands in which the rocks are generally
successively younger from west to east (fig. 354.1). No
angular unconformities have been observed, but a dis-
conformity probably occurs at the top of the Lisburne
group, and disconformities may separate all the
younger units. "

The overthrust sheets are composed principally of
relatively competent limestone and dolomite beds of
the Lisburne group, but they locally include infolded
segments of older and younger rocks. Silty mudstone
of Mississippian age underlies the Lisburne group con-
formably at a few places, but at most, places the con-
tact is a thrust fault, beneath which the less competent
mudstone has been plastically deformed. Relatively
incompetent mudstone and sandstone of Cretaceous and
Cretaceous or Jurassic ages have been intensely crum-
pled and broken by high-angle faults chiefly along bed-
ding planes and axial planes of folds; they give a gross
impression of plastic deformation.

The combined dip slip of the thrust faults is esti-
mated to be a minimum of 5 miles to the east. The
photograph (fig..354.2) illustrates some details of the
thrust faulting at a site of particularly good exposure.
Beds of the Lisburne group that overlie the Triassic
rocks along the Agate Rock thrust belong about 5,000
feet stratigraphically below the top of the Triassic
strata. The basal contact of the Lisburne group is ex-
posed in the sheet above the Eebrulikgorruk thrust.
Rocks at this horizon belong about 2,000 feet below beds -
of the Lisburne group that immediately underlie the
fault surface.

A regional dip to the east or southeast is indicated by
the exposure of progressively younger units from west
to east, even though westerly dips are common at sur-
face exposures of the strata. As shown by structure
section 4-4" (fig. 354.1), Mesozoic and Paleozoic strata
25,000 to 30,000 feet thick are present in the eastern
part of the area, but have been eroded off the western
part. Inaddition to the stratigraphic evidence, gravity
data show a generally gradual decrease in simple Bou-
guer anomalies from northwest to southeast in the area
shown by figure 354.1 (Barnes and Allen, 1961, p. 80-
86). All the exposed sedimentary rocks have approxi-
mately the same density, so the relatively smooth
gravity gradient is interpreted to reflect a gradual east-
ward thickening of the sedimentary rocks overlying a
dense layer that is either relatively smoothly sloping
or so deeply buried that its irregularities are not
expressed.

The earliest reasonable date for the thrusting in the
Lisburne Hills is late Early Cretaceous inasmuch as
rocks of that age are involved in the deformation.
Some folding of the thrust planes occurred as higher
sheets rode over lower ones. Additional relatively
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Fieure 354.1.—Generalized geologic map and sections of the southern Lisburne Hills. Hypothetical sections illustrate
suggested development of the thrust faults by gravity gliding.
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Ficure 354.2.—Photograph of sea cliffs at Agate Rock showing thrust faults.

Ms, Mississippian rocks except Lisburne

group ;- Mlu, Lisburne group of Mississippian age; P, Permian rocks; R, Triassic rocks; KJsu, Jurassic or Cretaceous

rocks. Altitude of cliff top is 625 feet.

gentle folding also probably occurred after the thrust-
ing ceased, and may have been associated with the
subsidence of the area around and west of Point Hope.
This may account for general westward dips of the
thrust planes at their western exposures.

The association of eastward overthrusting with an
eastward regional dip suggests that the thrusting took
place by gravity gliding as illustrated by the hypotheti-
cal sections (fig. 354.1). Thrusting may have been
triggered by the same deforming stresses that resulted
in upwarp in the vicinity of Point Hope relative to the
area to the east and southeast. Relatively competent
rocks of the Lisburne group tended to move as coherent
sheets, chiefly along numerous weakly bonded bedding
planes at and near its base. The mudstone of the un-
derlying unit, particularly if water saturated, could
have served as a lubricated, possibly buoyant zone along
which the overlying coherent sheets could slide. No
low-angle faults have been found in the rocks of Jurassic
and Cretaceous age in this area, except small discontin-
uous ones in locally gently dipping strata. Indeed, it

is difficult to visualize how a thrust fault could be main-
tained as a single flat-lying surface within such incom-
petent beds. It seems more likely that ahead of the
moving sheets of competent limestone these younger
rocks were intricately crumpled and the thrust faults
split up along bedding planes and axial planes of folds
into ma<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>