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FOREWORD

This collection of 43 short papers is the last of the chapters of Geological Survey Re-
search 1964. The papers report on scientific and economic results of current work by members
of the Geologic, Conservation, Water Resources, and Topographic Divisions of the U.S.
Geological Survey. Some of the papers present results of completed parts of continuing
investigations; others announce new discoveries or preliminary results of investigations that
will be discussed in greater detail in reports to be published in the future. Still others are .
scientific notes of limited scope, and short papers on techniques and instrumentation.

Chapter A of this series presents a summary of results of work done during the present

fiscal year.

Tuomas B. Noraw,
Director.
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TEMPERATURES IN THE CRUST AND MELT OF ALAE LAVA LAKE,
HAWAII, AFTER THE AUGUST 1963 ERUPTION
OF KILAUEA VOLCANO—A PRELIMINARY REPORT

By DALLAS L. PECK,! JAMES G, MOORE, and GEORGE KOJIMA}

'Hawaiian Volcano Observatory, Hawaii, 2 Menlo Park, Calif.

Abstract.—The August 1963 eruption of Kilauea Volcano pro-
duced a lake of basaltic lava as much as 50 feet deep in Alae
pit crater.
in the crust and underlying melt of the lake during a 6-month
period beginning 6 days after the eruption have identified the
base of the crust as the 1,067°C isotherm and have followed
the growth of the crust as it increased from 3.4 to 19 feet in
thickness.

An eruption of Kilauea Volcano in August 1963
created a pond of lava in the bottom of Alae pit crater,
Hawaii (fig. 1). The lava contains rare olivine pheno-

.crysts and has the composition of silica-saturated
tholeiitic basalt. On August 28, five days after the
end of the eruption, an aerial tram was completed for
lowering equipment and water into the crater, and on

Repeated drilling and temperature measurements
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Ficure l.—Index map of the summit and the upper east rift
zone of Kilauea Volcano, Hawaii. Boundaries of craters and
Kilauea caldera are shown by heavy lines.

the following day a hole (DH 1 of fig. 2) was drilled
34 inches into the crust of the lake, an estimated 3
inches less than the thickness of the crust. During the
following 6 months the drill hole was extended in the -
thickening crust, and 4 other holes were drilled (see
accompanying table). The base of the crust was pene-
trated 6 times between September 6 and November 27.
On December 3 a ceramic probe 71, feet long was
pushed into the underlying melt. Temperature gradi-
ents were measured on 27 days during the 6 months
following the eruption.

The temperature measurements of the cooling lava
lake are part of a continuing program of study that
includes continuous recording of rainfall at the rim
of the crater, detailed mapping, leveling, and mag-
netic studies of the lake, and chemical, petrographic,
and density studies of drill core and of selected samples
from the crust. Alae lava lake offers an excellent op-
portunity to supplement the data on cooling of basaltic
lava in the nearby Kilauea Iki lava lake formed in
1959. The absence of continuing eruptions, the availa-
bility of equipment, and the experience gained from
Kilauea Iki allowed us to obtain temperature data in
a shorter time after the eruption of Alae Crater.
Moreover the shallower depth of the lake will result
in complete solidification of the lava in a much shorter
period of time, about 1 year for Alae compared with
more than 50 years for Kilauea Iki.

We gratefully acknowledge the assistance and ad-
vice of Drs. T. Minakami and Shigeo Aramaki of the
University of Tokyo, and of the staff of the Hawaiian
Volcano Observatory, in the study described in this

paper.
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Base modified from USGS 1:24,000
Keauhou quadrangle (1963)
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Figure 2.—Map of Alae Crater, showing distribution of volcanic
rocks from the August 1963 eruption, and location of num-
bered drill holes (DH 1 to 5) in thé crust of Alae lava lake.
Lava lake, coarse stipple; spatter, thin flows, and pumice,
fine stlgple Eruptive vents are shown by heavy lines and

dots ocation of crater is shown on figure 1.

THE ERUPTION

On August 21-23, 1963, a small but spectacular flank
eruption occurred in and near Alae Crater, a small pit
crater on the upper east rift zone of Kilauea Vol-
cano. Alae Crater is 34 of a mile east of Aloi Cra-
ter, the site of the December 1962 eruption, and 5
miles southeast of the summit caldera (fig. 1). The
eruption was preceded by three epochs of subsurface
magma migration (on May 9, July 1, and August 3)
that were marked by seismic activity, detumescence of
the summit, and tumescence and surface cracking
along the upper east rift zone. The first indication
of the impending eruption, however, was the onset at
13h46m 1 August 21 of nearly continuous earthquakes
and tremors that recorded stronger on a seismograph
near the Makaopuhi Crater than on seismographs near
Kilauea Caldera. At 13"50™, displacement of the
Press-Ewing instruments in the Uwekahuna vault near
the Hawaiian Volcano Observatory indicated the be-
ginning of a distinct southeastward tilt (detumescence

1 All times given are in hours and minutes, Hawaiian standard time.
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Drilling data in Alae lava lake

ill- h of interv
b P PP funan
1963:
Aug. 29_____ 11 0 -~2.83
Sept. 3--__. 1 2.67- 375
Sept. 6_____ 1 3.62~- 46 To base of crust.
22 "0 -215 Do.
Sept. 17____ 1 4.2 ~ 5.58 Do.
Oct. 1-2____ 33 0 -09.33 Do.
QOct. 24_____ 3 7.80-11. 40 Do.
Nov. 7_____ 3 9.9 -13.35 Do.
Nov. 20.___ 44 0 -~15.8 Do
Nov. 27____ 4 11.3 ~15.3 Do.
Dec. 16_..__ 55 ~29. 2  To near base of lake.
1964:
Jan. 29_____ 5 17.5 -21.0 Plug of ooze.

! Near the major axis of the lava lake on the opposite side from the vents, 165 feet
S. 44° E. of the center of the lake (fig. 2).

216 feet N. 75° E. of drill hole 1.

320 feet S. 15° E. of drill hole 1.

41 foot N. 75° E. of drill hole 3.

5305 feet S. 49° E. of drill hole 1.

of the summit region). Earthquake and tremor died
to a low level after 15°00™, but at 18"00™ they began
to increase again.

The eruption was first observed between 18"15® and-
18"30™ by an employee of the National Park Service;
at that time an en echelon line of active lava fountains
extended for 0.3 mile across the floor and north wall
of Alae Crater and in the forest on the north rim.
At 19*20™, when scientists of the Hawalian Volcano
Observatory arrived at the crater, the fountains on the
floor formed an almost continuous curtain 20 to 30
feet high and 265 feet long (long eruptive vent, fig. 2).
Lava from .11 vents on the north wall cascaded down
the cliff and plunged beneath the surface of the grow-
ing lava lake, the dark crust of which was broken by
glowing cracks that splayed outward from the curtain
of fire and the base of the lava cascades. Maximum
temperature measurements of the fountains, using
2 optical pyrometers of incandescent filament type,
ranged from 1,090°C to 1,100°C. The line of foun-
tains in the forest on the north rim died by 19"45™,
after sending thin flows of shelly pahoehoe over an
area of about 8,000 square yards.

During the night, activity on the north wall con-
solidated into two main fountains, the length of the
curtain of fire on the floor shortened to 125 feet, and
the rate of extrusion decreased from 150103 cubic
yards an hour at 20"00™ August 21 to 3510 cu yd an
hour at 03"00™ August 22. Comparison of photo-
graphs of the lake taken at 10-minute intervals between
01p40™ and 02"10™, August 22, show that the crust of
the lake was being rafted outward on lava flowing
from the vents at a rate of about 600 feet an hour, to
be piled in a narrow slabby levee at the edge of the
far end of the lake. By 06"00™ the lava lake had
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reached its maximum thickness (about 62 feet) ; there-
after it slowly subsided at a rate of 5X10° cu yd an
hour. The vents on the floor of the crater began to
fountain erratically, spewing bursts of spatter to
heights of 20 to 150 feet. The two remaining foun-
tains on the north wall were spattering weakly and
sending two sluggish rivers of aa down to a low delta
on the lake.

The eruption continued at a diminished rate dur-
ing daytime of August 22. At 18"30™, a party of ob-
servers reached the edge of the Java lake and found
that it was impounded by a slabby levee that stood 15
to 20 feet above the adjacent talus at the foot of the
crater walls. At this time the surface of the lake was
broken by widely spaced, glowing, radial and trans-
verse cracks. At 21"20™, optical-pyrometer measure-
ments of the fountains gave maximum temperatures
of 1,180°C to 1,140°C. During the evening the glow-
ing cracks began to darken, beginning at the end of
the lake farthest from the vents, and by 00"03™ August
23, the lake was dark except for scattered spots. The
fountains became progressively fewer in number and
less active, and by 07"00™ only one small fountain
about 10 feet in diameter was bubbling at intervals of
5 to 7 seconds. The surface of the lake near the foun-
tain appeared to have sunk several feet as the result
of drainback into the vent. = All activity at the foun-
tain stopped at 08"10™, and the eruption was over.

On August 24, vertical-angle transit sights from the
rim of the crater showed that drainback and degassing
had lowered the surface of the lava lake about 10 feet
since 19"00™ August 22, leaving about 800%10° cu yd
of lava in the lake, and 30X10% cu yd in the spatter
cones and in the flows in the forest on the north rim.

The lava lake formed by the eruption in Alae Crater
is a lens 1,000 feet long, 800 feet wide, and as much as
50 feet deep, covered and bordered on the northwest
side by a low spatter ridge that continues as coalescing
spatter cones on the north wall of the crater. A 100-
foot wide levee of discontinuous pressure ridges and
uptilted slabs borders all' but the northwest end of
the lake, and is bounded for most of its length by a
moat 10 to 15 feet deep and 50 to 100 feet wide (fig. 2).
The lake within the levee has a hummocky surface that
slopes almost imperceptibly toward the vent. Sharp
pressure ridges and linear squeezeups that stand as
much as 3 feet above the lake surface trace the position
of glowing cracks during the later phase of the erup-
tion, and a row of blocky pressure domes 5 to 10 feet
high cross the northern side of the lake. Jagged ten-
sion cracks, formed during drainback of lava near the
end of the eruption, radiate outward from the center

D3

of the lake. Secondary contraction cracks are growing
in the intervening areas as the crust thickens and cools.

TEMPERATURE DATA

Temperature measurements were made with thermo-
couples of chromel-alumel and platinum-platinum plus
10 percent rhodium, using a portable millivolt poten-
tiometer and a 0°C reference junction in an ice-filled
vacuum bottle. Holes in the solidified lava were
drilled with tungsten carbide bits in' a portable 134-
inch diameter core drill powered by a 9-horsepower
gasoline engine. The drilling in August and Septem-
ber was done by holding the drill and pouring cooling
water into the hole by hand. After the first of October
the drill was mounted on a portable mast anchored in
the crust, and cooling water was pumped through the
drill pipe by a 314-hp gasoline engine.

The coolant water drastically lowered the tempera-
tures in the drill holes, particularly in those drilled
after October 1, when 150 to 200 gallons of water were
used in each operation. In each of the 5 drilling op-
erations of October and November, the base of the
crust was depressed 1.75 to 3.2 feet. Temperatures in

"the lower part of the crust recovered to near pre-

drilling levels within a few days, but those in the
upper part required many weeks; as much as 32 days
after the November 27 drilling, the 300°C isotherm
was still rising.

Three temperature profiles are shown on figure 3:
one measured August 30, 7 days after the end of the
eruption; another measured December 30, 129 days
after the eruption; and a third, which includes the
highest temperature measured in Alae and Kilauea
Iki lava lakes, measured November 5 and 8. During
the 6 months following the eruption, the solid crust
of Alae lava lake at the main drilling site increased
in thickness from 1 to 19 feet. Temperatures in the
lake measured during this period ranged from 45°C at
the surface on December 30, to 1,135°C at a depth of
18 feet in molten lava 7.6 feet below the base of the
crust on November 8. Extrapolation from this value
5 feet downward to the center of the lake suggests a
maximum temperature of about 1,140°C, in good
agreement with the maximum temperature measured
during the eruption of 1,140°C.

The temperature at the base of the crust was deter-
mined to be 1,067°+2°C during 4 penetrations, using
the method described by Ault and others (1962). This
is the temperature at which a pointed mullite probe
1 inch in diameter with walls 0.1 inch thick can be
pushed slowly under a load of about 200 pounds
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Frcure 3.—Graph showing temperature gradients in Alae lava
lake on August 30, November 5 and 8, and December 30,
1963. The gradient of November 5 was measured immedi-
ately before drilling; that of November 8 was measured soon
after drilling.

through the chilled lava after drilling, and corre-
sponds to the yielding temperature of the basaltic
glass under these conditions. Actually the base of the
crust is a zone several feet thick in which the abun-
dance of the solid material and the strength gradually
increase upward; at 1,067°C the lava consists of
equally abundant melt and crystalline material.
The depth of the 500°C isotherm, the 800°C iso-
therm, and the 1,067°C isotherm (the base of the
crust) are plotted against the square-root of time on
figure 4. The data from measured gradients are sup-
plemented by depths. to the base of the crust where
penetrated in drilling, and estimated thicknesses of the
crust during the eruption. Thickness e (fig. 4) of 3 to
4 inches is based on the average thickness of pahoehoe
slabs in the lava levee at the edge of the lake; the
slabs are from crust that was rafted across the lake in
about 114 hours during the night of August 21-22.
Thickness & of 6 to 9 inches was estimated during a
trip to the edge of the lava lake at 18"30™ August 22;

MINERALOGY AND PETROLOGY

at that time the crust was barely thick enough to walk
upon with caution. Thickness ¢ of 10 to 12 inches is
based on the thickness of slabby crust in tumuli on the
lake that were formed during drainback of molten lava
into the vent at about 06200™ August 23.

The rate of depression of the isotherms has markedly
decreased since the formation of the lava lake; for ex-
ample, the thickness of the crust increased at the rate
of 25 feet per month after 0.01 month (7.3 hours), 3.5
feet per month after 1 month, and 2.0 feet per month
after 6 months. With respect to the square root of
time, however, the rate of depression of the isotherms
has been constant over extended periods. Thus for
the 6-month interval shown on figure 4, each isotherm
can be represented by 3 straight line segments, each
of which differs in slope from the adjacent segments.
These differences are small, however, and not readily
apparent where the data from Alae and Kilauea Iki
lava lakes are compared over a 36-month period on
the smaller scale of figure 6. The isotherms of figure
4 were temporarily displaced by rainfall (as in mid-
September) or by drilling water (as in November),
but they recovered over periods of several days or
weeks in the absence of rain and of drilling.

A linear relation between the depth of an isotherm
and the square root of time follows from the equations
for the conductive cooling of a body, such as that of
Carslaw and Jaeger (1959, equation 7, section 2.4) for
a semi-infinite body initially a uniform temperature,
V, by reducing its surface temperature to zero at
time, t=0:2

X

2 JE’
where

v=temperature at depth  at time ¢,
k=diffusivity, and
erf=the tabulated error function.

= erf

L
%4

Comparing the depths, z, and z, of an isotherm, o, at
times t, and ¢, )

v

Ty 1]
7 2kt e 2 Jkt,

Thus
Z, — 1}2_
2 Vkt, 2 Vkt,

o V&

xz Vi,

1 Note that the equation is an idealization, assuming heat loss by conduction only,
and neglecting heat loss by convection, radiation, and volatile transfer, and heat
gain from the latent heat of fusion of the lava.

and
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Fieure 4.—Depth of 500°C isotherm, 800°C isotherm, and 1,067°C isotherm (base of crust) in Alae lava lake,

and cumulative rainfall as a function of the square root of time.
to the points least affected by rainfall and drilling water.

The rate of depression of isotherms at the main
drilling site (drill holes 1, 2, 3, and 4) has not remained
constant with respect to the square root of time during
the 6 months following the eruption. The rate of
depression of the base of the crust, dz/dt, has changed
from 2.5/4/t (with time ¢ in months of 30.4 days) during
the later part of the eruption, to 3.5/4t during Sep-
tember, to 5.0/4/t during January and February. The
reason for the change is obscured by the drastic effect
at the main drilling site of cooling water used during
the drilling. Possibly the change took place only at
this site as the result of the abundant use of water
during repeated drilling. The change probably is not
the result of heavy rainfall, as can be seen by comparing
the major inflection points on the cumulative rainfall
curve with the discontinuities in the isothermal curves
on figure 4. However, it may be caused by a progres-
sive increase with time in the diffusivity of the lava
solidifying at the base of the crust. The vesicularity

Dashed lines are idealized isotherms fitted
Vertical bars at top of figure represent drilling dates.

of the crust of Alae lava lake decreases with depth from
an average of 30 to 40 percent in the upper 1 foot to
about 10 percent below 10 feet. The vesicularity-depth
curve breaks sharply between 1 and 2 feet and between
8 and 10 feet—depths that correspond approximately
to the discontinuities in the 1,067°C isothermal curve.
If the thermal conductivity of the crust increases with
decreasing vesicularity more rapidly than does density,
then diffusivity will also increase, since

K

——

pc

k=diffusivity,
K=conductivity,

c¢=specific heat, and

p=density.

On December 16, a hole (drill hole 5 in the table)
was drilled 29 feet to near the base of the lava lake at

where
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a site 50 feet from the southeast edge of the lake.
Microscopic study of the core indicates that the drill
hole did not reach the base of the lake, but the increas-
ing vesicularity of core from the lower 3 feet suggests
that the base is close. Comparison of the location of
the hole with a special 1:2400 scale map of the pre-
eruption topography of the bottom of the crater (pre-
pared photogrammetrically with 5-foot contour inter-
vals by the Topographic Division of the Geological
Survey) indicates a lake thickness of 255 feet. Thus
the lake is about 30 feet thick at the site. Tempera-
ture profiles (fiz. 5) during the period December 18
to February 26 show maxima between 18 and 20 feet,
60 to 70 percent of the depth to the base of the lake.
These depths are comparable to those that would be
anticipated from theoretical analysis of cooling at the
center or edge of a sheet, such as that of Jaeger (1961,
figs. 1, 2, and 11).

COMPARISON WITH KILAUEA IKI LAVA LAKE

The thickness of the crust of Alae lava lake as a
function of the square root of time is compared with
that of Kilauea Iki lava lake on figure 6. Estimates
of thickness based on gradients strongly affected by
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Fiaure 5.—Temperature gradients in the thin edge of Alae lava
lake on December 30, 1963, and February 26, 1964, and depth
of maximum temperatures on December 18 and 30, 1963 (a);
January 29, 1964 (b), and February 17 and 26, 1964 (c).
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drilling water or rainfall have been omitted. The
dashed line on figure 6 is a theoretical curve for
Kilauea Iki lava lake (Ault and others, 1962, fig. 3)
during the first 4 months after the formation of the
lake, a period when no temperature data were obtained
from the cooling lake; the curve is based on calcula-
tions from 2 temperature profiles obtained 6 and 8
months after the formation of the lake (Ault and
others, 1961, p. 793). These calculations led to the
suggestion that the crust of Kilauea Iki lava lake was
2.4 feet thick after 1 month (Ault and others, 1961,
p- 798; 1962, p. 2811). However, later data from
Kilauea Iki shown on figure 6 (J. G. Moore and D. H.
Richter, written communication, Jan. 1964) and data
from Alae show that the calculated rate of increase
in thickness of the crust of Kilauea Iki lava lake for
the period from 1 to 4 months was too great, and that
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Ficure 6.—Selected thicknesses of crust in Alae and Kilauea
Iki lava lakes as a function of the square root of time. Depths
of the 1,067°C isotherm in Alae lava lake and the 1,065°C
isotherm in Kilauea Iki lava lake are based on (1) measured
or extrapolated gradients least affected by drilling water or
rainfall, and (2) an estimated thickness of the crust during the
August 1963 eruption. The extrapolated curve for the thick-
ness of the crust of Kilauea Iki lava lake during the first 4
months is from Ault and others (1962, fig. 3). Time for Alae
lava lake is measured from 06b00™ August 22, 1963; time for
Kilauea Iki lava lake is measured from December 23, 1959.
Data on Kilauea Iki is from Ault and others (1961, 1962) and
J. G. Moore and D. H. Richter (written communication,
Jan. 1964).
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the suggested crustal thickness of 2.4 feet after 1
month was too small. The crust of Alae lava lake
was 6.5 feet thick after 1 month.

Comparison of the data from the two lakes (fig. 6)
indicates that the crusts of both grew at about the
same rate; both had about 19 feet of crust 6 months
after they formed. Since both lakes had similar in-
itial temperatures, the similarity of their cooling rates
indicates that the lava in both lakes had about the same
thermal diffusivity.
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VARIATION -N MODES AND NORMS OF AN “HOMOGENEOUS” PLUTON

OF THE BOULDER BATHOLITH, MONTANA

By ROBERT I. TILLING, Washington, D.C.

Abstract.—In outcrop and in hand sample, the granodiorite
of Rader Creek is one of the most homogeneous-appearing plu-
tons in the composite Boulder batholith. However, detailed
study of 36 chemically analyzed specimens of the granodiorite
shows significant variations in mode and norm which indicate
that the apparently “homogeneous” pluton is actually zoned
compositionally.

The Boulder batholith is a composite intrusive mass
which ranges in composition from syenogabbro to
alaskite and is exposed over an area of approximately
1,200 square miles in southwestern Montana. Field
relations demonstrate that the syenogabbroic plutons
(too small to be shown on fig. 1) are earliest in the
intrusive sequence. Next in sequence in the southern
part of the batholith is the granodiorite of Rader
Creek. The Butte Quartz Monzonite, which is coex-
tensive with the Clancy Granodiorite of Knopf (1957),
cuts the granodiorite of Rader Creek and is in turn
cut by younger plutons of leucogranodiorite and alas-
kite. In the northern part of the batholith, the Union-
ville Granodiorite of Knopf (1957) is younger than
the syenogabbroic bodies and older than the Butte-
Clancy rocks. As the Unionville Granodiorite and the
granodiorite of Rader Creek occupy similar positions
in the intrusive sequence, they are perhaps correlative.

The Boulder batholith intrudes rocks ranging from
Precambrian to Late Cretaceous in age and is uncon-
formably overlain and locally injected by the Eocene
Lowland Creek Volcanics (Smedes and Thomas, 1964).
Thus, the emplacement of the batholith was post-Late
Cretaceous and pre-Eocene. K-Ar radiometric ages
of biotite (70-76 million years) of the batholith rocks
are consistent with the age of the batholith inferred
from stratigraphic and structural relations (M. R.
Klepper and W. H. Smedes, oral communications,
1963).

This study is a progress report of a recently initiated
systematic investigation of the petrology and chemis-
try of the Boulder batholith. The 36 specimens studied
in this report were collected in the summer of 1962
from the best exposed portions of the granodiorite
pluton of Rader Creek along two east-west traverses
and from quarry pits (fig. 2). The modal and norma-
tive data presented here not only serve to test the
homogeneity of the pluton but also to provide a valu-
able and necessary adjunct to the detailed mineralogic
and chemical investigation currently underway on the
individual mineral phases in the granodiorite and other
batholith rocks.

MACROSCOPIC AND MICROSCOPIC DESCRIPTION

Where not exposed in roadcuts and quarry pits, the
granodiorite of Rader Creek crops out as round boul-
dery masses with grayish-brown weathered surfaces.
Freshly fractured surfaces always have a distinctive
bluish-gray color. In hand sample, the rock is medium
grained and typically displays equigranular granitoid
texture, spotted by small clots of mafic minerals which
are generally at least several inches apart. The char-
acteristically equigranular granodiorite, - however,
grades imperceptibly into porphyritic varieties( with
plagioclase phenocrysts up to 1 cm in length) at the
easternmost margin of the outcrop area adjacent to
Tertiary valley fill. It should be emphasized that all
specimens, with the exception of porphyritic variants
collected from the two easternmost localities (fig. 2),
are remarkably uniform macroscopically. In fact, it
was because of this monotonously homogeneous appear-
ance in outcrop and hand sample that the granodiorite
of Rader Creek was selected as the most suitable unit
of the batholith to test the homogeneity of a mappable
unit.
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Under the microscope, the granodiorite, with the
exception of the macroscopically porphyritic speci-
mens, has a hypidiomorphic-granular texture composed
of grains which range from 0.5 mm to 3.5 mm across
and average 1.5 mm. A specimen from the western-
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Fieure 1.—Index map of the Boulder batholith, showing dis-
tribution of major intrusive units and location of area studied
in detail (shown on fig. 2).
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most locality near the contact with the Butte Quartz
Monzonite (fig. 2), however, exhibits an atypical
microporphyritic texture which is not detectable in
hand sample. The principal constituents of all sam-
ples are plagioclase, K-feldspar, quartz, hornblende,
and biotite; accessory minerals include opaque min-
erals, apatite, sphene, zircon, tourmaline, and, prob-
ably, monazite. Subhedral plagioclase crystals, gen-
erally with myrmekitic borders, show moderate to
strong normal zoning from calcic andesine to oligo-
clase, and weaker oscillatory zoning. Reconnaissance
of plagioclase composition by flat-stage methods indi-
cates that the anorthite content ranges from Angs.4s in
the core to Any, », at the margins. The cores of some
plagioclase grains are sericitized and (or) slightly
epidotized. The K-feldspar is orthoclase microper-
thite which forms large poikilitic optically continuous
plates. In any given thin section, the microperthite
grains show extreme variability in the extent of grid
twinning, ranging from completely untwinned grains
to distinetly microclinic grains; moreover, portions of
a single grain may exhibit varying degrees of grid
twinning. Anhedral quartz characteristically occupies
interstices and commonly displays undulatory or
patchy extinction. Green hornblende, some of which
contains ragged relict cores of augite, occurs as slightly
biotitized and (or) chloritized subhedral prisms. Sub-
hedral biotite flakes, pleochroic from pale yellow to
dark brown or greenish brown, are generally associated
with irregular aggregates of sphene. The opaque
minerals are concentrated in the mafic minerals, par-
ticularly in areas where the mafic minerals themselves
are clustered to form clots which give the granodiorite
its distinctive sparsely spotted appearance in hand
sample.

VARIATIONS IN MODAL AND NORMATIVE
COMPOSITION

At least two standard-size thin sections were cut
from each hand specimen, which, on the average,
weighed close to 10 pounds. All modes, determined by
means of a Chayes click stage, are based on at least
1,000 point counts per thin section. To facilitate de-
termination of K-feldspar, all thin sections were stained
with sodium cobaltinitrite. The accompanying table
(p. D11) shows the reproducibility of the mode of a
given thin section. There is excellent agreement be-
tween the modes, regardless of the number of point
counts and the bias of the various operators.
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Ficure 2.—Map showing sample localities and compositional zonation in the granodiorite of Rader
Creek, about 15 miles southeast of Butte, Mont.

Modal compositions of the granodiorite of Rader
Jreek are plotted on figure 34. Tt is important to note

that modes determined from several thin sections of
the same hand specimen often exhibit a greater range
than do the modes of single samples of rocks from
separate localities. Thus, from even casual examina-
tion of figure 34, it is apparent that the mode based
on a single thin section is rarely representative of the
modal composition of the hand specimen, let alone the
entire rock unit.

To test the possibility that some unrecognized linear
or planar fabric might cause the often wide range in
mode, modes were determined for three randomly
selected specimens, each represented by three mutually
perpendicular thin sections. These specimens showed
smaller range in mode than the range observed in most
of the other rocks represented by only two sections
cut at random. This suggests that the variations in
mode do not reflect any subtle planar or linear fabric,
because if the modes did, in fact, reflect rock fabric,
then the differences in mode in the specimens repre-
sented by three mutually perpendicular sections should
be as great as, or greater than, those in specimens with
only two random sections. Rather, the modal differ-
ences between thin sections cut from the same speci-

men can generally be accounted for by the differing
proportions of the characteristically poikilitic, blebby
K-feldspar and quartz in the sections.

Figure 3B is a plot of CIPW normative minerals
computed from rapid rock chemical analyses, each of
which is based on several pounds of chips from the
same large specimen from which thin sections were
cut. Although the range in normative quartz is ap-
proximately the same as that in modal quartz, the
scatter in the ratio plagioclase/K-feldspar, represented
by the width of fields 1 and 3 on figure 3 (excluding
points bounded by the dashed line), is only about half
as wide for the normative as for the modal plots, if
averages of at least two modal determinations (open
circles) are used. The scatter is only a third as wide
if single modal determinations (ends of bars) are used.
In other words, the variation in modal quartz cannot
be “averaged out” by chemical analysis, but the scatter
in plagioclase/K-feldspar is significantly reduced.

The data plotted on figure 3 have spatial signifi-
cance. On figure 35, the field enclosed by a solid line
contains points which represent rocks collected from
the area west of the arbitrarily drawn stippled line
(shown on fig. 2), all of which have less than 10 per-
cent of normative femic minerals (in terms of quartz-
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femic minerals-total feldspar). Those points enclosed
by the dashed line represent rocks collected from the
area east of another arbitrarily drawn stippled line
(fig. 2); these rocks contain more than 24 percent of
normative K-feldspar (in terms of quartz-plagioclase-
K-feldspar) and are distinctively more potassic than
rocks from the rest of the sampled area. These arbi-
trary zones—less mafic, normal, and potassic—based on
normative compositions can likewise be established by
modal compositions; the zones based on modal data,
however, are not as sharply defined (fig. 34). The
plot of the specimen with the lowest normative quartz
content (collected at the western end of the northern
east-west traverse) is anomalous and may indicate
contamination by Paleozoic carbonate rocks present in
the nearby screen of prebatholithic rocks (see fig. 2).

The variations in modal and normative compositions
of the grandodiorite of Rader Creek are summarized
on figure 4, on which the plotted data of figure 3 have
been contoured and superimposed. There can be no
question that the clearly defined maxima of the norma-
tive data have their counterparts in the somewhat more
diffuse maxima of the modal data. The normative and
modal maxima are slightly offset in the manner to be
expected from a comparison between mode and norm.
These discrepancies are inherent in the calculation of
the CIPW norm, in which orthoclase is computed as
Origo; in determination of the mode the composition
of the K-feldspar (orthoclase microperthite) is ap-
proximately Ors.go. Also, in calculation of the norm,
certain oxides may be assigned to a specific mineral
and no other; for example, K,O is assigned solely to
K-feldspar even though it is present in other modal
minerals, mainly biotite. Discrepancy between the
normative and modal maxima caused by the use of
inconsistent units—weight percent (norm) versus vol-
ume percent (mode)—is probably insignificant. This
is because of the quartz—total feldspar—mafic (femic)
minerals plot (fig. 4B), where such discrepancy would
be greatest due to the large differences in specific
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gravities of the minerals plotted, the conversion of
modal data into weight percent would shift the modal
maximum toward the mafic minerals corner, thus in-
creasing, rather than decreasing the discrepancy.

The petrologic significance of the variations in
modes and norms observed in the granodiorite of
Rader Creek is unknown at present and can better be
evaluated when the other units of the Boulder batho-
lith also are studied in detail. Nonetheless, it is per-
haps petrologically and (or) structurally significant
that the arbitrarily delimited zones here described are
very crudely parallel to the contact between the
grandodiorite and the younger leucogranodioritic
plutons to the west and, at the same time, are roughly
perpendicular to the trend of the screen of prebatho-
lithic rocks which separates the granodiorite from the
Butte Quartz Monzonite (figs. 1 and 2).

Moreover, the data presented here clearly demon-
strate that even an exceedingly homogeneous-appear-
ing mappable unit such as the granodiorite of Rader
Creek may not be mineralogically or chemically
homogeneous. To be sure, differences in the propor-
tion of dark minerals from locality to locality within
the unit were noted during the course of fieldwork but
were interpreted as minor random departures from the
overall homogeneity of the unit. However, with the
accumulation of more detailed data, it became evident
that the apparently homogeneous Rader Creek pluton
is actually compositionally zoned. Obviously then, the
assessment of “homogeneity” must be tempered by the
degree of detail required or desired in a particular
study, by the amount of data available, and by the
reservation that a certain amount of variation may
exist. What are considered as systematic and, pos-
sibly, significant departures from “homogeneity” in
this study—approximately 10 percent K-feldspar rela-
tive to a gross average of the other leucocratic con-
stituents and 5 percent mafic minerals relative to a
gross average in the total rock—perhaps might only
be considered as expectable variations within the

Reproducibility of the mode of a single thin section of granodiorite of Rader Creek !
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limits of “homogeneity” in other petrologic applica-
tions. If so, then the variations representative of the
unit could be determined merely by the study of 3 or
4 properly spaced hand specimens. In any event, this
preliminary investigation emphasizes the commonly
neglected fact that selection of supposedly “represen-
tative” samples for purposes of comparing modal and
(or) chemical compositions of different rock units

must be done with great caution to avoid erroneous
conclusions from misleading comparisons.
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Fraure 3.—Relative proportions of modal (A) and CIPW normative (B) minerals in the granodiorite of Rader Creek. Fields
of modal plots (Z, 2) in volume percent and normative plots (3, 4) in weight percent, with reference to the complete com-
positional triangles, are outlined in insets. Open circles are plots in the quartz-plagioclase-K-feldspar (or orthoclase) triangle;

filled circles are plots in the quartz-total feldspar-mafic (or femic) minerals triangle.

Ends of bars indicate compositions

of different thin sections (or analyses) from the same hand specimen, whose average composition is marked by the position
of the circle. Fields enclosed by a solid line represent rocks from the less mafic zone; fields enclosed by a dashed line repre-

sent rocks from the potassic zone (see text and fig. 2).
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MAFIC LAVAS OF DOME MOUNTAIN, TIMBER MOUNTAIN CALDERA,

SOUTHERN NEVADA

By STANLEY J. LUFT, Washington, D.C.

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

Abstract.—Eleven or more mafic flows of Dome Mountain
were erupted- in Pliocene time within the moat of the Timber
Mountain caldera of southern Nevada. They consist of a lower
group of trachybasalt, basalt, and andesite flows; a middle
group of trachyandesite flows; and an upper group of trachy-
andesite to latite flows. Differentiation toward the upper flows
is clearly indicated by decreasing abundance of mafic minerals,
color index, and content of normative anorthite, and by in-
creasing content of alkalies and silica, K/Ca ratio, and differ-
entiation index. The rocks are silica saturated. A Peacock
index slightly below 56 puts the suite near the boundary of the
alkali-calcic and calc-alkalic fields. The normal calc-alkalic
differentiation trend shows marked chemical variation for erup-
tions of limited extent and duration.

A sequence of mafic lava flows forms a subarcuate
outcrop area of about 25 square miles on the southeast
flank of Timber Mountain on the Nevada Test Site in
southern Nye County, Nev. (fig. 1). Dome Mountain,
6,195 feet high, is the most conspicuous landmark in
this area. Eleven or more flows having a maximum
stratigraphic thickness of more than 900 feet are
present on the northeast slope of the mountain where
it is cut by Chukar Canyon. The sequence thins
abruptly away from Dome Mountain and is repre-
sented by a single flow near, and north of, Cat Canyon.
Dome Mountain itself is an erosionally truncated pile
of mafic to intermediate lava flows which in general
appearance can be described as a miniature shield
volcano.

These flows were first noted by Ball (1907, p. 153),
who along with later workers considered them basalts.
The chemical and petrographic data obtained during
the present study show them to be primarily trachy-
basalt and trachyandesite. The flows are of particular
interest because they show a considerable degree of

magmatic differentiation for rocks erupted during a
short time span.

GEOLOGIC RELATIONS

The mafic lavas of Dome Mountain are part of a
volcanic sequence that includes bedded and massive
tuff, welded tuff, rhyolitic and mafic lava flows, and
poorly consolidated tuffaceous sand and gravel de-
posited in the structural depression or moat of the
Timber Mountain caldera (Byers and others, 1963).
The attitude of the sequence varies from horizontal to
gently dipping away from Timber Mountain. The
Dome Mountain lavas flank the faulted and eroded
welded tuffs of Cat Canyon, but generally rest uncon-
formably upon the younger rhyolitic lava flows and
tuffs of Fortymile Canyon. Locally the Dome Moun-
tain flows overlie scoriaceous basaltic andesite older
than the rhyolite of Fortymile Canyon. Rhyolite lava
flows of Shoshone Mountain overlie the Dome Moun-
tain lavas east of Fortymile Canyon, and two thin
flows of olivine-andesine trachybasalt overlie the Dome
Mountain lavas on the west and north slopes of Dome
Mountain. The Dome Mountain and younger lavas
are overlain conformably by the Spearhead Member
of the Thirsty Canyon Tuff (Noble and others, 1964)
at Buckboard Mesa and along Beatty Wash. Tuffa-
ceous sand and gravel, locally indurated, are inter-
layered with the Dome Mountain lavas and with the
overlying volcanic rocks.

. Source vents clearly related to the Dome Mountain
lava flows were not recognized in the field. The upper
flows on Dome Mountain dip away from the summit,
suggesting that this area was the major source for the -
upper flows. One or perhaps two thin and discontinu-
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Ficure 1.—Map of a portion of the Nevada Test Site, Nye
County, Nev., showing principal topographic features and
general distribution of the mafiec lavas (stippled) of Dome
Mountain.

ous dikes of olivine trachyandesite, which chemically
and mineralogically resemble the lower Dome Moun-
tain flows, are present along a north-northwest-trend-
ing normal fault of minor displacement in tuff north
of Cat Canyon and west of Buckboard Mesa, outside
the principal outcrop area of the Dome Mountain
lavas. Although a dike is known to be a feeder for a
very small flow, most of the lavas probably issued
from fissures which now are buried beneath and near
Dome Mountain. A small extinet fumarole occurs
below the summit of the mountain. Spatter cones
near the bottom of Fortymile Canyon appear to be
related to the scoriaceous basaltic andesite that under-
lies the rhyolite of Fortymile Canyon.
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Rocks above, and below, the mafic lavas of Dome
Mountain have been dated by the K-Ar method by
R. W. Kistler of the U.S. Geological Survey. The
overlying Spearhead Member of the Thirtsy Canyon
Tuff is about 7.5 million years old (Noble and others,
1964), and the underlying tuffs of Cat Canyon are
about 10.9 million years old (F. A. McKeown, written
communication, 1963). The age of the Dome Moun-
tain lavas is bracketed as Pliocene and, on the basis of
field relations with the overlying and underlying vol-
canic rocks, is probably not more than 8 million years.

Individual flows range in thickness from 0 to about
170 feet ; the average thickness is about, 70 feet. A typi-
cal flow has a reddish, glassy, scoriaceous, and rubbly
basal zone, less than 5 feet thick. The basal zone
grades upward through a few feet of transitional rock,
characterized by closely spaced horizontal jointing
or sheeting, into a massive central zone that forms the
thickest part of the flow. Fractures and joints in this
zone are widely spaced and usually broadly curving.
The central zone grades upward into a zone of varia-
ble thickness, usually less than 25 feet, of scoriaceous
rock at the top of the flow. The top few feet of this
upper zone are reddish. Distal ends of flows are
contorted, blocky, scoriaceous, and rubbly. The rubble
and scoria commonly are mixed with sediment of the
caldera moat.

Vesicles, which may be completely absent from the
main part of the central zone, form as much as 40
percent of the lower and upper zones of a flow. Most
of the vesicles are less than 14 inch long, but a few are
as much as 3 inches long. Length-to-height ratios
are greatest in the lower part of the flow and may
reach 10:1 or more. The ratios are generally less
than 2:1 in the central and upper zones.

The lavas in most places are fresh, and are dark to
medium gray and rarely medium light gray (Rock-
color chart, Goddard, 1948). Weathering colors vary,
but are chiefly pale and moderate yellowish brown,
grayish orange, and yellowish gray.

PETROGRAPHY

Petrographically, the mafic lavas of Dome Mountain
are similar to andesitic rocks described in standard
works such as those of Johannsen (1937, p. 162-166)
and Williams and others (1954, p. 93-95). The rocks
generally have a fine-grained matrix set with poorly
discernible phenocrysts, giving the rocks a uniform
megascopic appearance. Textures are generally seri-
ate, and intersertal or intergranular to subophitic.
Pilotaxitic texture characterizes the matrix of about
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half the specimens studied, but true trachytic texture
is rare. Phenocrysts commonly tend to form glomero-
porphyritic clusters. Many of the upper flows are
diktytaxitic, but few of the lower flows are.

The flows are divisible chemically and mineralogi-
cally into three groups. The lower flows are charac-
terized by phenocrysts of iddingsite after olivine and
are the most mafic rocks of the sequence. They are
chiefly trachybasalt, but also include basalt and ande-
site. The lower flows are present in the topographi-
cally lower parts of Fortymile and Chukar Canyons
and are the only flows present near and north of Cat
‘Canyon. Two flows overlying the lower flows in the
measured section are only slightly less mafic than those
below but are almost indistinguishable in the field from
the upper flows and have generally been mapped with
them. These middle flows are trachyandesite. The
upper flows form an uninterrupted pile within the
major area that includes Dome Mountain and lies be-
tween Cat Canyon and Beatty Wash. These flows

MINERALOGY AND PETROLOGY

are characterized by ragged and cloudy plagioclase
phenocrysts and are also trachyandesite. Chemically,
however, the highest flow on Dome Mountain is close
to latite in composition.

The primary minerals of the mafic flows and the
products of magmatic or deuteric alteration, together
with the modal composition of chemically analyzed
flows, are given in table 1. The modes were deter-
mined by ‘counting 2,000 or more points per thin sec-
tion. An arbitrary minimum size limit of 0.2 mm for
microphenocrysts was empirically found to be useful
in accentuating the modal differences between the
lower and upper flows. Secondary minerals and voids,
never more than 5 percent, were excluded from the
modes. Phenocrysts appear to be more abundant in
the more mafic of the lower flows than in the rest of
the sequence. Although the frequencies of some
minerals show progressive increases or decreases that
are related to the sequence of eruption, preliminary
optical studies do not indicate large variations in the

TaBLE 1.—Modal composition of chemically analyzed mafic lavas of Dome Mountain

[Modes recalculated to 100 percent after excluding secondary minerals and voids.

All data in volume percent. Chemical analyses given in table 2]

Lower flows—basalt, trachybasalt, and andesite Middle flows—, Upper flows—trachyandesite and latite
trachyandesite
Sample No. 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17
Laboratory No. | 161242 | 161018 | 161017 | 161693 | 161129 | 161016 | 161128 | 161019 | 161694 | 161021 | 161024 | 161022 | 161696 | 161025 | 161695 | 161023 | 161020
TField No. | TM- | SL~ SL- SL- SL- SL~ L~ SL- SL~ SL- SL- SL~ SL- SL- SL- SL- SL~
9724a | 62-85 | 62-84 | 62-83 | 62-102 | 62-82 | 62-99 | 62-86 | 62-88 | 62-89 | 62-95 [ 62-92 | 63-52 | 62-96 | 63-50 | 62-94 | 62-87
Phenocrysts:
Plagioclase, ragged :
phenocrysts_ _______ 0 0 0 0 0 0 0 0 2.6/ 6.3 6.0/ 6.9 7.4/ 52 50 63 16
Plagioclase, laths______ 19.7) 25.00 19. 8 17.7/ 21.9f 6.5 7.4/ 12.2/ 1.4 2.2/ 52/ 3.9/ 6.0 6.4 7.5 53 42
Clinopyroxene. . _.____ 1.2] 1.4 1.0 41 1.2 .8 1 I .1 .4 2.1 .9 .8 L3 .7 .8 L4
Orthopyroxene._______ 0 0 0 0 0 | Tr. | Tr. 0 .2l 0 20 .20 .2 Tr .10 0
Olivine and iddingsite_._.| 8.0] 5.8 3.0/ 4.4 7.5 1.2 .3| Tr. | Tr. .2 .4 .1} Tr. .4 .9 .2 .1
Magnetite.. .. _._____ 0 0 0 0 0 0 0 .4 0 0 .1 .10 .1 .1 Tr. | Tr.
Total phenocrysts_| 28.9( 32. 2] 23. 8 26.2| 30.6( 7.5 8.2/ 13.8 4.3|- 9.1{114, 0 12. 1| 14. 4] 13. 4] 15.1212. 7| 7.3
Matrix:
Plagioclase 3________ - 32.9] 27. 5| 32. 1| 37. 1| 34. 1| 34.8 50.0| 8.0 53.7| 40.4{ 40. 8| 48. 7| 47.1| 50.0| 31.9| 45.1| 36. 5
Clinopyroxene_.______. 16. 3| 17.2| 16.0; 8.3| 14.5 10.5 14.2| 2.2 16. 2 11.2] 7.8 } 9.0 6.5 6.9 3.3 6.8 7.3
8{thopyroxene ________ g 0 0 |. 0 0 * 9 Tr. 0 . 0 1.0 : .2 . g 0 . 0- 8
ivine____________._. .2 0 0 0 1.6 2.9 . 5.
Iddingsite. ... ... 7.3 7.1}5-9 10,9}11-8 8.2 9.0} 3-4}10'9}8-9 3.1}7-6 36 L7 0 }62 6.1
Opaque minerals______ 7.3 7.4 10.8 9.2 6.7/ 17.0] 7.8 2.7 6.4 3.4 4.2 41 2.6/ 3.6/ 2.2 2.3 6.2
Glass and crypto- .
crystalline material..| 4.1/ 8.6| 11.4| 83| 2 3| 22.0{ 10.8] 69.9 8 5| 27.0| 27.5 18. 5 22.7| 20. 1] 41. 8| 26.9| 36.6
Total matrix-..»_-_ 71. 1) 67.8] 76.2| 73.8| 69.4| 92.5 8| 86.2| 95.7| 90.9| 86. 0] 87.9| 85. 6| 86.6| 84.9| 87.3] 92.7
Total lava.___ .. _. 100. 0({100. 0{100. 0{100. 0{100. 0{100. 0{100. 0/100. 0{100. 0{100. 0/100. 0{100. 0/100. 0{100. 0{100. 0/100. 0{100. 0
Estimated maximum
anorthite content of
plagioclase laths_______ An53 Al’l57 An53 An51 Anoo AI’!55 An55 Al'ln An” Ams An“ - Ansu Anoo An;m Ams Ann
Sum of mafic minerals
(volume percent)______ 43 39 37 37 42 38 320 34 24 20 22 17 18] (¥ 16 21

! Includes trace of hornblende(?).
2 Includes 0.1 percent of hornblende (7).
¥ May include minor amounts of alkali feldspar and silica minerals.

¢ Sum of mafic minerals is anomalously low due to the high content of glass and
cryptocrystalline material.
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composition of these minerals. The maximum crystal
size remains relatively constant throughout the se-
quence.

DESCRIPTIVE MINERALOGY

The ragged and cloudy plagioclase phenocrysts (to
10 mm) of the upper flows and of one middle flow,
best seen on weathered surfaces, closely resemble those
described by Kuno (1950, p. 967-968, and figs. 5 and 6)
from Hakone Volcano, Japan. They commonly are

zoned and twinned and are filled with zonally concen--

trated “dust” inclusions and microlites of mafic min-
erals. Borders commonly are embayed and corroded,
and resorption borders may be alkalic. Some of these

crystals appear to be more sodic than the labradorite’

to andesine laths. Their appearance and textural re-
lations suggest an intratelluric origin. Similar crys-
tals, described by G. A. Macdonald as inclusion-filled
and “moth-eaten,” are considered by him to be charac-
teristic of calc-alkaline andesite provinces (in Stark,
1963, p. C5). Plagioclase laths (to 3.5 mm) are sub-
hedral to euhedral and irregularly terminated. Larger
ones, particularly in the lower flows, show pronounced
oscillatory zoning and albite twinning; carlsbad, peri-
cline, and baveno twin laws are also represented.
Phenocryst-size laths are sodic labradorite to calcic
andesine, whereas those of the matrix are chiefly
andesine. Differentiation of the laths toward the sodic
end was not observed in the preliminary optical study
of the sequence of flows (table 1). Minor amounts of
alkali feldspar and silica minerals are also present but
were counted together with the plagioclase laths.

Quartz xenocrysts (to 1 mm) are present in trace
quantities in one specimen from & lower flow. The
grains are rounded and fractured, and surrounded by
reaction rims of radiating acicular clinopyroxene inter-
mixed with fine-grained quartz, feldspar, and magnetite.
Similar xenocrysts may constitute as much as 0.5
" percent of the later olivine-andesine trachybasalt
flows. :

Clinopyroxene (to 2.3 mm) forms stubby to elongate
(axial ratios as high as 5:1) euhedral to anhedral
prisms. Simple twins and indistinct zones are present,
and mafic inclusions, chiefly magnetite, are common.

Phenocryst compositions lie within the diopside and

augite fields (colorless or very pale green, pleochroism
absent or faint, 2V,=45° to 70° estimated bire-
fringence as much as 0.03). Pigeonite (colorless,
length-slow, 2V,~15°, estimated birefringence as much
as 0.01) rarely forms phenocrysts. Subequal amounts
of high- and low-calcium pyroxene are present in
the matrix. Clinopyroxene commonly jackets ortho-

—

D17

pyroxene phenocrysts, locally forms overgrowths on
olivine, and may in turn be jacketed by hornblende(?).

Orthopyroxene (to 1.6 mm) forms stubby to elong-
ate (axial ratios 2:1 to 10:1) subhedral to euhedral
prisms. Most crystals are near enstatite in composi-
tion (colorless, 2V, = 60° to 70°, birefringence esti-
‘mated as up to 0.012), but some hypersthene is also
present. Minute crystals are difficult to distinguish
from clinopyroxene and olivine. Orthopyroxene, pres-
ent in trace quantities only in a few specimens from
lower flows, is found in most specimens of the upper
flows where it may form more than 1 percent of the
rock. It is -absent, however, in the most silicic upper
flows. No explanation is ventured here for the rela-
tive abundance of this early precipitate mineral in the
later differentiates of the Dome Mountain sequence,
and for the apparent reversal of the usual calc-alkalic
trend of diminishing orthopyroxene : clinopyroxene
ratios.

Olivine (to 2.2 mm) forms stubby to elongate (axial
ratios as high as 4:1) euhedral to subhedral dipyra-
mids and dipyramidal prisms that are most abundant
in the lower flows. The optic sign ranges from ()
to (=), with a very large 2V. Magnetite inclusions
are abundant except in large, probably intratelluric
crystals that commonly are resorbed and enclose
cryptocrystalline matrix material. Olivine generally
is largely to entirely replaced by iddingsite or similar
minerals inward from borders and fractures. Matrix-
size grains of upper flows tend to be less altered than
those of lower flows. Olivine commonly is found in
glomeroporphyritic clusters with large later forming
plagioclase laths.

Magnetite (to 0.6 mm) is the principal opaque min-
eral of the lavas, and has a trend similar to that of
olivine. Phenocrysts, absent in lower flows, are
rounded and embayed or ragged and were probably
late forming. Matrix-size grains are euhedral to sub-
hedral octahedrons, fresh or partly to completely
altered to hematite. Rods, also present, probably in-
clude some ilmenite. Apatite and zircon(?), present
in trace quantities throughout the flows, form slender
minute prisms in plagioclase and in the glassy matrix.

Glass is colorless or red- and gray-brown to black,
according to the state of oxidation and quantity of con-
tained magnetite “dust.” Colorless and brown glasses
are typical of the upper flows. Cryptocrystalline ma-
terial includes all matrix material too fine to be iden-
tified at 250X magnification. The norms indicate that
it probably consists mainly of K-feldspar and silica,
probably as tridymite or cristobalite.



TaBLE 2.—Chemical composition and norms of mafic lavas of Dome Mountain

[Analyses by rapid methods and listed in order of increasing SiO: content. Analysts: P. L. D. Elmore, S. D. Bntts, Gillison Chloe, H. Smith, and Lowell Artis: norms and other calculations by author; analyses
recalculated to 100-percent volatile-free constituents)

Lower flows—basalt, trachybasalt, and Middle flows— Average | Average | Average
andesite trachyandesite Upper flows—trachyandesite and latite of lower | of mid- | of upper
flows |lleflows| flows
Sample No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1-7 8and 9| 10-17
Laboratory No. | 161242 | 161018 | 161017 | 161693 | 161129 | 161016 | 161128 | 161019 161694 | 161021 | 161024 | 161022 | 161696 | 161025 | 161695 | 161023 | 161020
Field No. 51,‘712\311; SL-62-85|SL—62-84|SL—62-83 81162_62_ SL-62-82|SL-62-99|SL—62-86|SL-62-88|S L-62-89|S L—-62-95| SL-62-92| S L-63-52|S L—-62-96|S L-63-50|S L—62-94|S L-62-87
Composition
(weight
percent): ]
SiOp - . 50.0 | 50.2 | 50.3 | 50.8| 51.0|51.3(51.9152.8)|530|57.4]|56.6/(59.01|59.1]59.2(59.4(59.6]|60.0|50.8/52.9]59.0
ALOs_ _________. 174 16.6 | 16.8 | 16.6 | 16.8 | 17.1 | 17.4 | 16.9 | 16.7 | 16.9 | 16.8 | 16.7 | 16.7 | 16.7 | 16.6 | 16.7 | 16.3 | 16.9 | 16.8 | 16. 1
FeOs_ oo ____ 9.3 6.6 5.7 7.8 58 4.1 8.1 5.6 4.0 3.8 2.3 3.8 3.7 2.6 1.7 3.9 3.8 6. 8 4 8 3.2
FeO_________.__ 1.5 4.0 4.7 2.4 4.1 5.7 2.5 44 53 3.5 4.6 3.6 3.0 4.2 4.7 3.4 3.0 3.6 4.9 3.8
(Sum as FeO) '___| (9.9)| (9.9)| (9.8) (9.4)| (9.3)] (9.4)| (9.8)] (9.4)| (8.9)| (6.9)] (6.7)| (7.0)| (6.3)| (6.6)| (6.2)| (6.9) (6.4) (9.7)| (9.2)| (6.7)
MgO.___________ 53| 6.0 59 59| 6.7 52| 39| 43| 44| 3.5| 3.0} 2.6 2.4\ 2.9 2.7 1.8 2.4 55| 44| 2.7
CaO____________ 9.1| 84| 84| 90| 88| 83| 80| 7.8| 7.9 6.1 5.1 5 2 50| 53| 563 50| 4.5 86| 7.8| 5.1
Na,O___________ 3.3 3.3 3.4 3.3 3.2 3.3 3.5 3.6 4.1 4.1 4.4 4.2 4.9 4.2 4.3 4.4 4.6 3.3 3.8 4.4
P10 1.4 1.7 1.6 1.7 1.3 2.0 1.7 1.9 22| 2.8 30| 28| 33| 3.2 3.4| 3.1 3.2 1.6 2.0 3.1
TiOp oo 1.8 2.2 2.1 1.6 1. 4 2.0 2.0 1.9 1.7 1.3 1.4 1.4 1.3 1.3 1.3 1.4 1.5 1.9 1.8 1.4
205 - o .76 .93 .94 .76/ .74 .87 .89 .76 .61 .47 .58 .46/ .61 .60 .58 .59 .62 .84 .69 . 56
MnO__________. .17 12 13 . 16 .17 .12 . 16 . 12 13 .09 . 10 .11 . 13 10 .07 .09 L1000 .18 12 10
Total . ______ 100. 0 {100. 0 {100. 0 {100. 0 |100. 0 |100. 0 {100. 0 |100. 1 [100. 0 [{100.0 | 99.9 |100. 0 (100. 1 [100. 0 [{100.1 |{100. 0 {100. 0 {100. 0 {100. 0 {100. 0
Volatile material
(weight
percent):
20~ . 1.5 .86 .69 2.0 .98 .23 1.6 .80 .56 .45 .06 .47 .38 120 .17 .27 .66] 1.1 . 68 39
H,O+__ _________ 1.7 1.6 1.7 1.8 1.2 .72 1.2 1.1 .72 . 83 . 63 .79 . 65 .92 . 85 .73 .94 1.4 .9 79
COs .. 100 .16/ .16 1.7 | .32 <.05 .09 <.05 <.05 <.05 .14 <. 05 .17} .08 <.05 17 <. 05 .36] <.05(.__._._
Weight norms:
Quartz__________ 2.6 2.5 2.0 2.3 2.5 1.9 6. 2 5.5 0.4 6.9 6.6 10.3 6. 6 7.7 6.7 1 10.9 | 10. 4 3.5 2.9 8.3
Orthoclase.-_ .- __ 83| 10.0 9.5 10.0 7.8111.7(10.0|11.1|12.8(16.7 | 17.8|16.7| 19.5| 18.9|20.0 18. 4| 18.9 9.5]12.0| 18.3
Albite...____.___ 27.8 | 27.8(28.8|27.8|27.3|27.8|129.3(30.6(34.6|34.6|37.2|35.6|41.4(356(36.2|37.2)|38.8|27.8|32.6|37.2
Anorthite_ - _____ 28.6 | 25.6 ([ 25.9 | 25.6 | 27.5|125.9|27.0(245(20.9(19.4|17.2|18.413.9 | 17.2[16.1 | 16.7 | 14.5 | 26.7 | 22.7 | 16. 7
Magnetite_ - ____[-_____ 7.0 8.4 3.5 8.4 6.0 2.8 81 5 8 56 3.3 5 6 53 3.7 2.6 5.6 5.6 6.5 6.9 4.6
Hematite.__.____ 9.3 L8 |...__. 5.4 || (CX0" 20 ARSI FRORUUPN IOIVP SIS S SRR SUEP SSIPIN M MU 2.2 (... ’
Ilmenite.-_______ 3.4 4.3 4.0 3.0 2.7 3.8 3.8 3.7 3.2 2.4 2.7 2.7 2.4 2.4 2.4 2.7 2.9 3.7 3.4 27
Apatite. ________ 1.7 2.4 2.4 1.7 1.7 2.0 2.0 1.7 1.3 1.0 1.3 1.0 1.3 1.3 1.3 1.3 1.3 2.0 1.5 1.3
Wollastonite. _.__ 4.9 3.9 3.9 6.0 4.8 41 3.0 3.9 6. 2 3.4 1.9 2.2 3.0 1.6 2.8 1.9 1.7 4.4 50 2.1
Enstatite. ... ____ 133150147 | 14.7 | 16.8 | 13.0 9.8110.7 | 11.0 8.7 7.5 6. 5 6.0 7.3 6.8 4.5 6.0 13.8 | 10.9 6.7
Ferrosilite_ _ . ____| - ___|--—____ B A P, L7 40 [--__- .5 40 1.3 44 1.3 .71 3.6 5.1 - 2 SO 2.2 21
Total . _.____ 99. 9 {100. 1 |100. 3 |100. 0 |100. 2 |100. 2 |100. 1 {100. 3 |100. 2 {100. 0 | 99. 9 [100. 3 ({100. 1 | 99. 3 (100. 0 (100. 0 (100. 1 |100. 1 |100. 1 {100. 0
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Normative feldspar
(weight

Orthoclase.______ 13
Anorthite. ______ 44

Normative
anorthite

X100 ( weight
Normative\ percent
albite+

anorthite

51

Differentiation
. index_ . _________ 39
Color index________ 33
K : Ca (ionic ratio)-
Proportions
(moiecuiar
percent):
Total iron as
FeOQ! __________ 41
K20+ NazO_-_ ___| 20
MgO_ .. _______. 39

.22

16
40

48

40
34

. 30

38
42

15
40

47

40

.28

39
41

16
40

48

40

.28

38
42

12
44

50

38
35

.22

36
18
46

18
40

48

41
33

. 36

39
39

15
41

48

46
28

.31

44
32

17
37

44

47
29

. 36

41
34

19
30

38

48
31

. 42

38
34

24
49
27

36

58
22

. 68

35
31

25
51
24

32

62
21

. 88

34
28

24
50
26

34

63
19

.79

37.
25.

S oo

26
55
19

25

26
24

33

62
20

(=}
o

34
27.

0

oo

28
22

31

63
21

33
26

25
52
23

31

66
17

.93

39
18

26
20

27

68
18
i.06

35
23

15
42

49

41
33

.28

39
40

18
34

41

48
. 39

25
23

31

64
20

.91

35
25

1 Equal to FeO+0.9 Fej Os.
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Secondary minerals include calcite and zeolite, and
are found principally in vesicles. Calcite also fills fine
fractures and rarely occurs as a replacement of plagio-
clase phenocrysts. Potassium-bearing clay minerals
line voids and fractures and also locally replace
cryptocrystalline matrix.

PETROCHEMISTRY

Chemical composition, norms, and other petrochemi-
cal parameters of the Dome Mountain rocks are given
in table 2. Normative color indices (sum of normative
femic constituents) are between 17 and 35, thus falling
within the andesite range of Kuno (1950, p. 958) and
Stark (1963, p. C3). The chemical analyses and norms
of the lower and middle flows lie between the values of
average basalt and average andesite of Nockolds (1954,
tables 6 and 7) and between the average Columbia
River Basalt and the average andesite complex of the
Cascade Range (Waters, 1955, table 1). Values for
SiO,, total iron plus MgO, and TiO, are closer to those
for basalt, whereas values for Al,O; and alkalies are
nearer those for andesite. P,Os content is unusually
high in all analyses of Dome Mountain rocks. The
average composition of the lower flows lies between the
fields of trachybasalt and basalt, in the classification
of Rittmann (1952). The slightly more salic middle
flows are olivine trachyandesite by Rittmann’s classifi-
cation, but the low modal olivine content and the ab-
sence of normative olivine make trachyandesite a
better term for these middle flows. The upper flows
are higher in SiO, and alkali content, and lower in
MgO and CaO than the average doreite of Nockolds
(1954, table 5), and are trachyandesite to latite by
Rittmann’s classification. All the rocks are silica
saturated.

The analyses are plotted on a Harker variation dia-
gram (fig. 2) which, together with a triangular FeO-
MgO-alkali diagram (fig. 3), shows a normal calc-
alkaline differentiation trend for the Dome Mountain
lavas. The threefold stratigraphic division of the
Dome Mountain sequence follows this trend, but the
succession within these divisions is random. The high
degree of differentiation of the lavas is further empha-
sized by variations in the differentiation index of
Thornton and Tuttle (1960), the proportion of norma-
tive anorthite, and the K:Ca ratios summarized in
table 2. ’

. Rittmann’s suite index, s, (1962, p. 110-111) aver-
ages 3.1 for the trachybasalt and allied lavas of the

MINERALOGY AND PETROLOGY

lower flows and 3.5 for the trachyandesite and latite of
the middle and upper flows, defining a weakly cale-
alkaline suite. The Peacock alkali-lime index (1931,
p. 55-56) taken from figure 2 is slightly less than 56,
defining the suite as alkali-calcic but near the cal-
calkalic field.

‘Lower Middle Upper
flows flows flows
~ Sample No.. 123456 7 %_? 10 1112141617
murT 1 ' | lIQLI
- 1315
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- —
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g 4
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o
& o
<
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8
6_
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2k
0 1

Si0,, IN WEIGHT PERCENT

F1GURE 2.—Variation diagram for chemically analyzed rocks of
the mafic lavas of Dome Mountain. Data from table 2.
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EXPLANATION

UPPER FLOWS
+ Latite
o Trachyandesite
MIDDLE FLOWS
& Trachyandesite

LOWER FLOWS
x Pigeonite andesite
0 Andesine basalt
e Olivine-andesine
trachybasalt

Total iron as FeO

10~
13151811

YA N V3 N
Alkalies 80 60 40 20

MOLECULAR PERCENT

MgO

F1aure 3.—Fe0-MgO-alkali diagram, showing trend of differen-
tiation for the mafic lavas of Dome Mountain. Data from
table 2.
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PRELIMINARY REPORT ON THE STRUCTURE

OF THE SOUTHEAST GROS VENTRE MOUNTAINS, WYOMING

By WILLIAM R. KEEFER, Denver, Colo.

Abstract.—The Gros Ventre Mountains are an asymmetric
anticlinal uplift, steep and faulted along the southwest margin.
The range lies between structures typical of Laramide deforma-
tion (Late Cretaceous and early Tertiary) in central Wyoming
and those of late Tertiary deformation (post-Early Pliocene)
in northwestern Wyoming. Tentative interpretations are that
the Gros Ventre Mountains and adjacent Hoback Basin were
formed during the Laramide and were modified by later
movements.

The Gros Ventre Mountains of northwestern Wyom-
ing (fig. 1) lie amidst large, diverse, complex tectonic
features formed at different times. The southwest
edge of the range is within a mile of the easternmost
thrust sheets of the overthrust belt. Farther south the
range is bounded by the synclinal Hoback Basin, which
forms the northern extension of the Green River Basin
and is one of the deepest structural depressions in
Wyoming. Structural elements to the east, in central
Wyoming, were formed in latest Cretaceous and early
Tertiary times, whereas others, to the west and north-
west in Jackson Hole and the Teton Mountains, were
formed in late Cenozoic time. The time of maximum
Gros Ventre uplift has, therefore, been a problem of
some interest. Although much is already known about
the geology of the region (Nelson and Church, 1943;
Richmond, 1945; Baker, 1946; Horberg and others,
1949; Love and others, 1951; Eardley, 1951, p. 320-
325; Love, 1956a, 1956b; Dorr, 1956, 1958 ; Berg, 1961),
critical data are still too meager to permit recognition
of each tectonic event.

" The present paper is based on the detailed field study
of approximately 125 square miles of the southeast end
of the range and an adjacent narrow strip of the
Hoback and Green River Basins (figs. 1 and 2).

STRATIGRAPHY

Strata exposed in the southeastern Gros Ventre
Mountains range in age from Ordovician to Late Cre-
taceous (fig. 2) and are about 7,500 feet thick. Cam-
brian rocks underlie the area and crop out to the
northwest, where they are 1,250 feet thick. The for-
mations are described by Blackwelder (1918), Rich-
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FicUure 1.—Index map showing location of mapped area (diag-
onal pattern) with respect to major physiographic and
structural features in northwestern Wyoming. The over-
thrust belt includes the Wyoming, Salt River, and Hoback
Ranges.
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mond (1945), Love and others (1948, 1951), Horberg
and others (1949), Wanless and others (1955), and
Love (1956a).

Cretaceous rocks younger than the Frontier Forma-
tion are extensively exposed along the northeast flank
of the range, where they are about 8,300 feet thick
(Love and others, 1948, p. 25-41; Love, 1956a, p. 79-
83). Along the southwest flank, about 20 miles north-
west of the map area, the post-Frontier Cretaceous
sequence may be nearly 10,000 feet thick (J. D. Love,
oral communication, 1963). Comparable thicknesses
of these strata probably are present in the deep part
of the Hoback Basin along the southwest edge of the
map area (fig. 2).

Tertiary rocks in the Hoback Basin include the
Hoback Formation of Paleocene and early Eocene age,
and the Pass Peak Formation of probable middle
Eocene age, both formations of Horberg and others
(1949). The Hoback Formation is exposed across
the central part of the basin, where it is more than
15,000 feet thick and consists chiefly of fine-grained
sandstone, siltstone, and shale (Dorr, 1956, p. 102).
The Pass Peak Formation crops out along the south-
west edge of the map area (fig. 2); it is about 1,500
feet thick and composed of massive conglomerate beds
with minor amounts of sandstone and shale (Dorr,
1956, p. 106). The conglomerate consists almost en-
tirely of rounded boulders of Precambrian quartzite
resembling, and undoubtedly derived from, those in
the Pinyon Conglomerate of Paleocene age now ex-
posed along the north side of the Gros Ventre Moun-
tains (Love, 1956a, p. 84).

STRUCTURE

The Gros Ventre Mountains were formed primarily
from a broad asymmetric anticline that is steep and
faulted along its southwest flank. The major boundary
fault is the Cache thrust fault which has been traced
from the southwest corner of the range southeastward
along the entire mountain front (Dorr, 1958, p. 1218;
Love, 1956b, p. 141). Within the range proper, exten-
sive vertical faults, trending partly west and partly
northwest, divide the uplift into three major structural
segments (Nelson and Church, 1943, fig. 7). This re-
port concerns the easternmost of these segments.

At its southeast end the main anticlinal structure of
the Gros Ventre Mountains plunges 10° to 15° east
and southeast, and is separated from the north end of
the adjacent Wind River Mountains, along the east
slope of the Green River valley, by a series of shallow
north-trending folds (Richmond, 1945 ; Skinner, 1960).
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The crest of the uplift is remarkably flat over broad
areas, although subsidiary folds are evident (fig. 2).
Strata along the northeast flank dip 5° to 10° north-
east.

Normal faults cut the crest of the uplift in the cen-
tral part of the map area (fig. 2). The dominant
trend of the faults is northeast, but a secondary set
trends northwest at an oblique angle of about 120°,
nearly parallel to the major structural trend of the
range. Displacements range from less than 100 feet
to as much as 1,250 feet; there is no consistent pattern
regarding which sides were upthrown or downthrown.

Whether the Pass Peak Formation is involved in the
faulting along the Cache fault has been a matter of
controversy. Horberg and others (1949, p. 198, pl. 2)

" show the fault terminating before it reaches the south-

east margin of the Gros Ventre Mountains, whereas
Dorr (1958, p. 1218) and Eardley (1951, figs. 182 and
183) indicate that the Pass Peak was overridden in
this region. Though the fault surface was not ob-
served during the present investigation, the following
field relations suggest strongly that the contact be-
tween the Pass Peak Formation and older rocks is
tectonic rather than sedimentary: (1) the contact
appears to be very sharp and linear in most places,
showing little irregularity suggestive of overlap; (2)
residual debris from the highly conglomeratic Pass
Peak strata was not found on adjacent slopes of the
older rocks examined north of the contact; (3) con-
versely, there appears to be little debris locally derived
from these older rocks in the Pass Peak; and (4) in
places, strata of the Pass Peak are turned up sharply
near the contact.

There is little doubt that the next older Hoback
Formation was overridden by the upper plate of the
Cache fault. Approximately 15,000 feet of Hoback
beds exposed on the southwest limb of the Hoback
Basin syncline dip toward the Gros Ventre Mountains,
but do not emerge at the surface on the opposing
(northeast) limb.

Maximum structural displacement between the
trough of the Hoback Basin and the crest of the Gros
Ventre uplift is about 35,000 feet, much of it having
taken place along the Cache fault (fig. 2). The fault
surface dips about 45° northeast where observed by
J. D. Love (oral communication, 1963) northwest of
the map area.

The Elbow Mountain fault (Nelson and Church, 1943,
p- 158) is a major fracture which extends west-north-
west through the central part of the area, nearly paral-
lel to and 1 to 3 miles north of the Cache fault; at the
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west edge of the area, however, it turns abruptly north-
ward. This feature bounds the south and west sides
of the easternmost structural segment of the Gros
Ventre Mountains. Spectacular scarps rise 1,500 to
2,000 feet in the upthrown block north and east of the
fault and form a prominent “sawtooth” ridge. One
segment of the fault extends from the southwest corner
of the upthrown block south to the Cache fault. Strata
in the upthrown block turn down sharply against the
Elbow Mountain fault in places along the west edge
of the map area, but toward the southeast little or no
drag folding is evident. Maximum structural displace-
ment is about 3,000 feet. Reliable dips were not ob-
served along the fault plane, but it may be nearly
vertical. Horberg and others (1949, pl. 2) considered
it to be a high-angle reverse fault, although they meas-
ured a 65° southward dip on slickensided surfaces
along the trace of the fault near its southeast end. The
pattern of faulting and the steepness of the scarps
suggest, but do not prove, that the Elbow Mountain
is a normal fault.

The fault shown at the northwest corner of the map
(fig. 2) is the eastern extension of the Shoal Creek
fault which forms the south side of the central struc-
tural segment of the Gros Ventre Mountains. This
fault extends westward for about 6 miles beyond the
area shown on figure 2, thence it swings sharply north
for.another 6 miles, thus resembling the trace of the
Elbow Mountain fault (Nelson and Church, 1943, fig.
7). The Shoal Creek fault may also be nearly vertical,
and undoubtedly is genetically related to the Elbow
Mountain fault.

INTERPRETATION OF STRUCTURE AND GEOLOGIC
HISTORY

Major diastrophism in the Gros Ventre Mountains
has been variously dated as Late Cretaceous to late
Tertiary. Horberg and others (1949, p. 207-208), for
example, conclude that uplift must have begun in Late
Cretaceous time because the range appears to have
formed a buttress against which the eastward-moving
thrust sheets of the overthrust belt impinged (fig. 1).
Dorr (1958, p. 1239) interprets the initial movements
to have been in post-early Eocene time, based on rela-
tions observed in the Hoback and Pass Peak Forma-
tions. Eardley (1951, p. 325) places the major uplift
in post-middle or late Eocene time, because the -Pass
Peak was overridden by the Cache fault. In the west-
ern part of the range, Love (1956b, p. 145; oral com-
munication, 1963) has found that significant move-
ments took place in early Eocene time and again in
post-early Pliocene time. Pre-Paleocene folding is

STRUCTURAL GEOLOGY

indicated in some places along the northeast margin
of the Gros Ventre Mountains by an angular discord-
ance between the Pinyon Conglomerate and older rocks
(Love and others, 1951).

Major structures in central Wyoming are interpreted
by Keefer and Love (1963) to have formed by (1)
basin subsidence in Late Cretaceous time, continuing
through all of Paleocene and early Eocene time; and
(2) progressive folding of the mountain ranges during
or at the close of the Cretaceous, culminating in pro-
nounced uplift along high-angle reverse faults at the
end of Paleocene time or during earliest Eocene time.
Basin sinking was as important tectonically as moun-
tain uplift; in large segments of some basins, subsi-
dence equalled, or exceeded, uplift of the adjacent
mountains.

Events in the mapped area were analogous in part
to those in central Wyoming. The Hoback Basin be-
gan to sink in Late Cretaceous time, and subsidence
was virtually continuous through all of Paleocene,
early Eocene, and possibly middle Eocene times. The
actual downward movements probably exceeded 20,000
feet in the deepest parts of the basin.

The Gros Ventre Mountains probably were folded
early in Tertiary time, but it is doubtful that the
range stood very high with respect to the Hoback
Basin before major uplift in probable middle Eocene
time; Pinyon strata (Paleocene) were then stripped
off the area now occupied by the mountains and re-
deposited in the Pass Peak Formation. After deposi-
tion and lithification, perhaps as late as post-early
Pliocene time, the Pass Peak was overridden by the
upper plate of the Cache fault. Though there is no
direct evidence, it seems likely that considerable move-
ment must also have taken place along this major
boundary fault during uplift of the range at the be-
ginning of Pass Peak time. '

Whether the Elbow Mountain and Shoal Creek
faults originated in early Tertiary time is likewise
conjectural. The steepness and fresh appearance of
the fault-line scarps, however, suggest that the most
significant. movements along these faults may have
taken place in late Tertiary time, concomitant with
extensive faulting in Jackson Hole and the Teton
Mountains to the west.

Available data thus suggest that the Gros Ventre
Mountains and Hoback Basin were well outlined as
positive and negative tectonic units, respectively, dur-
ing Laramide deformation, but that the mountains
may have been modified considerably by late Tertiary
movement. ’
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PRE-FALL RIVER FOLDING

IN THE SOUTHERN PART OF THE BLACK HILLS,

SOUTH DAKOTA

By GARLAND B. GOTT, Denver, Colo.

Abstract.—Outcrop and drill-hole data show discordant rela-
tions between the Fall River Formation and the underlying
Lakota Formation, both of Early Cretaceous age. This indi-
cates that structural movement was contemporaneous with
deposition of the Lakota Formation. Subsurface data indicate
a pre-Fall River structural dome 7% miles north of Edgemont,
S. Dak.

A small quantity of petroleum produzed from the

Minnelusa Formation of Pennsvlvanian and Permian
age at the Barker dome, Custer Couity, S. Dak.
(Gries, 1964) attracts attention to small structural
traps in pre-Cretaceous rocks of the southern Black
Hills. Some of these structures are concealed by dis-
cordant post-Jurassic rocks.

Along the southwest margin of the Black Hills up-
lift the regional dip averages about 3° SW. Small
anticlinal folds, such as the Barker dome, occur in
some places. Elsewhere the structural irregularities
consist of a steplike series of terraces and monoclines
of low relief. Locally, small faults exist that are prob-
" ably related to subsidence.

Detailed studies (Gott and Schnabel, 1963, p. 170
and pl. 14) of the formations in the Lower Cretaceous
Inyan Kara Group, consisting of the Fall River For-
mation and the underlying Lakota Formation, have
brought out evidence that structural readjustments
were in progress at the time that the Lakota Forma-
tion was being deposited. Although most of the fold-
ing occurred during post-Fall River time, discordance
of the attitude of the Fall River Formation with all
the major units of the underlying Cretaceous Lakota
Formation indicates that some of the folding had
occurred before the end of Lakota time. This folding
resulted in the deposition of a relatively thick sequence

of rocks in the structural troughs and a thin sequence
of rocks on the structural highs. The thickness of the
Lakota thus ranges from a minimum of about 325 feet
to a maximum of about 650 feet.

Interpretation of subsurface data indicates a pre-
Fall River structure located about 714 miles north of
Edgemont, S. Dak., in sec. 26, T.7 S, R.2 E. It is
domal in shape and is concealed by discordant beds of
the Lakota and Fall River Formations. The top of
the Morrison Formation of Jurassic age has about 40
feet of closure (fig. 14), while the base of the Fall
River Formation of Cretaceous age has none (fig. 18).
One drill hole on a pre-Fall River anticline in the area
penetrated the Lakota and Morrison Formations and
the Redwater Shale Member of the Sundance Forma-
tion of Jurassic age. At that point the total maximum
thickness of about 100 feet of Morrison Formation was
present. This indicates that there was little, if any,
post-Morrison and pre-Lakota erosion and, therefore,
little, if any, folding prior to the beginning of Lakota
time. Folding apparently continued through Lakota
time, resulting in pronounced depositional and struc-
tural troughs.

It is possible that this pre-Fall River folding was
part of the structural deformation accompanying the
beginning of the Black Hills uplift. The post-Fall
River Cretaceous marine invasion of the Black Hills,
however, suggests that the area was more likely up-
lifted at the end of Cretaceous time. Folding ac-
companying the uplift was then superimposed on the
earlier folding.

Outcrop data and logs of core holes supplied to the
U.S. Geological Survey by the U.S. Atomic Energy
Commission were the basis for the structural inter-
pretation.
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CHINLE FORMATION AND GLEN CANYON SANDSTONE
IN NORTHEASTERN UTAH AND NORTHWESTERN COLORADO

By F. G. POOLE and J. H. STEWART,
Denver, Colo., Menlo Park, Calif.

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

Abstract.—The Chinle Formation of Late Triassic age is com-
posed of six lithologic units, in ascending order: (1) Gartra
Member (new usage), (2) mottled member, (3) ocher siltstone
member, (4) a local sandstone and conglomerate member, (5)
red siltstone member, and (6) upper member. The ocher silt-
stone is correlated with the Popo Agie Member of the Chug-
water Formation of Wyoming, and the red siltstone is corre-
lated with the Church Rock Member of the Chinle of southeast
Utah. A regional angular unconformity occurs at the base of
the Chinle throughout the area and at the top of the Chinle in
northwestern Colorado. The Glen Canyon Sandstone (new
usage) of Late Triassic and Early Jurassic age overlies the
Chinle in northeastern TUtah and part of northwestern
Colorado. )

The Chinle Formation of Late Triassic age and the
Glen Canyon Sandstone of Late Triassic and Early
Jurassic age are widely exposed in northeastern Utah
and northwestern Colorado. In northeastern Utah,
exposures of the Chinle and the Glen Canyon are re-
stricted to the flanks of the Uinta Mountains (fig. 1).
In northwestern Colorado, the Chinle is exposed in the
eastern part of the Uinta Mountains, along the mar-
gins of the Park and Gore Ranges, around the White
River Plateau, along the southern extension of the
Grand Hogback, and near State Bridge, Wolcott, East
Brush Creek, Basalt, and Aspen (fig. 1). In north-
western Colorado, the Glen Canyon Sandstone is ex-
posed in the eastern part of the Uinta Mountains and
along the northern and western flanks of the White
River Plateau.

Study of these exposures has led to the summary of
the stratigraphic character and relations presented
here, and is part of a regional investigation of the
Chinle Formation and related strata of the Colorado

Plateau region. Most of the information presented in
this paper was collected during 1955-57, and concerns
work done on behalf of the U.S. Atomic Energy Com-
mission.

CHINLE FORMATION

The Chinle Formation unconformably overlies red
beds of Early Triassic age in the Uinta Mountains;
red beds of Early Triassic and(or) Permian age
around the White River Plateau, along the southern
extension of the Grand Hogback, and in the vicinity
of State Bridge, Wolcott, and East Brush Creek; and
red beds of Permian and possibly Pennsylvanian age
along the margins of the Park, Gore, and Tenmile
Ranges, and in the vicinity of Basalt and Aspen. In
general, the Chinle rests on progressively older strata
eastward from the Uinta Mountains to the Park, Gore,
and Tenmile Ranges.

The Glen Canyon Sandstone appears to conformably
overlie the Chinle Formation in the Uinta Mountains
of northeastern Utah and northwestern Colorado,
whereas in the vicinity of the White River Plateau, it
overlies the Chinle with apparent unconformity.
South and east of Meeker, Colo., beyond the wedge-
edge of the Glen Canyon Sandstone, the Chinle is
unconformably overlain by the Entrada Sandstone or
equivalent strata of Late Jurassic age.

The Chinle Formation in northeastern Utah and
northwestern Colorado is composed of six members
(figs. 2, 3), in ascending order: (1) a unit of light-
colored sandstone and conglomerate called the Gartra
Member (new-usage); (2) a unit of purple and red
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shown on figure 1.

mudstone, mottled siltstone, and mottled sandstone re-
ferred to as the mottled member; (3) a unit of ocher
siltstone, and some red siltstone, called the ocher
siltstone member; (4) a local unit of gray, pink, and
brown sandstone, mudstone, and mudstone-limestone
pebble conglomerate referred to as the sandstone and
conglomerate member; (5) a unit of red siltstone, and
minor amounts of sandstone and siltstone-limestone
pebble conglomerate, called the red siltstone member;
and (6) a unit of orange, brown, and gray sandstone
and red and green mudstone, called the upper member.
Some of these units are local; others are widespread.
The Gartra Member and mottled member are persist-
ent throughout the region, whereas the other siltstone
and upper members occur only in the Uinta Moun-
tains, the red siltstone member in the eastern Uinta
Mountains and throughout northwestern Colorado,
and the sandstone and conglomerate member only
locally in the easternmost Uinta Mountains.

Gartra Member

The Gartra Grit Member of the Stanaker Formation
was named and described by H. D. Thomas and
Krueger (1946) for a thin unit within Upper Triassic

Location of section

strata in the Vernal area of northeastern Utah. These
names were not generally accepted because the well-
established Colorado Plateau names Shinarump Con-
glomerate and Chinle Formation were already in use
for these strata in northeastern Utah and northwestern
Colorado (Powell, 1876; C. R. Thomas and others,
1945). Subsequent to Thomas and Krueger’s work
in the Uinta Mountains, geologists working there con-
tinued to use the names Shinarump Conglomerate and
Chinle Formation (Huddle and McCann, 1947; Kin-
ney and Rominger, 1947; Kinney, 1951, 1955; and
Hansen, 1955). Regional stratigraphic work, however,
has shown that the Shinarump is a member of the
Chinle Formation that does not extend north of cen-
tral Utah (Stewart, 1957) and that the Gartra is
confined to the northern and northeastern parts of
the Colorado Plateau (fig. 4). As the Gartra and
Shinarump probably are not correlative and their rela-
tive age is uncertain, the name Gartra is preferred
for the basal sandstone and conglomerate unit of the
Chinle Formation in the area described in this paper.
The lithologic term “grit” is not part of the formal
name in the report area. - The name Chinle Formation
is retained for Upper Triassic strata as it is well estab-
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lished and the Chinle Formation of northeastern Utah
and northwestern Colorado can be demonstrated to be
continuous with part of the Chinle Formation in the
central part of the Colorado Plateau. Hence, the
name Stanaker Formation is not used in this report.
The Gartra Member is present throughout northeastern
Utah and most of northwestern Colorado. Quartzose
sandstone and conglomerate lenses within the Temple
Mountain Member (Robeck, 1956) of the Chinle For-
mation in the San Rafael Swell, south of the Uinta
Basin, are lithologically similar to the Gartra Member.

The Gartra Member consists mainly of light-colored

sandstone, conglomeratic sandstone, and some con-
glomerate. Locally the member is stained purple and
red. The sandstone is composed dominantly of sub-
angular to well-rounded grains and granules of quartz,
some feldspar, and sparse chert and quartzite; the
matrix and cement consist of clay minerals, calcite, and
locally silica (R. A. Cadigan, written communication,
1958). The gravels are subrounded to well-rounded
pebbles and scattered cobbles composed of quartz,
some chert and quartzite, and sparse feldspar, quartz-
ose sandstone, and limestone. In general, the maxi-
mum gravel size increases eastward. The maximum

Vertical exaggeration X 660.

measured diameter of quartz gravels ranges  from
about 1 inch at Farm Creek in Utah to about 3 inches
at Red and White Mountain, East Brush Creek, Deer
Creek, and Boreas Pass in Colorado. The Gartra is
cross stratified in most areas, and contains silicified
log fragments.

The Gartra Member varies widely in thickness,
though in northeastern Utah the member is generally
20-50 feet thick. It is generally only 5-30 feet thick
in northwestern Colorado (see accompanying table).
Thickness is greatest where the member fills channels
cut into the underlying rocks. The Gartra is discon-
tinuous, especially in northwestern Colorado; where it
1s absent the mottled member is the basal unit of the
Chinle.

In the exposures examined, a sharp erosional contact
was noted between the light-colored Gartra Member
and the underlying red beds. The contact is undulat-
ing and marked by small channels and scours. Beds
above and below the contact appear concordant at all
outcrops, and the contact is an apparent erosional dis-
conformity; however, eastward the Gartra rests on
older and older beds and the contact is clearly a re-
gional angular unconformity.
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The mottled member is intimately related to the
Gartra Member; the contact between them is placed at
the top of the rather continuous light-colored sand-
stone and conglomerate that extends to the base of the
Chinle Formation. The contact is gradational and
intertonguing. Gartra-like sandstone and conglomer-
ate occur as lenses within the mottled member, es-
pecially in northwestern Colorado, and tongues of
mottled rock extend into the Gartra.

The general decrease in grain size toward the west
and the westerly dip of cross strata indicate that the
Gartra Member was deposited by westerly flowing
streams (Poole, 1961). These streams probably origi-
nated in central and possibly west-central Colorado.
The source rock was probably older red beds, such as
the Maroon Formation, and exposed lower Paleozoic
rocks and Precambrian igneous and metamorphic rocks
in central and west-central Colorado.

Vertical exaggeration

Mottled member

The mottled member is persistent throughout north-
eastern Utah and northwestern Colorado. The mot-
tled member north and east of the Uinta Basin may
be equivalent to. part or all of the Temple Mountain
Member (Robeck, 1956) of the Chinle Formation in
the San Rafael Swell (south of Price, Utah).

The mottled member is made up of purple and red
mudstone and mottled siltstone and sandstone. The
purple and red mudstone consists predominantly of
silt and clay and variable amounts of sand. Dominant
components of the mottled siltstone and sandstone are
subangular to well-rounded grains of quartz, some
feldspar, chert, quartzite, mica, and sparse tuff(?);
the matrix and cement consist of silica, clay minerals,
calcite, and iron oxide (R. A. Cadigan, written com-
munication, 1958). Iridescent purple iron-oxide blebs,
bedded chert, and jasper also are abundant. Many of
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the sandstone layers are very coarse grained and con-
glomeratic. The gravels are composed of subrounded
to rounded quartz and chert. Overall the member
generally is crudely stratified, but the mottled siltstone
and sandstone units locally are well bedded. A few
of the silty and very fine to medium-grained sandstone
beds are crossbedded. The member consists mainly of
mottled sandstone at Boreas Pass in Colorado, whereas
elsewhere it is mostly sandy mudstone.

The member is absent locally, as at Vermilion Creek
and East Brush Creek. The mottled member is gen-
erally 30-50 feet thick in northeastern Utah and 20-40
feet thick in northwestern Colorado (see table).

The mottled member is overlain by the ocher silt-
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stone member in the Uinta Mountains of northeastern
Utah and northwestern Colorado, and by the red silt-
stone member in northwestern Colorado (fig. 2). The
contact between the mottled member and ocher silt-
stone member is difficult to locate in many parts of the
central Uinta Mountains where a thin reddish mud-
stone characteristic of the basal part of the ocher
siltstone member is well developed and rests on similar
rocks of the mottled member. The contact generally
is marked by a subtle color change from purple and
red strata of the mottled member to reddish strata of.
the basal part of the ocher siltstone member. The
mottled member overlies the Gartra Member or pre-
Chinle strata where the Gartra is missing.

Thickness of Chinle Formation and its members in northeastern Ulah and northwestern Colorado

[P, presont at section, but not measured. PP, probably present, but not differentiated; unit occurs either as a wedge edge or as thin tongues in adjacent unit. A, absent at
section, but present nearby. NP, not present in area. NE, not exposed, but probably present in area)

Thickness (feet)
Members
County Locality (fig. 1)
Total
formation Ocher Sandstone Red
Gartra Mottled siltstone and con- siltstone | Upper
glomerate
Utah

Duchesne. ___.__._| Lake Fork River_ ________________._._____ 443 +| 23-100 68 215 NP PP 137
Uintah_________.___ Vernal (Brush Creek) .. _________._ 340 65 19 122 NP PP 135
Red Wash__ . ___ 287 53 P P P P 110

Cliff Creek . _ o . ____ 212 A 50 68 PP 36 59

Colorado

Moffat .o oo ... Dripping Rock Creek . ... __.__________. NE NE NE NP P 18
Miller Creek. - o oo oo ____. 266 21 52 66 NP 127 A

Disappointment Creek _ . ______________.__. 259 A 42 21 53 143 |

Vale of Tears. _ ... oo ... 291 A 78 19 83 100 10

Cross Mountain__ . ______________________ 244+ NE NE 10+ 115 100 20

Vermilion Creek. . - _____________________ 246 110 A 64 NP 67 6

Rio Blanco...____. Oak Ridge_ oo __. 388 A 42 NP NP 346 NP
Garfield-....._____ East Rifle Creek_ _ _ _ _ . ________._ 6-15 P NP NP P NP
Main Elk Creek - ___ 1311 0-5 P NP NP P NP

South Canyon Creek_____________________ 226 NP 17 NP NP 209 NP

Fourmile Creek_ _ _______________________ 100 + PP 20+ NP NP 80+ NP

_ Edgerton Creek ... .. ______._____ 60+ PP 20+ NP NP 404+| NP
Pitkin_ .. ______.___ North Thompson Creek ?_________________ | ONP? | e e
Potato Bill Creek 2. ___ . _________________ NP | e e e e e

) Aspen (Maroon Creek)_.._______________._ 413 A 35 NP NP 378 NP
Tagle.___________. Basalt_ _ . _____ 635 A 28 NP NP 607 NP
Summit...._.___.. Snake River 2. ____ . ___ NP |- |o--__. S RN AR (RSP BRI,
Boreas Pass_ .. 150 8 50 NP NP 92 NP

Park____._________ Red Hill 2_ _ .. NP | e i e e
Bagle......_____.. Tast Brush Creek_ . ___ .. . ____._._____ 1, 083 70 A NP NP | 1,013 NP
Wolcobt_ _ - ] 30 P NP NP P NP

Red and White Mountain. - _____________ 250 25 25 NP NP 200 NP

Red Canyon._ __________ . _____. 3 344 336 P | NP NP P NP

State Bridge_ - .. ______..___ 1 90 12-24 P NP NP P NP

.| Sheephorn Creek_ __ _ . _________.__._.__ A 15 NP NP NP NP
Grand.___..______. Radium. - - oo A P NP NP 1 NP
Gore Pass_ _ oo 10 10+ NP NP NE NP

Deer Creek. - . 20 15+ NP NP NP NP

Tabernash Campground 2________________ NP | e e

! Thomas and others (1945).

% Just outside the limit of the Chinle; zero isopach nearby.

s Sheridan (1950).

¢ Donner (1949).
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The clay mineralogy and mottled coloration of the
mottled member suggest that it is derived from a
residual weathered zone (Schultz, 1963). Coarse
detritus and cross strata in some of the siltstone, sand-
stone, and conglomerate therein indicate that these
sediments were reworked and transported by streams.

Ocher siltstone member

The informal name ocher siltstone member is as-
signed to a unit of ocher siltstone and minor amounts
of red siltstone, which is present throughout the Uinta
Mountains.

The member consists of structureless siltstone, clayey
siltstone, and minor silty claystone. The ocher and
reddish siltstone and claystone commonly contain
oolites, carbonate nodules, and secondary gypsum vein-
lets. Many oolites and noduies contain analcite (Kel-
ler, 1953). The ocher color probably is due to goethite
(L. G. Schultz, written communication, 1958).

Thickness increases from east to west in the Uinta
Mountains (figs. 2, 3, and table). Range of thickness
1s 50 to 200 feet in the central and eastern Uinta
Mountains.

The ocher siltstone member is overlain at Miller
Creek and Cliff Creek by the red siltstone member, at
Cross Mountain by the sandstone and conglomerate
member, and at Vernal and Lake Fork River by the
upper member (figs. 2, 3). The contact between the
ocher siltstone member and overlying units is placed
at the top of the distinctively colored siltstone.

The ocher siltstone member is lithologically identical
to part of the Popo Agie Member of the Chugwater
Formation in the Lander area, Wyoming, as was sug-
gested originally by Keller (1953). South and east
from the Uinta Mountains the ocher siltstone member
apparently wedges out.

The composition of the ocher siltstone member sug-
gests that it was deposited in a shallow water body,
perhaps a marshy lake, in a broad basin or lowland
(Keller, 1952).

Sandstone and conglomerate member

The sandstone and conglomerate member is com-
posed of gray, pink, and brown siltstone, sandstone,
and conglomerate. This member is restricted to out-
crops in the easternmost Uinta Mountains at Cross
Mountain, Vale of Tears, and Disappointment Creek.
The sandstone and conglomerate member is-considered
a basal coarse facies of the red siltstone member.

The basal part of the member is mainly sandstone
and subordinately siltstone and conglomerate. This
basal part is composed of quartz, some feldspar, chert,

-siltstone member is generally very calcareous.
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and mica ; the matrix and cement consist of calcite and
clay minerals (R. A. Cadigan, written communication,
1958). The granules and pebbles are dominantly limy
siltstone and sparse siliceous rock types. The remain-
der of the member consists of siltstone, sandstone, and
mudstone pebble conglomerate. Phytosaur bone frag-
ments and teeth (S. H. Mamay and G. E. Lewis, writ-
ten communication, 1957) are numerous in this member
and particularly abundant in the coarser parts. Strati-
fication consists of horizontal laminae and thin beds
with ripple laminae, current lineation, and cross strata.

The contact between the sandstone and conglomerate
member and the overlying red siltstone member is gen-
erally placed at the base of the continuous or dominant
red siltstone section.

A flood-plain environment is indicated by lithology,
sedimentary structures, and phytosaur remains. Cusp
ripples, current lineation, and cross strata indicate
stream deposition. One study of orientation of cross
strata in the top of the member at Cross Mountain
indicates a southwesterly direction of sediment trans-
port.

Red siltstone member

A unit of red siltstone and minor amounts of sand-

stone and conglomerate occurs in the eastern Uinta

Mountains and in northwestern and west-central Col-
orado. This unit, referred to here informally as the
red siltstone member, is correlated with the Church
Rock Member of the Chinle, a member named and de-
scribed by Witkind and Thaden (1963) in Monument
Valley, Ariz. The name Church Rock is used widely
in Utah south of the Uinta Basin (Stewart, 1957).

The siltstone, very fine grained sandstone, and the
matrix of the conglomerate are composed dominantly
of silt- and sand-sized grains of quartz, some feldspar,
and sparse mica and tuff(?); the matrix and cement
consist of iron oxide, calcite, and clay minerals (R. A.
Cadigan, written communication, 1958). The red
The
conglomerate contains well-rounded elongate granules
and pebbles of limy siltstone and silty limestone set in
a siltstone matrix. The basal part of the red siltstone
member at East Brush Creek contains lenses of sub-
angular to rounded sand and locally conglomerate
layers containing granules and pebbles, as well as a
few cobbles composed of quartz, chert, feldspar, silt-
stone, and limestone. Quartz granules and pebbles
occur In the basal part of the red siltstone member in
many areas in northwestern and central Colorado.
The basal siltstone at Cliff Creek contains gravel com-
posed of material from the underlying ocher siltstone
member.
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From a distance the red siltstone member appears to
be thin to thick bedded; however, close inspection
shows that the member is either structureless or only
crudely stratified. Locally it contains cross strata,
mud cracks, and low-index ripple marks. Conspicuous
purplish vertical cylindrical structures in red siltstone
beds were noted in several areas. These ‘structures
appear to contain more lime than the adjacent silt-
stone and may have formed along vertical fracture
intersections.

The only fossils found were sparse bone fragments
at the base of the member at Cliff Creek and near the
top of the member at Disappointment, Creek.

The red siltstone member is generally absent in the
vicinity of the Gore Range and is erratic in thickness
in many parts of northwestern and west-central Col-
orado (see table), owing to pre-Late Jurassic erosion.

In the Uinta Mountains, the red siltstone member is
underlain by the ocher siltstone member at Miller
Creek, Cliff Creek, and Vermilion Creek; it is under-
lain by the sandstone and conglomerate member at
Disappointment Creek and Cross Mountain. In north-
western Colorado, the red siltstone member is under-
lain by the mottled member in nearly all areas. At
East Brush Creek it overlies the Gartra Member,
which fills the stratigraphic position normally occu-
pied by the mottled member.

The red siltstone interfingers laterally with the
upper member between Cliff Creek and Vernal. The
contact is generally placed between the highest struc-
tureless red siltstone and the lowest brown sandstone
of the upper member. Where the upper member is

absent, the Glen Canyon Sandstone overlies the red.

siltstone member of the Chinle.

In northwestern Colorado, beyond the eastern limit
of the Glen Canyon Sandstone, the Entrada Sandstone
or equivalent strata overlies the Chinle Formation
(figs. 2, 3). Beds above and below the contact appear
disconformable at nearly all outcrops; however, re-
gional study indicates that from west to east younger
and younger beds rest on the Chinle and that the con-
tact is clearly a regional angular unconformity.

The red siltstone membei is probably mainly a flood-
plain deposit but, in part, a deltaic and lake deposit.
The source rock was probably mostly older red beds
such as the Maroon Formation and Lower Triassic
equivalents and, in part, exposed lower Paleozoic rocks
and Precambrian igneous and metamorphic areas in
central Colorado.

Upper member

The name upper member was applied by Kinney
(1955) to a sequence of orange, brown, and gray sand-
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stone; red, gray, and brown siltstone; and red, brown,
gray, and green claystone. The member is at the top
of the Chinle Formation and is best developed in the
western and central Uinta Mountains. Many of the

.sandstone beds in the member resemble the overlying

massive-weathering Glen Canyon Sandstone and may
represent, lenses or tongues of the Glen Canyon. The
upper member may be transitional into the Glen
Canyon Sandstone.

The sandstone layers are composed of subrounded
to well-rounded very fine to medium grains of quartz,
some feldspar, and sparse quartzite, chert, and tuff(?) ;
the matrix and cement include calcite and clay min-
erals (R. A. Cadigan written communication, 1958).
The layers are horizontally laminated to thick bedded.
Ripple laminae and thin to thick planar and trough
sets of small- and medium-scale cross laminae are
present in the upper part of a few sandstone beds.
Some cusp ripples, current lineation, and mud cracks
were noted on a few stratification surfaces. Three
studies of cross-strata orientation made of a lower sand-
stone (partly eolian) in the Vernal area indicate a
wide range in direction of sediment transport from
northeast to southwest, averaging southeasterly.

The siltstone is composed of quartz, some feldspar,
and sparse mica; the matrix and cement consist of iron
oxide, calcite, and clay minerals (R. A. Cadigan, writ-
ten communication, 1958). ,The siltstone is horizon-
tally thinly laminated to thick bedded; some parts are
structureless. A few units contain ripple laminae, mud
cracks, and clayey siltstone pellets. The claystone is
generally silty and horizontally thinly laminated. A
pale-red to grayish-red silty claystone unit 15-25 feet
thick is at the top of the upper member throughout
the central and most of the eastern Uinta Mountains.

The upper member at Vernal consists of about 72
percent sandstone, 20 percent siltstone, and 8 percent
claystone. The proportion of sandstone decreases both
to the east and to the west from Vernal. At Lake
30 percent claystone. At Cliff Creek, east of Vernal,
Fork River, west of Vernal, the upper member con-
sists of 19 percent sandstone, 51 percent siltstone, and
the upper member intertongues with the red siltstone
member and is thin. Here the upper member consists
of 4 percent sandstone, 70 percent siltstone (which may
be chiefly tongues of the red siltstone member), and
26 percent claystone.

The upper member overlies the ocher siltstone mem-
ber west of the Green River. East of the Green River,
the upper member overlies the red siltstone member
(fig. 2). The contact between the upper member and
red siltstone member is characterized by intertonguing,
and the upper member wedges out eastward near Mil-
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ler Creek above or at the top of the red siltstone mem-
ber (fig. 2).

The upper member is overlain by the Glen Canyon
Sandstone with apparent conformity. The contact

between them in the central and eastern Uinta Moun- -

tains is at the top of a persistent grayish-red silty
claystone ~which underlies a massive cliff-forming
sandstone of the Glen Canyon Sandstone.

Sedimentary structures and lithology indicate that
the upper member is mainly a flood-plain deposit but
that it includes some wind deposits.

GLEN CANYON SANDSTONE

A thick sandstone overlying the Chinle Formation
in the western Uinta Mountains has been generally
called Nugget Sandstone, whereas in the eastern Uinta
Mountains and in the vicinity of the White River
Plateau it has generally been called Navajo Sandstone.
Continuity and uniformity of this sandstone in the
Uinta Mountains indicate the desirability of one name
for this unit.

The available evidence indicates that the sandstone
body is equivalent to part or all of the Glen Canyon
Group of the Colorado Plateau province to the south.
MacLachlan (1957) showed the Navajo Sandstone of
the Uintas as being equivalent to the Wingate, Kay-
enta, and Navajo exposed south of the Uinta Basin.
Later work by R. F. Wilson (written communication,
1962), however, indicates that in some areas the sand-
stone of the Uinta Mountains may be equivalent largely
to the Wingate Sandstone. According to Wilson,
drill-hole data north of the San Rafael Swell (east
and southeast of Price, Utah) and along the Colorado-
Utah State line (northwest of Grand Junction, Colo.),
show the Wingate thickening northward and the Kay-
enta and Navajo thinning. If these trends continue
northward, it seems likely that the Kayenta wedges
out and that much of the sandstone of the Uinta
Mountains is equivalent to strata older than Navajo.
A widespread pre-San Rafael Group unconformity
bevels older beds eastward in the eastern part of the
Uinta Basin (Wright and Dickey, 1963), and the
Navajo and Kayenta may have been partly or com-
pletely removed by erosion in the eastern Uinta Moun-
tains and in northwestern Colorado. This evidence
indicates that the name Navajo is undesirable for this
sandstone unit. The name Nugget also is opposed by
many geologists because of lithologic differences be-
tween the Nugget in the type area and that in the
Uinta Mountains. As the existing evidence indicates
that this sandstone body is equivalent to part or all of
the Glen Canyon Group to the south, the name Glen
Canyon is extended into this area and given forma-

tional rank. The Glen Canyon Sandstone is above the
Chinle Formation and below rocks of the San Rafael
Group in the Uinta Mountains and in the vicinity of
the White River Plateau.

The Glen Canyon Sandstone is designated as Late
Triassic and Early Jurassic in age in accordance with
the current age assignment of the Glen Canyon Group
in the southern part of the Colorado Plateau.

The Glen Canyon Sandstone extends throughout
northeastern Utah and part of northwestern Colorado
but wedges out southeastward in the vicinity of the
White River Plateau. The Glen Canyon Sandstone
is overlain by the Middle and Upper Jurassic rocks
assigned to the Twin Creek Limestone in the western
Uinta Mountains and to the Carmel Formation in the
eastern Uinta Mountains. In the easternmost Ulintas
the Carmel wedges out to the east, and the Entrada
Sandstone rests unconformably on the Glen Canyon
Sandstone. The two sandstones, however, can usually
be distinguished on the basis of type and orientation
of cross strata and locally by the presence of scattered
ventifacts or pebbles along the contact.

The Glen Canyon Sandstone consists of gray, orange,
brown, yellow, pink, and white sandstone. It is com-
posed of subrounded to well-rounded very fine to fine
grains of quartz, some feldspar, and sparse chert and
quartzite; the matrix and cement consist of calcite and
clay minerals (R. A. Cadigan, written communication,
1958). The Glen Canyon contains varying amounts
of flat-bedded strata in the lower 50-100 feet. Most
of the Glen Canyon, however, contains thick wedge-
planar, tabular-planar, and subordinate lenticular
trough sets of large- and medium-scale cross strata.
Parallel and cusp ripple marks, and mud cracks were
noted in the basal part in some areas.

Sedimentary structures in the Glen Canyon Sand-
stone suggest that the basal 50 feet is mainly water
laid but that the thick upper part is mainly eolian in
origin. Cross-strata orientations indicate that the
winds that deposited the eolian sandstone blew from
the north and northeast (Poole, 1962).
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GEOLOGICAL SURVEY RESEARCH 1964

SIGNIFICANCE OF TRIASSIC OSTRACODES
FROM ALASKA AND NEVADA

By I. G. SOHN, Washington, D.C.

Abstract.—Marine ostracodes are recorded for the first time
from sedimentary rocks assigned to the Upper Triassic of
Alaska and Middle Triassic of Nevada. These occurrences ex-
tend the range of the Cytherellidae downward into the Middle
Triassic and tentatively extend the ranges of the Paleozoic
Beyrichicopina and Thlipsuracea into the Triassic.

Identifiable marine Triassic ostracodes have hitherto
not been recorded in North America, although non-
marine forms have been known for more than a cen-
tury in the continental Triassic beds of the Eastern
United States (Jones, 1862). Jones described and
illustrated Candona? rogersii and C.? emmonsi from
the Triassic of North Carolina and Pennsylvania.
These are probably decalcified films of ostracode shells,
and are therefore unidentifiable (Sohn, 1958).

Marine ostracodes are present in limited numbers in .

samples collected for the U.S. Geological Survey by
E. G. Sable in 1948 and C. L. Whittington in 1952
from the upper part of the Shublik Formation (Upper
Triassic) of the Arctic slope of Alaska. The Fora-
minifera from this formation were described by
Tappan (1951). Harlan Bergquist kindly segregated
the ostracodes from the collections.

Silicified marine ostracodes from the Grantsville
Formation of late Middle Triassic age (Silberling,
1959) in the Shoshone Mountains, Nev., were sent to
me by Prof. David L. Clark, Department of Geology,
University of Wisconsin. These specimens were ex-
tracted along with conodonts by Mr. Cameron Mosher,
University of Wisconsin, from the insoluble residue of
a limestone sample collected by N. J. Silberling of the
Geological Survey.

Although the ostracodes from Alaska are pyritized
and very poorly preserved, and those from Nevada are
not perfectly silicified, several genera can be identified.

The samples from Alaska are from the Shublik For-
mation, on Dodo Creek 2 to 2.3 miles above the junc-

tion with the Sadlerochit River, in the foothills of the
Sadlerochit Mountains, northern Alaska. The 30 col-
lections made contain the following:

Hungarella sp. or spp.

Paracypris? sp. or spp.

Darwinula? sp.

Steinkerns unident,

The sample from Nevada is from USGS Mesozoic
loc. M76, in the Grantsville Formation, in the Sho-
shone Mountains, and contains the following:

Aeratia? sp.

Carinobairdia? sp.

Gen. indet. Bairdiidae
Cytherelloidea 1. sp. 1
Cytherelloidea 1. sp. 2

New genus Thlipsuracea?
Gen. indet. Cytheracea

Gen. indet. Healdiidae

Gen. undet. Beyrichicopina?

Prof. Clark informs me (written communication,
1964) that ostracodes are present in other Triassic
samples from Nevada, so that additional collecting
will doubtless increase the list. The available infor-
mation, though meager, is of interest because it begins
to fill the gap in the knowledge of Triassic ostracodes
and the relation of Paleozoic to post-Paleozoic ostra-
code groups.

Figure 1 shows the current interpretation of the
range and affinities of superfamilies and higher cite-
gories of the Ostracoda, upon which is superposed the
information obtained from this study. Sylvester-
Bradley (1962) discussed the classification and sug-
gested alternate groupings. The stratigraphic ranges
of the groups as illustrated by Scott and Sylvester-
Bradley in Moore (1961) are indicated by dashed lines
in the Triassic, with the exception of the family Cythe-
rellidae which extends down to the Upper Triassic.
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Ficure 1.—Diagram showing stratigraphic distribution and inferred relations of the super-
families and higher categories of Ostracoda, after Scott and Sylvester-Bradley, n Moore (1961,

figs. 32 and 34).

More recently, Hartmann discussed the phylogeny of
Ostracoda and published a diagram (1963, p. 28, text
fig. 8) in which the entire scheme is shown by dashed
lines through the Triassic System.

The reasons for the revisions shown by the stippled
pattern on figure 1 are given below:

Suborder Beyrichicopina

Kollmann (1963, p. 144-146) recorded Kirkbyidae?
indet., a family that is included in the Byrichicopina,
from the Upper Triassic of the Alps, and Hornibrook
(1949) described the Recent family Punciidae that is
tentatively placed in this suborder. The specimens
from Nevada listed above as gen. undet. Beyrichico-
pina? substantiate the extension of the range of this
suborder into the Middle Triassic.

Suborder Platycopina

The presence of Cytherelloidea in the assemblage
from Nevada extends the range of this suborder into
the Middle Triassic.

Superfamily Healdiacea
Hungarella in the Upper Triassic of Alaska, and
gen. indet. Healdiidae in the Middle Triassic of Ne-
vada are the basis for extending Healdiacea through
the Triassic.

Stippled pattern shows age revisions discussed in text.

Superfamily Thlipsuracea

The new genus of Thlipsuracea? in the Middle
Triassic of Nevada suggests that this taxon has a
longer stratigraphic range than has been supposed.

Superfamily Cytheracea
The presence of an indeterminate genus of Cythe-

racea in the Middle Triassic of Nevada extends the
range of this taxon into the Middle Triassic.

Superfamily Bairdiacea
Acratial, Carinobairdia?, and Bairdiidae gen. indet.
from Nevada document the presence of this group in
the Triassic.

Superfamily Cypridacea

The Upper Triassic specimens from Alaska, identi-
fied is Paracypris? sp. or spp., are very poorly pre-
served. The fact that Styk (1962, p. 733) listed with-
out illustrating Paracypris sp. from the Muschelkalk
of Poland supports the extension of this superfamily
into the Triassic. '

Superfamily Darwinulacea
Although the identification of Darwinule in the
Upper Triassic of Alaska is based on extremely poorly
preserved specimens, the genus has been recorded many
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times from the Triassic in Europe. Drawings of the
diagnostic muscle scar of Darwinulacea by Beutler
and Griindel (1963, pl. 7a, fig. 3) firmly establish the
occurrence of this superfamily in the Triassic.

Suborder Myodocopina

Although several fragments in the assemblage from
Nevada might possibly represent myodocopid ostra-
codes, they are inadequate for positive identification
and are not mentioned in the faunal list. However,
the description and illustration of Cypridina balber-
steinensis Kittl 4n Traunth (1918) from the Middle
Triassic, and C. tonkinensis Patte (1926) from Upper
Triassic supports the inclusion of this taxon in the
Triassic.
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MIDDLE DEVONIAN PLANT FOSSILS FROM NORTHERN MAINE

By JAMES M. SCHOPF, Columbus, Ohio

Abstract.—A new collection of plant fossils, including new
species described as Barrandeina(?) aroostookensis and Cala-
mophyton forbesii, is reported from the Mapleton Sandstone
of northern Maine. Calamophyton is not previously recorded
in North America. These fossils are allied with European
fossils of the early Givetian, so the age of the Mapleton is
probably equivalent. The Mapleton Sandstone is flat lying and
was deposited in this region after Acadian folding.

Specimens of Mapleton Sandstone bearing spiny
psilophytic remains were collected by Richard S.
Naylor in the vicinity of Presque Isle in northern
Maine and referred to me in February 1961 for paleo-
botanical study and age determination. Subsequently,
additional specimens from the same area were sent by
Mr. W. H. Forbes of Washburn, Maine. The psilo-
phytic remains seemed to suggest an age not later than
Middle Devonian for the Mapleton Sandstone. A
later study of spores and other fragments from macer-
ation residues suggested the possibility of an early
Middle Devonian age and indicated that further col-
lecting was needed. Shortly afterward, very charac-
teristic spiny psilophytes were reported by Hueber and
Grierson "(July, 1961) in the lower part of the Upper
Devonian deposits in New York State. This occur-
rence indicated that the spiny psilophytes were less
restricted in age than had previously been supposed
and reemphasized the need for additional collecting
and study of collections from northern Maine. Last
summer (1963) I was able to visit the Maine locality
personally and obtain an ample collection of plant
material.

These additional plant fossils are from Mapleton
Sandstone at a quarry on the Winslow farm, about 3
miles west of Presque Isle. Shaly material rejected in
quarrying the flat-lying and not highly indurated
sandstone contains a variety of fossil plants. A proto-
articulate member was recognizable in the field, in
addition to both smooth and spiny representatives of

psilophytes. Other elements have been recognized in
subsequent study which show marked similarity with
plants of thé classical late Middle Devonian assemblages
from Bohemia, the Rhineland, and Belgium that have
been studied so thoroughly by Kriusel and Weyland,
LeClercq, Hgeg, and others (see references). A Middle
Devonian age determination based on plant remains
from the Mapleton Sandstone seems fully justified.
The purpose of the present paper is to describe this new
evidence and examine the possibility of more exact
correlation. :

The age of the flat-lying Mapleton Sandstone in
northern Maine is of particular interest because the
sandstone appears to be the oldest formation not
affected by Acadian folding in that area. Beds of the
Trout Valley Formation of Dorf and Rankin (1962)
in the Traveler Mountain quadrangle, 60 miles south-
west of the Presque Isle area, are only slightly inclined
and may be a little older. The Chapman Sandstone,
at Edmunds Hill, 3 miles southwest of the Winslow
quarry, contains Early Devonian marine fossils and
plant fragments and resembles the Mapleton Sandstone
in general lithologic appearance, but the beds are
strongly inclined and more indurated. Nematophycean
propagula (see Schmidt, 1958) classified as Pachytheca
sp. (see figs 1a and le) have been collected by W. H.
Forbes and me at the Edmunds Hill exposure. These
bodies were originally very readily disseminated, but I
have found none in searching my more extensive
collections of Mapleton Sandstone at the Winslow
quarry locality. Such a locally restricted distribution
would be unlikely if the two sandstones merely rep-
sented different aspects of the same deposit, so these
plant remains add confirmation about the difference
between Chapman and Mapleton Sandstones. The
time interval between deposition of the two sandstones
of the Presque Isle area thus seems to bracket a terminal
point of the Acadian orogeny.
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The plant assemblage from the Mapleton Sandstone
at the Winslow quarry includes spiny psilophytes of the
Psilophyton princeps var. ornatum type, and smooth
psilophytes corresponding well with those Kriusel and
Weyland (1923) have assigned as Hostimella hostimensts,
and Dorf and Rankin assign as Hostimella sp. and
Aphyllopteris sp. Larger smooth axes, some of them
more than 20 mm in diameter, can perhaps be classed
with Taeniocrada. Several specimens longitudinally
grooved and striate and up to 8 cm broad are assigned
tentatively and with considerable hesitation to the
genus Barrandeina Stur (1882), and one unusually fine
specimen with petioles attached is referable to a new
species. These plants, if not directly congeneric with
Barrandeina, seem to have a similar habit and structure
and to be rather closely allied. A considerable number
of fragments can be identified with Calamophyton as
described below. Only brief descriptions of forms
assigned to Barrandeina(?) and Calamophyton will be
given at this time.

Figure la.—Pachytheca sp. Spheroidal mold of a nema-
tophycean  propagulum; X10. Chapman Sandstone,
Edmunds Hill, about 5 miles southwest of Presque Isle,

Aroostook County, Maine. Specimen 3.
b, Barrandeina(?) aroostookensis, new species. Axis tip
showing decurrent, phylloidal petioles; X1. Inverted

U-shaped petiolar scars appear on the caulome at points
where petioles are lackin% Mapleton Sandstone, Winslow
farm, 3 miles west of Presque Isle, Aroostook County,
Maine. Specimen 44, holotype; repository U.S. National
Museum (Cat. No. 42302).

¢, Counterpart of specimen in b; X 1. Photographed under
xylol. Recurved petiole second from the top on the right
shows part of the foliated tip.

d, Calamophyton sp. Stem, X1, showing coarse punctation,
possibly owing to sclerotic nests in outer cortex, and longi-
tudinal striation; nodal ridges obscure. Mapleton Sand-
stone, same location as b.

e, Pachytheca sp. Nematophycean propagulum; X 10, show-
ing cortex and medulla along a median fracture plane.
Chapman Sandstone, same location as a. Specimen 4.

f, Calamophyton sp. Stem segment, X 2.28, showing close-set
nodal ridges and longitudinal striation.
directly on a nodal ridge, other similar scars (emergences?)
are in the internodal zone. Mapleton Sandstone, same
location as b, ¢, and d.

g, Barrandeina(?) sp. Axis, X1, showing longitudinal ribs
becoming diffuse toward the top. The specimen may be
oriented basal end uppermost on the figure.

h, Calamophyton sp. Stem segment, X1, with abrupt trans-
verse fracture at the base (possibly an indication that the
structural organization of the node continues within the
axis) and broadening of distal end near point of digitate
branching. Surface shows cortical punctation, linear
striation, and nodal ridges. Only a few leaf or emergence

_ scars are present.  Mapleton Sandstone, same location as b.

1, Calamophyton sp. Asymmetric stem crown, X 2.6, showing
successive bifurcations, punctate surface, and nodal grooves.
Deep longitudinal fissures with intervening coaly layers
suggest that an alternation of persistent tissues (coal), and
softer structures were radially alined within the axis.
Mapleton Sandstone, same location as b.

J, Calamophyton sp. Stem crown X1, showing double bi-
furcation and punctate surface. Mapleton Sandstone, same
location as b.

One leaf scar is
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GENUS BARRANDEINA STUR (1882)

(see also: Pontonié and Bernard, 1903; Kriusel and
Weyland, 1933).

Barrandeinal?) aroostookensis n. sp.

The specimen shown on figures 15 and 1¢ includes the
distal part of a leafy! axis about 12} cm long, nearly
15 mm broad at the base, and about half as wide at the
top. The attached petioles are strongly reflexed away
from the axis, tapering and with a median keel; they
are strongly decurrent along the axis which appears
deeply fluted and made up chiefly of the overlapping
petioles. The leaves evidently are arranged spirally,
although at the tip they appear to be sub-opposite and
the arrangement may actually be irregular. Some
petioles are missing, leaving a scar resembling an
inverted U in which no simple vascular trace is apparent.
Coalified films commonly show thin longitudinal bands
on the scars and on the decurrent and excurrent parts
of petioles which may reflect vascular organization or
the presence of thin sclerotic strands in the cortex.

The smaller counterpart photographed under xylol
on figure 1c appears to show a foliar continuation of the
petiole at the right, second from the top. Several
linear segments seem to be curled circinately as if not
fully expanded. At the tip they appear with bifurcate
digitation, not necessarily different from a Psygmophyl-
lum or Platyphyllum type of megaphyllous leaf in
juvenile condition (see Hgeg, 1942, p. 98-113). Some
cellular striation is visible parallel to the margin of the
segments, but true venation is not apparent. Further
details may become available when additional collec~
tions have been studied.

If actually referable to Barrandeina, this leafy spec-
imen would seem to be the only one that has been
found which clearly includes part of an axis adjacent
to the stem tip. All others, including Krejei’s type
specimen of B. dusliana, the type species (see the excel-
lent photographic illustration by Stur, 1882, pl. 5,
fig. 8), provide very uncertain information about axis
termination. In the Aroostook County specimen the
reflexed petioles are more rapidly attenuate and sharply
keeled than in other species. Some stubs of petioles
seem persistent, generally strongly reflexed, and others
are broken close to the axis, leaving a deep character-
istic scar in specimens from Bohemia (Stur, 1882;

t Apparent similarity of lateral appendages on these axes with leaves may be more
cvident than real. The nature of leaves in Devonian time is not as definite as in later
periods, yet the present examples could be prototypic megaphylls. Additional
morphologic evidence will be sought. In the incantime, leaf and petiole terminology,
discussed by Stur (1882) and followed both by Potonié and Bernard (1903) and by
Kriusel and Weyland (1933), may readily be interpreted descriptively.
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Potonié and Bernard, 1903; Kriusel and Weyland,
1933) and from western Norway (Hgeg, 1931). Peti-
oles of Enigmophyton hoegii Ananiev (1959) from cen-
tral Siberia are somewhat similar to those of the
Aroostook specimen, but other resemblances are much
less evident. The leaves or lateral appendages in Bar-
randeina are notably decurrent and seem to be spiral
in arrangement. The axis is grooved or fluted on this
account and may have been a type of “false’” stem
consisting chiefly of adnate or adherent appendages.
These plants grew erect and some of them must have
been 1 or 2 meters tall. All these features accord well
with the new material, but none of them provide any
decisive indication of affinity.

The base of the new petiolate specimen, shown on
figures 15 and 1l¢, is about the same size as the Bohe-
mian specimens and shows the same type of pronounced
cortical fluting. Other specimens without petioles from
the Winslow quarry show a similar fluting and one of
them is about 8 em in diameter. The larger fluted
specimens usually do not show petioles or clearly de-
fined scars, so their identification is questionable.
Commonly one end seems ‘“‘feathered out,” as at the
top of the specimen shown on figure 1g. Some of the
“feather” probably consists of sclerotic fibers, but in
part it may be vascular. At the present time, it is
problematic which end of this specimen is proximal.
Rather similar cortical impressions have been described
by Hgeg (1942, p. 43-46) from the Middle Devonian
of Wijdefjord, Spitzbergen. '

Axes probably enlarged without aid of a cambium
and growth may have been related to cortical roots.
The origin and nature of the roots on these plants is
an open question. However, an axis with structure
similar to that shown at the bottom of figure 1g might
easily correlate with that shown at the bottom of fig-
ure 15 below the stem tip. The nature of the vascula-
ture of these stems is not yet known; however, a strong
woody cylinder probably is lacking. A diffuse system
of vascular strands similar to that described for Duis-
bergia by Kréusel and Weyland (1929) would appear
consistent with what is now known from compression
structures.

Diagnosis.—Plants erect, caulescent, probably as much as a
meter high, axis distally tapering, fluted according to disposi-
tion of strongly decurrent lateral appendages, with coaly
surface films striated to suggest separate strands of strength-
ening tissue. Foliation with bifurcate ultimate divisions,
circinate in juvenile condition, possibly fairly large. Repro-
ductive organs and organization and mode of substratal
anchorage and growth, unknown.

The species is named for the county of its origin in north-
ern Maine.
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CALAMOPHYTON KRAUSEL AND WEYLAND (1926)
Calamophyton sp.

Specimens consisting of axis segments like those
illustrated on figures 1d, 1f, 1A, and 1§ may be specifi-
cally indeterminable if taken out of the context of
their occurrences in association with other specimens,
but the habit unmistakably is that of the main stem
of Calamophyton as described by Kriausel and Wey-
land (1926, 1929). Nodal ridges are clearly shown on
figures 1f, 14, and 1. The sharp fracture line across
the base of the stem shown on figure 1%, and shown
less well on figure 1f, suggests natural articulation.
Leaves or emergences are very similar in their dis-
tribution to those of C. bicephalum as described by
Leclercq and Andrews (1960). The sandy matrix is
well cemented, so it has not yet been possible to make
preparations necessary for comparison of details of
appendages, which in many instances are not pre-
served. The characteristically punctate outer cortex,
best shown on figure 1d, is virtually identical to the
Calamophyton cortex that has been illustrated by sev-
eral authors for C. primaevum.

Probably the cortical punctation of Celamophyton
is caused by the presence of sclerotic nests similar but
more rounded than those Leclercq and Banks (1962)
have demonstrated in Pseudosporochnus, another of
the very characteristic elements of the Middle Devo-
nian flora in Bohemia and Belgium. Cortical struc-
tures commonly are nearly duplicated in plants not
very closely related. Nevertheless, the plants assigned
to these two genera are very similar in size and habit.
The presence of nodal ridges and longitudinal striation
serves best to differentiate the main stems of plants
belonging to the two groups. This difference may
actually signify contrasting vascular arrangements
more important than the superficial differences might
seem to indicate. Those who have studied both genera
concur in their taxonomic separation owing to verticil-
late tendency, separation of fertile and sterile parts,
and the anatropous sporangia of Calamophyton.
Pseudosporochnus commonly is regarded as a member
of the Psilopsida and Calamophyton as a member of
the Hyeniales assigned to the Sphenopsida. However,
to some degree the implication of extreme systematic
separation may well be synthetic owing to the fact that
members of the major classes become more closely ap-
proximated toward their source. The Sphenopsida
apparently originated from the psilopsids no later
than the early part of the Middle Devonian (see Zim-
mermann, 1959).
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The size, general conformation, nodal ridges, longi-
tudinal striation, and branching of the stem specimens
from the Winslow quarry all conform better with our
present understanding of the genus Calamophyton
than they do with Pseudosporochnus. Leclercq and
Andrews (1960, p. 3, 17) emphasize the importance of
general habit in distinguishing Calamophyton. Tt is
entirely possible that additional study will show that
all the specimens illustrated should be referred to the
species based on a fertile frond described below.

Calamophyton forbesii, n. sp.

The specimen illustrated by figure 2 consists of an
ascending system of fertile branches that is sufficiently
distinetive to be specifically identified. The apparent
irregularity in branching may chiefly be a result of
dichotomy in alternating planes. Nodal ridges are
lacking from fertile branches. The lower (sterile ?)
appendages apparently are not arranged in any defi-
nite pattern.

The fine sandy matrix has preserved gross relations
satisfactorily, but finer structure has been modified by
compression. Pairs of compressed sporangia may be
observed in position in relation to their rachis on the
prepared counterpart fragment, but details of the con-
nective sporangiophore have not been seen. As in
other representatives of Calamophyton, the arrange-
ment of sporangiophores on the rachis and the degree
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of separation of sterile and fertile appendages is not
too clear. Many of the small flecks of carbonaceous
material shown around the upper branches on figure 2
represent sporangia. From this, one might infer that
fertile rachises were distal, but it would be premature
to suggest that sterile appendages were always absent
in these areas.

Along a line of longitudinal fracture showing a distal,
fertile rachis 2-3 mm in diameter, sporangiophores
probably were spaced at about 4-mm intervals. Judged
by positions of sporangia, the sporangiophores were
distally inclined at an angle of about 45°; bifurcation of
the sporangiophore may have occurred 4 or 5 mm from
the rachis. Paired sporangia, like those shown on
figure 2, inset A, may be observed in several places in
a symmetrical spacing to suggest that arms of the
sporangiophore were recurved and to suggest that at
least two sporangia may be borne on each of the arms.
Such an arrangement has also been observed in C.
reniert Leclercq (1940). However, a number of addi-
tional isolated sporangia also are present which are
not easy to account for, and greater complexity may
occur than can immediately be determined.

The sporangia, usually paired, are fusiform, about
2¥%-mm long, smoothly tapered distally and a little
more obtusely rounded at the base; a dehiscence
mechanism has not been detected. Spores, probably
128 in each sporangium, are thin walled, spheroidal,
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sent broken sporangia.

Sandstone, Winslow farm quarry, about three miles west of Presque Isle, Aroostook County, Maine.

A, paired sporangia, about X 10 (scale indicated), taken from a distal counterpart fragment.
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drawings from holotype; repository U.S. National Museum (Cat. No. 42303).
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about 80-110 u in diameter, with ornamentation of
tiny, well separated granules, and trilete rays about
equal to half the normal radius. Sutures are probably
straight and lips evidently are not prominent, but
details are difficult to interpret in the preparations
available. The demonstration of spores all of one kind
in these sporangia suggests that C. forbesii may be an
isosporous plant.

Diagnosis.—Plants shrubby, erect in habit, with fertile shoots
branched dichotomously, commonly in alternating planes, very
probably ascending from a digitately dichotomized caudex of
which examples are in association, none attached. Mode of
substratal growth and anchorage, unknown. Sterile appendages
short, arranged irregularly on proximal parts of fertile shoots,
probably mostly borne separately on vegetative branches.
Numerous sporangiophores attach to stout distal rachises,
probably inclined distally at about 45° on the rachis, as inferred
from positions of sporangia. At least two pairs of closely paired
sporangia are borne on delicate stalks in reflexed position on each
dichotomized(?) sporangiophore. Sporangia elongate, about
2.6 0.7 mm maximum, probably containing about 128 spores
per sporangium. Spores apparently all one kind (isosporous),
trilete, originally spheroidal, 80-110 x diameter, with thin,
distinetly granulated coat, commissural rays extend about half
the normal radius of the spore.

It is a pleasure to name this species for Mr. W. H. Forbes of
Washburn, Maine, whose enthusiasm, knowledge, and interest in
the geology of northern Maine is appreciated, and whose assist-
ance in the field is gratefully acknowledged.

DISCUSSION

Very little new paleobotanical information on Devo-
nian floras of Maine has been presented since David
White’s (1905) study of plant fossils from the Perry
Basin along the seacoast in the southeastern part of
the State. Dorf and Rankin (1962) recently discussed
an assemblage of plant fossils from the Traveler
Mountain area 60 miles southwest of Presque Isle, and
Kriusel and Weyland (1941) have restudied much of
Dawson’s original material, some of which was ob-
tained in the Perry Basin. Incidental occurrences of
Psilophyton or other fragments of plants are men-
tioned in various geologic reports. Devonian terri-
genous deposits in the Acadian highlands of eastern
North America tend to occur in local or provincial
intermontane basins which make stratigraphic corre-
lation more difficult.

White’s detailed consideration fully established the
Late Devonian age of the Perry Formation, a matter
upon which there had been long controversy. Archa-
eopteris, Leptophloeum, Barinophyton, and other
plants are present in the Perry Formation that have
not been found in the Mapleton Sandstone. Apart
from similarities in the intermontane types of sedi-
ments, there is little to suggest that the Perry and
Mapleton Formations are correlative. Dorf and
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Rankin have interpreted their Trout Valley psilophytic
material as indicative of late Early Devonian age.
The age differences between their Psilophyton flora
and that of the Winslow quarry characterized by
psilophytes and protoarticulates, is not nearly as clear
as the distinction from the Late Devonian flora of the
Perry Basin, in spite of a greater difference in sedi-
mentary facies. It may be premature to think of the
age relations of these deposits as well established.

Barrandeina is characteristic of the lower Givetian
in Bohemia. It has not been widely identified else-
where. OQOutside of the Bohemian area, Kriusel and
Weyland (1933) admit that only Haeg’s species from
western Norway has been correctly identified with
Barrandeina. They believe that all the American
specimens White referred to this genus are unidentifi-
able, and suggest that stems of this type might also be
confused with those of Pseudobornia (Kriusel and
Weyland, 1933, 1941). I am not convinced that
White’s report of the genus from the Perry Formation
is in error, although further evidence is badly needed.
It is possible that the Perry Formation may be a
little older than White believed (still well within the
Upper Devonian, possibly “Portage” rather than
“Chemung”) ; Jahn’s (1903) and later studies appar-
ently were not available to White and he did consider
the plant remains from Barrande’s H (h-1) stage,
which he drew on for comparison, to represent a Late,
rather than Middle, Devonian assemblage. Jahn
showed that the Srbsko beds of Krejei occur below
the zone of Stringocephalus burtini. Thus, if the oc-
currence of Barrandeina from the Perry Basin can be
substantiated, it might represent the youngest record
of the genus. The genus Calamophyton is particu-
larly characteristic of the lower Givetian in the Rhine-
land and in Belgium. Marine fossils as well as other
plants, such as Pseudosporochnus and numerous psilo-
phytes, are in common within the Givetian of western
Europe so that the similarity in age of these occur-
rences is fully authenticated.

Hueber and Grierson’s report (1961) of Psilophyton
princeps var. ornatum from early Upper Devonian
beds appeared while Dorf and Rankin’s paper was in
press. More recently, Grierson and Banks (1963)
show Drepanophycus gaspianus Dawson, also reported
at Trout Brook, is present at least as high as the
Tioughniogan stage of the Middle Devonian in New
York. Drepanophycus spinosus is characteristically
associated with the Middle Devonian Srbsko assem-
blage in Bohemia. Plants similar to Taeniocrada,
Aphyllopteris, and Hostimella that Dorf and Rankin
report at the Trout Brook localities also are present
at the Winslow quarry and, in view of Grierson and
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Banks report, the fact that Drepanophycus has not yet
been found there cannot be assigned weight in age
determination. It seems clear now that the traditional
Early Devonian associations of Psilophytor and
Drepanophycus may easily be given an undue promi-
nence. At present the Early Devonian age assign-
ment of the Trout Brook assemblage seems principally
to depend on identification of one fragmentary speci-
men of Sporogonites. This positive evidence may be
highly significant but it is undeniably scanty. Banks
(1961) has pointed out that many of the Devonian
genera ‘“enjoyed a great vertical range,” and Seward
(1933, p. 130) expressed uncertainty as to whether
Halle’s original Roragen source for Sporogonites was
“of Lower or possibly of Middle Devonian age.” Un-
der these circumstances the greater emphasis probably
should be placed on presence of plants like Barran-
deina. and Calamophyton for interpretation of age
relations.

Nevertheless, plants from the Mapleton Sandstone
identified as Barrandeina (%) and Calamophyton are
not identical with European plants, and not enough is
known about them for the specific interpretation of
evolutionary sequences. In comparison with plants of
the western European assemblage, B. (%) aroostookensis
might be slightly more specialized in foliar develop-
ment, but C. forbesii seems to nearly duplicate some
European material in arrangement of sporangiophores.
Both types of plants are complexly organized and,
taken altogether, they indicate a stage of evolutionary
development in both groups which is very close to
that shown by the genera in their European occur-
rences. They surely represent a very similar ecologic
plant association. Within the limits imposed by pos-
sible inaccuracies of this paleontologic method, it
seems most reasonable therefore to suppose that the
age of the Mapleton Sandstone is also early Givetian,
probably comparable to the Tioughniogan stage of
the American standard section.
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RADIOMETRIC AGES OF ZIRCON AND BIOTITE IN QUARTZ DIORITE,

EIGHTS COAST, ANTARCTICA
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Abstract.—Zircon and biotite separated from quartz diorite
of the Eights Coast area, Antarctica, were found to have lead-
alpha and potassium-argon ages of 150+200 m.y. and 97-+5
m.y., respectively. This quartz diorite is both petrographically
and chemically distinct from Andean plutonic rocks. The
zircon age suggests that the Eights Coast-Thurston Island
composite batholith is at least middle Mesozoic in age. If
so, the younger biotite age possibly reflects later heating of
the area during the Late Cretaceous Andean orogeny.

Plutonic rocks exposed on Thurston Island and
along the FEights Coast of the Bellingshausen Sea,
Antarctica (fig. 1), consist mostly of hornblende-
biotite-quartz diorite (Craddock and Hubbard, 1961;
Drake, 1962). These rocks are thought to belong to a
composite batholith that is predominantly quartz
diorite but which also has granodiorite, adamellite, and
minor gabbro phases. The batholith is intrusive into
metasedimentary rocks on Thurston Island and at
places along the KEights Coast, and into leucocratic
augite norite near lat 72°3537” S., long 95°07°00” W.
The batholithic rocks are cut by abundant mafic dikes
(Craddock and Hubbard, 1961; Drake, 1962). In ad-
dition, the quartz diorite probably is intruded by fine-
to medium-grained pink granitic rocks that range
from granodiorite to granite and are characterized by
abundant myrmekite. The intrusive relation is in-
ferred from inclusions of white quartz diorite in pink
granite seen only in float.

One sample of quartz diorite (table 1) sufficiently
large for age determination was collected from the
Eights Coast at a station informally known as “Peel-
er’s Pinnacle,” lat 72°34’56” S., long 93°23’00” W., in
February 1961. A lead-alpha age of zircon concen-
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TaBLE 1.—Chemical analysis, C.I.P.W. norm, and mode of quartz
diorite from lat 72°34'66"' S., long 93°23'00" W., Eughts
Coast, Antarctica

Chemical analyist ! C.I.P.W. norm Mode 2
Constituent | Weight Mincral Percent Mineral Volume
percent percent
SiOp. ... 62.9 | Quartz______ 17. 8| Plagioclase 3_{ 60. 6
AlgOy.._.__| 17.2 | Orthoclase.__ 7.2| Quartz__.___| 22.5
FeyO3_ ... 1.9 | Albite.....__ 38. 2| Biotite..____ 7.1
FeO.._....| 2. 4| Anorthite 23. 4| Hornblende. . 6.1
MgO______ 1.8 (Wo, 2.1). Sphene..____ 1.6
CaO___.__ 6.2 | Diopside 4. 0| Magnetite- .8
NaO__ ... 4.5 (En, 1.5) ilmenite.
€10 R 1.2 (Fs, 0.4) Apatite_ . _ __ .8
FH30+4-_._._| .60 Hypersthene | 3.8/ Zircon______ Tr.
HO— .. . 05| Magnetite--_ 2. 8 Sericite..._ . Tr.
TiOg. ccann . 97| Ilmenite... .. 1. 8{ Epidote_____ Tr.
P05 ..o . 44| Apatite_ . ___ 1. 0} Myrmekite_ . Tr.
MnO...._. .08
—] Total . ____ 100. 0
Total. . _{100. 24

! By rapid methods; analysts: Paul Elmore, Samuel Botts, and Gillison Chloe.
2 Based on 2,000 points counted by the Chayes method.
* Avcrage composition is sodic andesine, about Ans, as determined opticaily.

trated from this sample (table 2) is the first of this
type to be reported from this area. The zircon age
of 15020 million years suggests that the quartz dio-
rite is at least, as old as mid-Mesozoic (early Jurassic).

Biotite concentrated from the same sample was
dated by the potassium method (table 3) at 975 m.y.
This biotite age is considerably younger, and suggests
another orogenic event in the early Late Cretaceous.

The rocks of the batholith are medium to coarse
grained, and very light gray to white, although some
plagioclase grains ave tannish due to alteration. The
rocks ave fresh to slightly weathered; iron oxide coat-
ings are fairly common on joint surfaces. Other joints
are filled by white adamellite pegmatite. The quartz
diorite of the dated sample has a well-developed folia-
tion marked by alined biotite, hornblende, and plagio-
clase. In other exposures along the Eights Coast and
on Thurston Island, related rocks are massive to well
foliated. Float at the sample site includes a number
of specimens of strongly mylonitic quartz diorite,
suggesting that a shear zone is probably present at the
locality.

Microscopic study shows that much of the plagio-
clase has oscillatory zoned andesine cores with calcic
oligoclase rims. Many plagioclase crystals are broken,
and zones of mortar structure are present. Quartz
occurs both as large grains interlocking with plagio-
clase and in pockets of small grains interstitial to the
feldspar and large quartz. Brown and green biotite
form at the expense of hornblende. Many of the bio-
tite flakes are kinked, suggesting deformation subse-
quent to crystallization. Trace amounts of myrmekite
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occur as interstitial patches. Small zircon crystals
occur as separate grains in plagioclase, quartz, biotite,
and hornblende. Relatively abundant quantities of
sphene are spatially related to altered hornblende, as
are minor quantities of magnetite-ilmenite.

The quartz diorite has been deformed locally, subse-
quent to its emplacement, as is shown by the broken
plagioclase, areas of mortar structure, and kinked
biotite. Late alteration and partial recrystallization
is suggested by the formation of biotite at the expense
of hornblende. The rock has not completely recrystal-
lized, however, as the minerals interlock in a primary
igneous fabric; the feldspars, though locally broken,
are subhedral; and the delicate, euhedral oscillatory
zonation is preserved in the plagioclases.

Little is known of the geologic age of the plutonic
rocks of West Antarctica in general and of the Bel-
lingshausen Sea area in particular. Granitic rocks of
possible Tertiary age are present in the southern part
of the Antarctic Peninsula (Knowles, 1945); they
probably belong to the Antarctic Peninsula Andean
intrusive suite which was assigned a Late Cretaceous
or early Tertiary age by Adie (1955). Late Cretaceous
to early Tertiary isotopic ages were reported by Hal-
pern (1962) on minerals from intrusive rocks in the
northern part of the Antarctic Peninsula that are
petrographically similar to those farther south studied
by Knowles and Adie. Older intrusive granites in the
Marguerite Bay area were recognized by Adie (1954),
who arbitrarily assigned them an early Paleozoic age.
To the south of Eights Coast in the Thiel Mountains,
Ford and others (1963) and Aaron and Ford (1963)
report lead-alpha (zircon) and potassium-argon (bio-
tite) ages that suggest Precambrian and early Paleo-
zoic metamorphic events. In the absence of geologic
data the Bellingshausen Sea area has been assumed to
lie within a Mesozoic fold belt coextensive with the
Antarctic Peninsula. Hamilton (1963) interpreted the
batholith exposed along Eights Coast and on Thurston
Island as being continuous with the Andean batholith

TaBLE 2.—Lead-alpha age of zircon from quartz diorite, Eights
Coast, Antarctica

Alpha counts | Lead ! | Calculated
Sample Location per milligram | (ppm) |age? (m.y.)
per hour
361Z_ ., _.| Lat. 72°34'56"' S., 173 | 10.7 | 150+20

long. 93°23/00"" W.

1 Determination by Harold Westley. All values are averages of duplicate
determinations.
2 Age equation: ¢=c-Pb/alpha, where
c¢=constant, 2,485 for Th/U=1,
Pb=lead in ppm, and
alpha=a/mg-hr.
Age is rounded to nearest 10 m.y.
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TABLE 3.—Analytical data and potassium-argon age of biotite from quartz diorite, Eights Coast, Antarctica
[Analysts: H.H. Thomas, R. F. Marvin, P, L. D. Elmore, and H. Smith]

Sample Location K30 K4 *Ario *Ard *Ard/K Age (m.y.)
(percent) (ppm) | (ppm) (percent)
361B..____________ Lat 72°34'56'’ S., long 93°23/00"" W___________ 9. 14 9.26 | 0. 0539 88 0. 00582 9745

Symbol: *Radiogenic.

Decay constants, K%: 0.585X 10-1/yr (electron capture), 4.72X 10~19/yr (beta decay).

Abundance, K%: 1.22X10~* g/g K.

of the Antarctic Peninsula. The quartz diorite of the
Eights Coast differs from the Andean quartz diorites
of the Antarctic Peninsula in its distinctive white to
very light gray color, its flow structure, and its lack of
inclusions which are characteristic of the Andean
quartz diorites. It is more quartzose and contains in
general a more sodic andesine. The petrochemistry of
the rocks is strikingly different as well (fig. 2).

In their study of the Jones Mountains, Craddock
and others (1963) found that volcanic rocks uncon-
formably overlie a basement terrane of pink to tan
granite that is cut by both basaltic and felsic dikes.
Muscovite in the granite has a potassium-argon age of
1996 m.y. The felsic dike rock, a quartz latite por-
phyry, has a whole-rock potassium-argon age of
1044 m.y.

Age relations of the basement granite and the felsic
dikes to the Eights Coast quartz diorite are not known.
Two of the geologic stations established during the
1961 Bellingshausen Sea expedition are near the Jones
Mountains, but only typical Eights Coast quartz dio-
rite and older gabbro are exposed.

Early or middle Mesozoic ages have rarely been re-
ported from Antarctica, and most of those have been
of diabase sills, principally from Victoria Land (Mec-
Dougall, 1963). Miller (1960), however, reports po-
tassium-argon ages of 176 to 199 m.y. on biotite and
muscovite separated from quartz-mica schists from the
South Orkney Islands. These ages suggest a meta-
morphic event in Late Triassic to Early Jurassic time.
Craddock and others (1964) report a rubidium-stron-
tium age (biotite) of 280 m.y. (late Carboniferous) for
gneiss from Thurston Island. This gneiss is not the
same unit as the quartz diorite described herein, as it
is reported to be a granular garnet-bearing quartz
diorite gneiss that is compositionally layered. This
gneiss is interpreted as having a metamorphic origin
(Craddock and others, 1964).

The age of the biotite agrees closely with the age of
intrusive felsites, 1044 m.y., reported by Craddock
and others (1963) from the Jones Mountains. It seems
reasonable to suggest that biotite formed, or recrystal-
lized, as a result of Late Cretaceous Andean plutonism
in the Eights Coast-Jones Mountains area. It is pos-

sible, also, that a single lead-alpha age can be com-
pletely erroneous, as old zircon ages have been reported
from known young intrusive rocks. In the present
case, however, it is felt that the Eights Coast batholith
is indeed older than the Andean batholith of the Ant-
arctic Peninsula, as the rocks are dissimilar, an Early
Triassic potassium-argon age has been reported by
Craddock and others (1963) from a nearby area, and
older plutonic rocks have been reported from the Ant-
arctic Peninsula itself. A substantial part of the
crystalline rocks of the area, therefore, is not Late
Cretaceous in age as has been assumed, but is probably
at least as old as middle Mesozoic. The possibility
cannot be eliminated that the Mesozoic zircon age re-
ported herein reflects the age of a younger metamor-
phic event and that the quartz diorite is of late Paleo-

zoic age.

An
Femic

or Ab

Quartz Feldspar

Ficure 2.—Larsen plots showing normative comparison of rocks
of the Eights Coast batholith (solid lines) with those of the
Andean granite-gabbro intrusive suite (dashed lines). Sym-
bols: X, data from Adie (1955); ©, data from samples collected
by Drake on the Eights Coast; and A, data from samples
collected by Drake on the Antarctic Peninsula. Numbers on
lines in triangle are sample numbers.
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It appears that the Antarctic Peninsula orogenic
belt does follow along the Eights Coast as far as
Thurston Island, although events as young as Andean
are apparently of minor importance in this area. More
data are needed, of course, to better interpret the tim-
ing of orogenic events in this little known region.
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QUALITATIVE X-RAY EMISSION ANALYSIS STUDIES
OF ENRICHMENT OF COMMON ELEMENTS IN WALLROCK ALTERATION
IN THE UPPER MISSISSIPPI VALLEY ZINC-LEAD DISTRICT

By JOHN W. HOSTERMAN, ALLEN V. HEYL, and JANICE L. JOLLY,

Beltsville, Md.

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

Abstract.—Mineral alteration in a carbonaceous shale bed
associated with a hydrothermal zinc-lead deposit in the Upper
Mississippi Valley district is marked by the addition and
migration of at least seven common elements (iron, manganese,
titanium, potassium, silicon, aluminum, and magnesium) by
ore-forming solutions. Calcium was leached from the ore body
and moved to the edge of the alteration aureole. The sugges-
tion is made that magmatically heated connate brines may
have deposited the ore and altered the wallrocks.

Alteration of clay minerals associated with zine-
lead ore deposits in the Upper Mississippi Valley dis-
trict was investigated by Heyl and others (1964) dur-
ing 1960-63. This earlier study led to further investi-
gations of the same suite of wallrock samples from the
Thompson-Temperly mine in southwestern Wisconsin.
Qualitative X-ray fluorescence analyses were made of
samples to determine possible variations in relative
quantities of the principal elements that are in the
basal shale unit of the Quimbys Mill Member of the
Platteville Formation in and adjacent to the Thomp-
son ore body.

The Thompson-Temperly mine is at the southwest
edge of New Diggings, Wis., a village about 10 miles
north-northeast of Galena, Ill. It is in the highly
productive south-central part of the Upper Mississippi
Valley zine-lead district of southwest Wisconsin,
northwest Illinois, and northeast Towa (fig. 1). The
mine is opened by a truck incline that slopes to the
northeast into the small Temperly ore body. From
this body a truck haulage crosscut extends for about
1,500 feet into the large Thompson ore body (fig. 3).
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Fraure 1.—Index map showing location of the Thompson-Tem-
perly mine.

The samples studied were taken from the Thompson
ore body and alteration aureole, the barren wallrock
zone between the two ore bodies, and the Temperly ore
body and alteration aureole.

The Quimbys Mill Member of the Platteville For-
mation is a thin dolomite, limestone, and shale unit of
distinetive lithology that can be traced for many tens
of miles. At the Thompson-Temperly mine, where
the member was studied, it passes from the Temperly
ore body and its surrounding alteration aureole into a
barren rock zone and then into the Thompson ore body
and its alteration aureole. This study indicates that
variations in the concentration of the elements in the
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wallrock may be helpful in prospecting for ore in the
mine and in exploratory drilling elsewhere in the
Upper Mississippi Valley district.

GEOLOGY

The two zinc-lead ore bodies of the Thompson-
Temperly mine, like many others in the Upper Missis-
sippi Valley district, occur chiefly in the Quimbys Mill
Member of the Platteville Formation, in the Decorah
Formation, and in the lower part of the Galena Dolo-
mite (fig. 2), all of which are of Middle Ordovician
age. The Temperly ore body is a small irregular
linear mass, whereas the Thompson ore body is an
elliptical donghnut-shaped mass (fig: 3). Mining sub-
sequent to preparation of figure 3 confirms.that the
shape inferred here is basically correct. 'The ore is
in veins, replacements, and impregnations along small
reverse and bedding-plane faults related to gentle
folds. The main primary minerals in the ore bodies
are quartz (mostly cherty jasperoid), dolomite, 2}/
illite, microcline, pyrite, marcasite, sphalerite, galena,
cobaltite, chalcopyrite, barite, and calcite. Unlike
galena in most deposits in the vicinity, galena in the
Thompson-Temperly mine is common only locally in
the ore bodies.

The Quimbys Mill Member (fig: 2) consists of dark-
brown dolomite and limestone with thin carbonaceous

shale partings and a carbonaceous shale bed at the
base. The limestone is fine grained, dense, sublitho-
graphic, and has a conchoidal fracture. The basal
dark-brown shale bed is a very persistent and uniform
marker bed about 3 inches thick. Because it can be
accurately traced throughout mineralized and barren
areas, this shale bed was selected for detailed sampling
in the Thompson-Temperly mine,

Ore solutions have produced alteration aureoles
(fig. 3) in the host rock limestone, shale, and, to a
lesser extent, in dolomite surrounding the deposits.
The aureoles extend laterally as much as 200 feet
from the sides of the ore bodies, and are known from
drilling to extend out much shorter distances from the
top and bottom of the bodies. The alteration aureoles
result from a combination of six main processes (Heyl
and others, 1959, p. 101-108; 1964) : solution, dolomiti-
zation, silicification, development of sanded dolomite,
clay- mineral alteration, and low-temperature felds-
pathization marked by the formation of microcline.

~ Solution has considerably thinned the limestone of the

Quimbys Mill Member as well as other carbonate beds
above and below it (Reynolds, 1958, p. 157-159). The
calcite in the carbonaceous shale bed at the base of the
Quimbys Mill has been largely replaced by less soluble
dolomite, thus preventing much thinning. Fogsils and
some shale beds have been silicified, but less markedly

Thickness of
Formation Meml?er .and Description unaltered
subdivision
rock (feet)
Chert Dolomite, drab to buff, thick- to thin-bedded, cherty; 35
Galena |Prosser unity LLA Receptaculites abundant.
Dolomite and limestone, light-gray, argillaceous; 20
lon — grayish-green dolomitic shale.
Dolomite Limestone, brown, fine-grained, thin-bedded, nodular, 12-16 32-
D J_| 4 conchoidal; dark-brown shale. 44
ecorah Guttenberg 1=
Limestone I 'T—lTr Shale, green, fossiliferous; greenish-buff fine-grained 0-8
E— . | LI—I-l limestone.
Spechts Ferry T
Shale — =T . . . R
rl . lI Dolomite and limestone, dark-brown, fine-grained,
Quimbys Mill 7 sugary, medium-bedded, conchoidal; dark-brown 0-18
11 shale, especially at base.
McGregor 7 Limest d dolomite, light fi ined 13-18| 55
; imestone and dolomite, light-gray, fine-grained. - -
Platteville Limestone L 75
N Limestone, light-gray, fine-grained, thin-bedded, ) 12-17
Pecatonica / nodular, conchoidal.
Dolomite Dolomite, brown, medium-grained, sugary, thick-bed- 20-24
Glenwood ded; blue gray where unweathered.
Shale
Shale, green, sandy. 0-3
St. Peter Sandstone, quartz, medium- to coarse-grained, poorly 20 +
cemented, crossbedded.

Fraure 2.—Stratigraphic column of the Platteville and Decorah Formations and lower part of the Galena Dolo-
mite in the Upper Mississippi Valley zinc-lead district.
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in these two ore bodies than in some nearby ones, such
as those in the Hoskins mine (IHeyl and others, 1959,
p. 105-107; Agnew, 1955, p. 792). Within the ore
bodies the previously dolomitized limestones have been
sanded, forming a friable or noncoherent mass of dolo-
mite crystals in which the cementing bond between the
crystals has been weakened or removed by intergranu-
lar solution. Wavy bands of brown shale, the residue
of solution, separate the layers of sanded dolomite.

GEOCHEMISTRY

The amount of shale relative to carbonate rocks in-
creases within the aureoles, and shale becomes the
major component within the ore bodies.

ALTERATION STUDIES

In 1960 the Quimbys Mill Member was first sampled
at regular intervals in the long haulageway between
the Thompson and Temperly ore bodies. The samples,
though restricted to the Quimbys Mill Member, were
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17-62-10
EXPLANATION

Mine workings
Chevrons point downslope

Alteration aureole
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Freure 3.—Sketch of the Thompson-Temperly mine, showing approximate loeation of shale samples.

Map is a horizontal section

of the ore bodies at an elevation where they lie within the Quimbys Mill Member of the Platteville Formation of Middle Ordo-

vician age.
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scattered vertically throughout the member in both
limestone and shale and in altered and unaltered rocks.
The initial sampling showed that the basal shale bed
was better than the limestone for clay-mineral altera-
tion studies because of its more uniform lithology.
Moreover, clay is very sparse in the limestone, and the
acid treatment required to separate the clay from the
limestone may alter the clay. In 1962 the basal shale
bed was sampled at intervals of about 30 feet within
the Thompson ore body and in the alteration aureole
on the southwest side of the Thompson ore body, at
intervals of 30 to 200 feet through the barren zone be-
tween the two ore bodies, and at a few places in the
Temperly ore body and the alteration halo on either
side of it (fig. 3).

All 24 samples were first studied by X-ray diffrac-
tion (Heyl and others, 1964), using CuKa radiation,
to determine the whole mineral content (varieties and
relative amount). A select few samples, which gave
the complete range of variations between the unaltered
rock and rock from the Thompson ore body, were
treated to remove the calcite and dolomite from the
carbonaceous shale. Six selected samples were further
studied by X-ray emission, using a platinum-target
tube as a primary source of X-rays, and lithium fluo-

COUNTS PER SECOND
(RELATIVE)

COUNTS PER SECOND
(RELATIVE)

Aureole —
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ride as a diffracting crystal. The samples were TT-
62-1 from the center of the Thompson ore body;
TT-62-4, TT-62-7, and TT-62-9 from the inner, cen-
ter, and edge, respectively, of the alteration auerole
surrounding the ore body; and TT-62-11 and TT-62-
13 from the unaltered carbonaceous shale.

Normally, X-ray emission is used for determining
the quantity of elements present in a given sample, and
when compared with known chemical standards the
elements are reported in percent oxide. Since only the
relative amount rather than the calculated percentage
of each element was necessary in the present study, no
attempt was made to assign percentage values to the
8 elements (iron, manganese, titanium, calcium, potas-
sium, silicon, aluminum, and magnesium) found in
the 6 samples. These X-ray emission data are illus-
trated by a series of graphs for each element on figure
4. The ordinate is measured in counts per second,
with the highest count obtained for each element arbi-
trarily given the maximum scale height; all other
counts for the particular element are shown by bars
proportional in length to that maximum. This pro-
cedure emphasizes the variation of each element from
sample to sample but does not show the relative abun-
dance of the different elements. Each shale sample

-Unaltered wallrock

TT-62-7 o

N\

Fraure 4.—Graphs showing relative amounts of 8 elements in 6 samples of shale from the Thompson-Temperly mine,
as determined by X-ray emission analysis.
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used in the X-ray emission analysis was ground and
homogenized to pass through a 230-mesh sieve and
pressed into a large pill. Several reruns of each
sample were made and the results were found to be
reproducible.

The graphs illustrate two outstanding features. All
the elements, except calcium, give the highest count
in sample TT-62-1, which is from the center of the
Thompson ore body. Also, all the elements, except
calcium and magnesium, give the lowest count in
sample TT-62-9, which is from the outer edge of the
alteration aureole. Calcium shows an inverse relation
to all the other elements. The small variations of the
elements in samples TT-62-11 and TT-62-13 from the
unaltered host rock show the uniformity of the car-
bonaceous shale bed away from the ore bodies. Pre-
liminary results of semiquantitative spectrographic
analyses by Helen W. Worthing of many of these
samples confirm the trends that are shown on figure 4.
Figure 5 shows graphically the quantities of potassium
and magnesium in 18 of the 24 samples of the carbon-
aceous shale. The amounts of potassium and mag-
nesium in the shale bed within the ore bodies are

5.0
4.5
4.0
3.5
3.0

2.5
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larger than the amounts in the aureoles in the haul-
ageway, and both elements are least abundant near
the outer edges of the wallrock alteration zones. Fig-
ure 6 shows graphically the quantities of aluminum,
iron, titanium, and manganese in some of the samples
from the Thompson ore body only. The quantities of
these elements shown by the additional analyses fur-
ther confirm the variations obtained by qualitative
X-ray emission analyses on the similar samples. Cal-
cium and silicon contents were for the most part
greater than 10 percent, and hence were too high for
semiquantitative determination by the method used.

The X-ray diffraction information (Heyl and others,
1964, figs. 4 and 5) supports the data on figures 4 and
5. Calecite decreases with decrease in calcium from
the outer edge of the alteration aureole toward the
ore body, and the wallrock of the ore body contains
only a trace of caleite. The only other calcite is in
scattered crystals occurring as a late gangue mineral
in the ores. Dolomite increases with increase in mag-
nesium from the outer edge of the aureole to the ore
body. Less quartz is present at the outer edge of the
aureole than in the unaltered rock, but it becomes a

Potassium

2.0 |

1.5

1.0

0.5 |
i | 1 | 1

UNALTERED WALLROCK

.

TT-62-1 2 4 678 10 12 13 1%

16 212223 24

SAMPLE NUMBER

Ficure 5.—Results of semiquantitative spectrographic analyses of potassium and magnesium from the

Thompson-Temperly mine. Results are reported in percent to the nearest number in the series 1, 0.7,
0.5, 0.3, 0.2, 0.15, and 0.1, and so forth, which represent approximate midpoints of group data on a geo-
metric seale. The assigned group for semiquantitative results will include the quantitative value about
30 percent of the time.
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predominant constituent in the inner part of the
aureole and in the ore body. Illite, a clay-size diocta-
hedral mica, is present in all samples. It occurs as an
Md polymorph in the unaltered rock, a 1}/ polymorph
in the alteration halo, and a 23/ polymorph in the ore
body. This change in polymorphic form is attributed
to the potassium and aluminum added in the ore body
(fig.4), as well as to the decrease in water content in
the ore body and alteration aureole (Heyl and others,
1964, p. 452).

Migration of elements can be postulated from the
data presented on figure 4. The large counts for al-
most all elements, as shown by comparing the graphs
of samples TT-62-1, TT-62-4, TT-62-7 with those of
samples TT-62-11 and TT-62-13, indicated that iron,
manganese, titanium, potassium, silicon, aluminum, and
magnesium were, in part, epigenetic and were intro-
duced with the ore-forming solutions. Samples TT-
62-4 and TT-62-7 show that most of the introduced
elements (iron, titanium, potassium, especially silicon,
and aluminum) also diffused and migrated beyond the
ore zone to the inner part of the alteration aureole.
The low counts in sample TT-62-9 for most elements
indicate a decrease in the amount present at the edge
of the alteration aureole and show that along with the
introduction and outward migration, some leaching
occurred at the edge of the aureole, and inward migra-
tion of iron, titanium, potassium, silicon, and alumi-
num occurred from the outer edge of the aureole.
Magnesium shows a similar but larger leached zone.
Calcium increases to the outer margin of the alteration
aureole and decreases in the unaltered rocks, indicating
that the ore solutions leached calcite from the ore body
plus the inner part of the aureole and concentrated it
in the outer fringe of the aureole. The leached zone
suggests the presence of a diffusion front between the
mineralizing solutions and the normal ground water
at the time of deposition. The elements leached from
the wallrock aureole were transferred inward by lateral
secretion to the ore bodies, contributing to the total
amounts of the iron deposited in pyrite and marcasite,
the manganese deposited in the sphalerite and calcite,
the potassium and aluminum deposited in illite and
microline, the silicon deposited in quartz, and the
magnesium deposited in dolomite. The titanium may
be in several of these minerals, as anatase, or in the
clay minerals. In the final stage of deposition the
caleium remaining in solution was deposited as calcite
erystals in open spaces in the ore bodies.

Part of the wallrock alteration, especially some
silicification, dolomitization, and minor wallrock leach-
ing, probably occurred prior to sulfide deposition by
the ore-bearing solutions in the initial stages of min-

T42-652 0—64

=
il

D59

eralization (Heyl and others, 1959, p. 97-98, 101-108).
The main period of solution of the wallrock limestone
and dolomite, however, probably began not too long
before the start of sulfide mineralization, and con-
tinued during sulfide deposition. The process appar-
ently continued all through the period of sulfide depo-
gition and ceased simultaneously as the last marcasite
was deposited during the middle of the period of cal-
cite deposition.

The data available are not sufficient to clarify
whether the bulk of the elements other than the
sulfides that are found in the ore deposits and their
aureoles were introduced by the heated connate waters
possibly mixed with a smaller magmatic fraction, or
whether they were hydrothermally leached from the
wallrocks and redistributed in the ore deposits. Only
a three-dimensional study backed by geologic mapping
and detailed quantitative sampling, already in prog-
ress, will probably yield enough data to answer this
question. It is known by drilling that the aureoles
extend 50 or 100 feet above ore bodies and 5 to 30 feet
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Ficure 6.—Results of semiquantitative spectrographic analyses
of aluminum, iron, titanium, and manganese from the Thomp-
son ore body. Results are reported in percent to the nearest
number in the series 1, 0.7, 0.5, 0.3, 0.2, 0.15, and 0.1, and so
forth, which represent approximate midpoints of group data
on a geometric scale. The assigned group for semiquantitative
results will include the quantitative value about 30 percent
of the time.
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below ; likewise, they do not extend far into the central
core of elliptical ore bodies.

The almost-uniform composition of the unaltered
Quimbys Mill wallrock in the long haulageway indi-
cates quite clearly that the source of redistributed
elements in the Platteville Formation is restricted to
the wallrocks themselves within the alteration aureoles.
The volume of the altered rock is far too small to pro-
vide more than a small proportion of the lead, zinc,
and iron sulfides deposited in the ore bodies, but it is
quite sufficient to provide for the increase in calcium
in the narrow outer part of the aureoles (fig. 4), and
in the calcite in the ore. The major increases in
amount of all other elements in the ore bodies and in
the wide inner part of the aureoles above the back-
ground in barren wallrock (figs. 4, 5, 6) and the nar-
row width of the outer leached part, suggest to the
writers that the bulk of the elements were introduced
by the ore-bearing solutions. A substantial lesser part
of the elements was probably redistributed during
mineralization and the accompanying alteration. Much
of the added elements may have come from limestones,
sandstones, and shales, through which the solutions
passed; but also some may come from the heated con-
nate waters themselves. In addition, further pre-ore
mingling of connate and magmatic solutions may have
provided some elements from the granitic basement
rocks, and from the juvenile waters supplied by the
igneous magma.

Magmatically heated connate brines derived from
the Illinois or Forest City basins may have provided
the main solutions from which the ore bodies were de-
posited. When heated the brines may have migrated
updip through aquifers, deposited the ores, and altered
the host rock when they were trapped beneath the cap
of Upper Ordovician shale. Such concentrated heated
brines may have formed diffusion fronts with dilute
meteoric water already present in the wallrocks along
fracture zones above the aquifers, and these diffusion
fronts altered the host rocks and deposited the ores.

Hall and Friedman (1963) have shown that the
liquid inclusions in galena, sphalerite, and calcite from
the Upper Mississippi Valley mining district contain
nearly saturated brines similar in composition to
present-day deep-seated connate waters of the Illinois

R
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basin. These solutions are highly concentrated sodium-
calcium chloride brines that have a relatively high
deuterium concentration. Potassium and magnesium
are fairly abundant in the liquid inclusions that
formed during the main stages of sulfide deposition;
the much more dilute solutions of the late calcite
stages are relatively enriched in sulfate. Such con-
centrated brines, especially if heated magmatically,
would have provided solutions that could be trapped,
could readily alter the wallrocks, and could add
potassium, magnesium, and other major elements to
the deposits. ) ‘

Bailey and Cameron (1951, p. 625, 626) found the
filling temperatures (uncorrected for pressure) of
fluid inclusions in the Upper Mississippi Valley dis-
trict to range from 121°C to 75°C for sphalerite and
78°C to 50°C for stage-2 and stage-3 calcite. The
lower filling temperature and the lower concentration
of salts and deuterium in the inclusions in the calcite
may be attributed to the dilution of heated brines by
meteoric water during the late stages of mineraliza-
tion. Such heated brines could well have provided the
type of solutions that formed the alteration aureoles
and the described changes in host-rock composition.
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SUGGESTED EXPLORATION TARGET IN WEST-CENTRAL MAINE

By F. C. CANNEY and E. V. POST, Denver, Colo.

Abstract.—Stream-sediment sampling has suggested that the
drainage basin of a stream tributary to Bean Brook in the
Long Pond quadrangle, Somerset County, has 4 mineral poten-
tial distinctly above average for the region. Analysis of active
stream sediment indicated lead and zinc contents as high as
2,500 ppm and 7,000 ppm, respectively. The lead anomaly is
the highest so far revealed in Maine by the regional geochemi-
cal mapping program of the U.S. Geological Survey. The
known exposures of quartz veins containing sparse bismuth-
and silver-rich galena and pyrite appear to be inadequate to
produce this intense anomaly.

Reconnaissance geochemical drainage surveys have
located a stream in the southern part of the Long Pond
quadrangle in Somerset County, Maine, in which the
active stream sediment, contains as much as 2,500 parts
per million lead and 7,000 ppm zinc. Although a
heavy-metal anomaly has been known here for some
time (Post and Hite, 1963), its apparent significance
has recently increased. Reappraisal of the anomalous

pattern in the light of a large quantity of geochemical -

data obtained by a regional geochemical mapping pro-
gram during the past 2 years has shown that this lead
anomaly is by far the strongest one yet found by the
U.S. Geological Survey in Maine. Galena- and pyrite-
bearing quartz veins are present in the drainage basin
of this stream, but the exposed veins are not believed
to contain enough lead to be the principal cause of the
geochemical anomaly. Accordingly, the drainage
basin of this stream is believed to be above average in
mineral potential.

The officially unnamed stream in which the lead and
zinc anomalies occur, here named Pyrite Creek for
convenience, is the northeastern branch,of a major
tributary to Bean Brook.

Figure 1 presents the data of the detailed geochemi-
cal survey along Pyrite Creek, reconnaissance geo-
chemical data in the surrounding area, and the ap-
proximate distribution of the major rock types.

'The rocks in the general vicinity of Pyrite Creek
(fig. 1) are on the southeastern limb of the Boundary
Mountain anticlinorium (Albee, 1961) and comprise
quartz monzonite of probable Cambrian or Ordovician
age, and metasedimentary rocks and diabase of Early
Devonian age. The metasedimentary rocks are not
exposed in the immediate vicinity of Pyrite Creek, but
elsewhere in the area of figure 1 they include slate,
metasiltstone, and fine-grained argillaceous sandstone
of the Seboomook and Tarratine Formations (Boucot,
1961). These rocks are, in part, overlain conformably
by a sheetlike body of altered diabase.. The metasedi-
mentary rocks rest unconformably on the quartz mon-
zonite, and dip easterly at a moderate angle.

The quartz monzonite in this area is typically coarse
grained, pinkish green, and consists of quartz, pink
euhedral to subhedral phenocrysts of microcline,
plagioclase, and a small amount of chloritized mafic
minerals. In thin section, the plagioclase is moder-
ately sericitized, the mafic minerals (probably prin-
cipally biotite) are completely altered to chlorite, quartz
is strained, and the rock is crisscrossed by an anasto-
mosing network of tiny fractures healed with fine-
grained granular quartz and sericite.

The quartz monzonite at several places in the area
of figure 1 is extensively silicified so that in hand
specimen it resembles a dense pinkish-green felsite.
Remnant outlines of the original crystals of the coarse-
grained quartz monzonite can be seen in thin section
within a groundmass of fine-grained granular quartz
and sericite. The reconnaissance nature of our geo-
logic mapping does not permit us to outline the areas
of silicified rock on figure 1.

A waterfall 20-25 feet high is present on Pyrite
Creek about 700 feet upstream from the unpaved road
in Parlin Pond Township. A 10- to 12-inch quartz
vein, which strikes N. 70° W., and dips about 80° to
the southwest is well exposed in a narrow gorge at the
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F1GURE 1.—Geochemical and geologic map of the Pyrite Creek area, southern part of the Long Pond quadrangle, Somerset County,
Maine. Geology modified from Boucot (1961). Base from U.S. Geological Survey Long Pond I:62,500 quadrangle, 1922.
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foot of the falls. On strike and about 150 feet to the

southeast, a quartz vein bordered by silicified and:

pyritized rock is exposed on a steep hillside. Presum-
ably this is the same vein. The vein in the gorge at
the foot of the falls appeared to be mostly barren
quartz, but when broken open, it was found to contain
small pockets of galena, pyrite, and very sparse chalco-
pyrite. The country rock adjacent to the vein is highly
silicified and pyritized. This vein apparently does
not. extend far to the northwest, for a shallow, angled
diamond drill hole collared near the edge of the stream
at the top of the falls did not intersect the vein at its
projected position.

The galena from the vein is rich in silver and bis-
muth. One sample containing selected pieces of
galena-bearing quartz assayed 1.6 percent lead and 5.4
oz of silver per ton; no gold was detected. A semi-
quantitative spectrographic analysis of a sample of
relatively pure galena showed the bismuth and silver
contents to be about 2 percent and 0.7 percent respec-
tively.

Approximately 3,300 feet north-northeast of the
waterfall zone an outcrop of silicified quartz monzonite
is cut by narrow stringers of galena-bearing quartz.
A little move than a mile north of the waterfall, a
highly pyritic quartz vein is present on the southwest
side of U.S. Route 201 (fig. 1). It trends N. 37° W,
and is surrounded by iron-stained and silicified quartz
monzonite. No galena was seen, but its presence has
been reported.

The quartz monzonite locally contains stringers and
clots of specular hematite where the rock is extensively
silicified and altered. Although the hematite is not
known to be related to the sulfide minerals in the
quartz veins, it does characteristically accompany ex-
treme alteration of the quartz monzonite in this area.

The geochemical data were obtained by analyzing
the fine-grained fraction (minus-250 micron) of sam-
ples of stream sediments collected from the active chan-
nels. Field methods of chemical analysis described
by Ward and others (1963) were used.

The most striking feature of the geochemical pattern
is the exceedingly high contents of lead and zinc in
Pyrite Creek from a point just north of the Parlin
Pond Township line to the junction of Pyrite Creek
with the western branch of the tributary to Bean
Brook. Although the heavy-metal content of the
stream sediment is anomalous along the entire length
of Pyrite Creek (lead background in this part of
Maine is about 10-30 ppm and zinc background about
50-125 ppm), a marked decrease in the anomalous
values occurs at the confluence of Pyrite Creek with

the western branch of the tributary. This is due to
the much greater load of fine sediment carried by the
western branch.

The stream sediments of Pyrite Creek also have ex-
tremely high contents of manganese, with numerous
samples containing between 1 and 15 percent man-
ganese. Visible manganese in the form of black coat-
ings on boulders in stream courses, and in many places
as discrete nodules, is not uncommon in streams in
Maine, especially in streams draining swampy areas.
Pyrite Creek does drain a northeastefly trending
swamp; nevertheless, the manganese content of the
Pyrite Creek sediments appears to be unusually high
when compared with the manganese content of sedi-
ments from other streams draining similar environ-
ments, and therefore these high manganese values are
in themselves suggestive of a mineralized area.

Interpretation of the data of geochemical drainage
surveys in Maine is complicated by the scavenging
action of manganese coatings and nodules. Zinc, co-
balt, molybdenum, and barium are among the elements
we know to be concentrated by this material. Accord-
ingly, the variability in the zinc pattern along Pyrite
Creek is controlled partially by the varying man-
ganese content of the stream sediment. Nevertheless,
the ratio of zinc to manganese is considerably above
average. This suggests that the zinc is derived from
a mineral deposit, rather than being merely the prod-
uct of manganese oxide scavening. The significance
of the lead anomaly is also increased by the fact that
much of our data on the lead and manganese content
of stream sediments suggest that lead is not scavenged
by manganese to any significant extent.

Appraisal of the possible economic significance of
this anomaly is difficult. The known exposures of
mineralized rock appear to be inadequate to produce
this very intense anomaly. The galena-bearing vein
exposed in the gorge at the foot of the waterfall ap-
pears to have little effect on the anomaly, for the
highest lead content (2,500 ppm) was measured about
300 feet upstream from the vein. It is conceivable
that a swarm of similar weakly mineralized zones is
concealed beneath the extensive glacial cover and
swamp upstream and that sufficient lead and zinc is
being leached by circulating ground water to account
for this anomaly. On the other hand, the possible
presence of larger and richer zones cannot be ruled
out on the basis of present knowledge. It is our opin-
ion that the intensity of this anomaly justifies a more
detailed exploration program of the upper Pyrite
Creek area by geological, geophysical, and geochemi-
cal surveys.
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RADIOACTIVITY- AND DENSITY-MEASURING DEVICES
FOR OCEANOGRAPHIC STUDIES

By CARL M. BUNKER, Denver, Colo.

Abstract.—Field tests with modified gamma-ray logging
equipment indicate that it is feasible to make continuous pro-
files of gamma radioactivity and relative bulk density on lake
or ocean bottoms. Lack of adequate geologic control in the
test area prevented correlation of the peaks and valleys in the
profiles with specific changes in the lithology. On the basis
of these experiments an underwater vehicle and sensing sys-
tem were designed to make simultaneous measurements of
radioactivity and relative bulk density for routine mapping
programs.

Preliminary studies and equipment tests to deter-
mine the feasibility of measuring the gamma radio-
activity and relative bulk density of recent lake-bottom
sediments were made in Lake Superior (fig. 1) and
in Burt Lake, Cheboygan County, Mich., during the
summers of 1961 and 1962, respectively. Measure-
ments of these types have been proposed for use in
the U.S. Geological Survey oceanographic program
and are expected to provide a method of mapping the
upper few inches of the ocean bottom in conjunction
with geologic and mineralogic studies.

When carried on together with an adequate bottom-
sampling program to provide geologic control the
technique makes possible inferences about the physical
properties of the lithologic units exposed on the sea
floor. Such inferences are of potential value in harbor
construction and in related engineering problems. In
addition, the submarine radioactivity measurements
may permit (1) outlining underwater ore deposits
when such deposits are associated with radioactive
materials as, for example, the Florida phosphates, and
(2) plotting the course of low-level radioactive wastes
along the ocean bottom after waste-bearing waters
have left the mouths of rivers into which they have
been dumped.

The efficiency of the detection system is low because
of the inherent insensitivity of the Geiger-Mueller
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F1GUuRE 1.—Index map showing location of traverses made in
western Lake Superior.

tubes, and the absorption of the radiation by the de-
tector housing and the water layer between the sedi-
ments and the housing. The low counting rate which
results from the low efficiency and low intensity radia-
tion in the sediments precludes the possibility of ob-
taining gamma-ray spectral data from a small area
while the detector is being towed across the sediments..
Thus, only a gross measurement of the radiation in-
tensity is obtained, from which isotope identification
is impossible. The gross radiation intensity may be
from natural radioisotopes of uranium, thorium, and
potassium, from nuclear-explosion-produced fission
products in fallout, or from a combination thereof.
Semiquantitative data expressed in terms of equiva-
lent uranium or milliroentgens per hour can be ob-
tained from the gross radioactivity measurements.
Disequilibrium of the natural radioisotopes and the
presence of fission products may lead to erroneous
conclusions concerning the radioisotope content of the
sediment. A bottom-sampling program in areas of
anomalously intense radioactivity in conjunction with
the gross radioactivity measurements will permit iso-
tope identification to determine the source of the
radioactivity.
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EQUIPMENT AND PROCEDURE

The equipment used is similar to that used by the
U.S. Geological Survey for borehole logging in con-
junction with geologic studies and uranium exploration
(Vaughn and others, 1959; Bell and others, 1961). It
consists of a probe containing a gamma-ray detector
and an impedance matching circuit; a reel unit con-
taining several hundred feet of coaxial cable for tow-
ing the probe, for transmitting power to the detection
equipment, and for transmitting signals from the de-
tectors to the monitoring equipment; a high-voltage
power supply; a pulse amplifier which sometimes in-
cludes a pulse gating circuit; a ratemeter, and a re-
corder. The system operates on 115-volt a-c power.

Measurements of gamma radioactivity in Lake
Superior were made with a single Geiger-Mueller
tube or with a scintillation detector consisting of a
sodium iodide crystal coupled to a photomultiplier
tube. The monitoring circuitry is adjusted to accept
gamma-ray energies greater than about 100 thousand
electron volts to measure the gross radioactivity; no
attempt was made to measure individual gamma-ray
energies or to identify the gamma-emitting radioiso-
topes. '

Measurements of relative bulk density were made
with the above detectors separated by 0.6 foot of lead
from a 1.0 millicurie source of cobalt-60. The radia-
‘tion from the source penetrates the sediment, where it
is scattered or absorbed. The amount reaching the
detector depends on the bulk density of the material
through which the photons pass. An increase in den-
sity results in a decrease in the path length of the
photons, thereby causing. less radioactivity to be
measured at the detector. The measurement of this
radioactivity therefore is a measure of the bulk density
of material, including the water, adjacent to the space
between the source and the detector.

The gamma radioactivity and relative bulk-density
measurements were made independently. However,
the measurements can be made simultaneously if the
detector for measuring the radioactivity in the sedi-
ments is spaced at a sufficient distance from the radio-
active source and shielded to prevent measuring the
radiation from the radioactive source used for the
density measurement.

Two traverse lines in Lake Superior near Duluth,
Minn., were chosen on the basis of available, though
sparse, data on the type of lake-bottom sediments indi-
cated by hydrographic charts. Measurements were
made from the USCG cutter Woodrush. The moni-
toring equipment was installed in the chart room, with
direct communication lines to the bridge and to the
winch operator on the quarterdeck. Power and signal
cables also connected the winch and underwater equip-
ment with the electronics and data-recording systems.
The detector was towed at various speeds up to 10
miles per hour; the detector could not be held on bot-
tom above this speed in water depths ranging from
40 to 150 feet. The ship’s location along the traverse
was determined at the instrument operator’s request
and at prearranged locations; the location was then
indicated on the recording chart to provide a means
of comparing several types of data at a given location.
A traverse along the predetermined line was required
for each type of data required and for each instrumen-
tation change.

The measurements at Burt Lake were made simi-
larly, except that the traverse lines were located be-
tween the shore and points in the lake. The monitor-
ing equipment was located in a laboratory vehicle
parked at the lake shore. Flag buoys were set about
900 feet from shore to establish the in-lake position
from which repeated traverses were made. The sedi-

‘ments ranged from mud in the offshore locations to

sand and gravel at the shore.

RESULTS AND PROBLEMS

The lack of geologic data with which the geophysical
data might have been related confined the field studies
to problems of instrumentation. Records from re-
peated measurements along the same traverse lines
often showed similar configurations (fig. 2), suggesting
that changes in the records were related to changes
in the characteristics of the bottom sediment. There-
fore, the field studies were directed toward increasing
the sensitivity of the sensing systems to indicate these
changes. The radiation intensity was greater in the
areas indicated as sandy on the hydrographic charts
than in the areas of clay. The records showing rela-
tive bulk density indicated changes along the traverses,
but these could not be related to sediment type.

The sensitivity of the single Geiger-Mueller tube
was generally insufficient for measuring gamma
radioactivity, although some records obtained with
this equipment could be related to others obtained
with the more sensitive scintillation equipment. Use
of the scintillation equipment resulted in records show-
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Figure 2.—Portion of gamma-ray logs of lake bottom of Lake
Superior, near Duluth, Minn. Logs reproduced from curvi-
Enea}l' recording chart. Horizontal distance represents about
% mile.

ing relatively large changes in counting rate. On the
basis of sensitivity, the scintillation equipment gave the
best results. However, experience with this equip-
ment when used in other applications has shown that
it is affected by temperature and voltage changes.
Instability of this type would preclude its use for
obtaining semiquantitative data. Therefore, a probe
containing a bundle of seven Geiger-Mueller tubes was
partially tested at Burt Lake to increase the sensitivity
and to utilize the relatively high stability of the
Geiger-Mueller detection system. Although the system
requires further modifications, the sensitivity was im-
proved with the tube bundle.

EQUIPMENT FOR FUTURE STUDIES

On the basis of field studies and the problems re-
lated thereto, an underwater vehicle and instrument
package (fig. 3) was designed, and requirements for
the monitoring system (fig. 4) were decided upon.
The instrument package provides for two detection
systems, which allows simultaneous measurements of

gamma radioactivity and relative bulk density, thereby
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