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Thesis directed by Professor Don L. Eicher

At the depocenter of Eocene Lake Uinta in the northern part
of the Piceance Creek Basin, Rio Blanco County, Colorado, the
lacustrine Green River Formation contains a saline facies composed
of nahcolite and halite commingled with kerogenous marlstones (oil
shales). Stratigraphic and lithologic studies of drill cores from
10 exploratory holes reveal that five-eighths of the nahcolite
resource, estimated at 29 x 109 metric tons, occurs as crystalline
aggregates in marlstone. The remainder of the resource consists of
laterally continuous zones of disseminated nahcolite in marlstone
and beds of mixed nahcolite and halite.

Sedimentologic data indicate that the maristones and
associated sodium minerals were deposited by pelagic, turbiditic,
and evaporitic processes in a permanent alkaline lake. About half
of the marlstones of the saline facies are laminated and
accumulated slowly by pelagic sedimentation of seasonally
precipitated carbonate, organic detritus, and fine-grained
siliciclastic sediment supplied by surface currents. Organic-rich
marly sediments were swept out into the deeper parts of the lake by
episodic density currents. These sediments are represented by
blebby and streaked kerogenous marlstones that comprise nearly one-
half of the maristones in the saline facies. Bedded nahcolite and
halite precipitated during maximum evaporative stages of the lake.

Lower lake waters and sediments were anoxic and favored



high rates of bacterial reduction of sulfate and hydrolysis of
fine-grained detrital silicate minerals. These processes resulted
in production of bicarbonate and the formation of an authigenic
suite of carbonate and silicate minerals devoid of clay and sulfate
minerals,

Cyclic, probably seasonal, stratification is recorded by
the laminated marlstones and in some units of disseminated and
bedded nahcolite and halite. The vertical distribution of total
sulfur in the marlstones is also cyclic and may be related to
evaporative phases of the lake. Bromine values that increase
generally upward through the halitic rocks of the saline facies
indicate the existence of residual lake brines and suggest that the
lake never evaporated to dryness during Parachute Creek time.

The form and content of this abstract are approved.
I recommend its publication,
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CHAPTER 1
INTRODUCTION

Saline minerals in lacustrine rocks of the Green River
Formation in Colorado and Utah have been known for 50 years through
the work of W. H. Bradley. Bradley (1931, pls. 3, 5, and 6; p. 32-
36) recognized the former presence of several "saline phases" in
outcrops of the formation in Colorado and Utah by empty molds of
crystals and crystal aggregates of then unknown saline minerals.

He interpreted these "saline phases" as evidence of several
evaporative stages of Eocene Lake Uinta during which the Green
River Formation was deposited. The salts were identified by Ertl
(1947) and Glass (1947) who reported the occurrence of nahcolite
(NaHC03) in crystalline aggregates scattered through oil shale in
the Anvil Points experimental oil-shale mine near Rifle, Colo,

Subsequent stratigraphic studies of outcrops and core from
shallow drill holes around the margins of the Piceance Creek Basin
north of the Colorado River revealed many thin zones of empty
saline crystal cavities ascribed to gypsum-anhydrite(?) in the
upper part of the formation (Nuncan and Denson, 1949: Waldron and
others, 1951; Donnell and others, 1953; and Donnell, 1961). Smith
(1963, fig. 3) first noted the occurrence of dawsonite
[NaA1(0H),C04] in the Colorado oil-shale deposits. However, sodium
minerals in the lower part of the formation and their economic
potential were not known until the oil-shale deposits in the deeper

part of the basin were drilled.



Between 1959 and 1964, 11 core holes were drilled on
Federal oil and gas leases in the northern part of the Piceance
Creek Basin., These wells encountered a saline facies in the lower
part of the Parachute Creek Member of the Green River Formation.
Large quantities of nahcolite and halite, commingled with high-
grade o0il shale, were found; however, this information was not
publically available at the time the wells were drilled. Between
1964 and 1966, a series of eight exploratory holes were drilled
specifically for sodium minerals in the Green River Formation under
Federal sodium permits in the same part of the basin. These wells
also encountered large quantities of nahcolite, halite, and
dawsonite. The first of these sodium exploratory holes, the Joe T.
Juhan core hole 4-1, drilled in 1964 in sec, 4, T. 2 S., R, 98 W.,
Rio Blanco County, Colorado, is considered the discovery well for
sodium minerals in the basin,

The presence of nahcolite and dawsonite has greatly
increased the potential economic value of the Colorado oil-shale
deposits. The in-place resource of shale oil alone (>63 liters of
shale oil per metric ton of rock) is estimated to be 172 X 109
metric tons. The in-place nahcolite resource is estimated at 29 X
109 metric tons and dawsonite at 26 X 109 metric tons which
contains 5.9 X 102 metric tons of alumina (Federal Energy
Administration, 1974, p. 105; Dyni, 1974, p. 120; and Beard and
others, 1974, p. 101). The Colorado oil-shale deposits and their
associated sodium carbonate minerals constitute an enormous fossil
fuel and industrial-mineral resource.

Aside from its economic interest, the Green River Formation



has been studied by many investigators because of its unusual
authigenic minerals, fauna and flora, stratigraphy, sedimentology,
and geochemistry. From this large body of information, two
depositional models have been proposed; a stratified lake model and
a playa-lake model. Debate on the merits of each continues today.

The earlier stratified-lake model was developed in a series
of papers by Bradley (1930, 1931, 1936, 1948, 1963, and 1964), of
which the earliest three pertain to Lake Uinta and the others to
Lake Gosiute, the Eocene Lake in which the formation was deposited
in southwest Wyoming.

Summarizing the three earliest reports, Bradley proposed
that the lacustrine rocks of the Green River Formation in Colorado
and Utah were deposited in a shallow (m5-30 m), nearly flat-
bottomed lake, which formed by tectonic downwarping. The lake
waters became thermally stratified, and for long periods of time,
varved sediments including the bulk of the o0il shale accumulated in
a lower anoxic hypolimnion that was devoid of macroscopic burrowing
animals or rooted plants. In its early to mature development, when
the climate was warm and humid, Lake Uinta was a freshwater lake
with an outlet to the sea. There followed a long arid period,
accompanied by intermittent volcanism, when the lake contracted in
size, lost its outlet, and became saline, Salts, some rich oil
shale, thin beds of tuff, and other sediments were deposited. At
times, aridity was severe enough to contract the lake to perhaps a
series of ponds that approached playa conditions. The climate
again became moist, and the lake freshened, expanded, and

overflowed. Finally, tectonic downwarping ceased, and the lake



basin filled with tuffaceous fluviatile sediments,

Supposed problems with Bradley's version of a stratified
lake model for the deposition of the Green River Formation in
Wyoming led Eugster, Surdam, and coworkers to propose a playa-lake
model for part of the formation including much of the Tipton and
all of the Wilkins Peak Members (Eugster and Surdam, 1971, 1973;
Wolfbauer and Surdam, 1974; Eugster and Hardie, 1975; Surdam and
Wolfbauer, 1975; and Buchheim and Surdam, 1977). The idea of a
playa environment for part of the Green River Formation was
proposed previously by White (in Twenhofel, 1926, p. 302-303, fig.
40) who cited evidence of shallow-water or subaerial sedimentary
structures in Green River 0il shales. Bradley (1925 and 1931) with
reference to White's work suggested that playa conditions may have
prevailed during arid periods in the history of the Eocene 1lakes.

The playa-lake model of Eugster, Surdam, and coworkers is
likened to Deep Spring playa, California; but on a much larger
scale, in which a central, shallow, saline lake is fringed by
broad, nearly flat, playa mudflats, with alluvial fans beyond.
Calcite and protodolomite formed in the near-surface capillary zone
of the playa mudflats. Low-sulfate alkaline waters, evolved in the
playa sediments and moved via subsurface drainage and spring
seepage toward the central lake. Organic-rich sediments, derived
from periphytic blue-green algae, were deposited in the lake.
During periods of extreme aridity, lake waters evaporated
seasonally, commonly to complete dryness, and deposited trona and
halite. During episodic flooding of the basin in pluvial periods,

some of the fine-grained carbonate muds were swept into the central



part of the basin, These sediments formed the dolomitic mudstones
that are intercalated with the lacustrine oil shales and
evaporites. Under a closed-basin regime, shoreline emergence and
submergence was highly variable as evidenced by extensive
interfingering of playa and lake sediments; 40 or more alternations
of such sediments have been noted. Latéral persistence of playa
and lake sediments perpendicular to the shoreline indicate low-
depositional dips; most estimates range from 0.1 to 0.4 m/km,

Most of the evidence for the playa-lake model was developed
from study of surface sections around the margins of the Green
River Basin, which contain sedimentary structures that are believed
to be indicators of very shallow water deposition and frequent
subaerial exposure of sediments., Lundell and Surdam (1975), citing
similar evidence from basin-margin sediments, extended the model to
include the Parachute Creek Member of the Green River Formation in
the Piceance Creek Basin, Colorado.

From evidence gathered mostly from drill cores of the
basin-center sediments in the Piceance Creek Basin, probably as
many problems are raised by a playa-lake model as those by a
stratified permanent lake. As Bradley (1973, p. 1122) succinctly
stated, "* * * in the deposits of any extinct lake, one must be
mindful of the fact that some sediments represent marginal facies
of the former lake, whereas other sediments represent midbasin
facies."

This investigation is a subsurface study of the nahcolite
deposits in the Green River Formation in the northern part of the

Piceance Creek Basin, in northwestern Colorado. The detailed



stratigraphy of the nahcolite deposits is developed from lithologic
data from 10 core holes and a surface measured section, and the
occurrence and distribution of the evaporites are described.
Mineralogical, geochemical, and sedimentological data that bear on
the origin of these rocks are presented. From these data, and from
published reports, a depositional model for the saline facies is
developed.

Processes believed to be important in the origin of these
rocks include tectonic control of lake-basin morphometry; a
permanent body of strongly alkaline lake water with a high
productivity of algal and bacterial biomass; sulfate reduction and
production of bicarbonate mediated by bacterial processes; and
hydrolysis of silicate minerals resulting in the nearly total
destruction of clay minerals and precipitation of authigenic

aluminocarbonate and silicate minerals.

Previous Investigations

Previous geologic investigations considered here pertain to
studies of the rocks of the saline facies of the Green River
Formation in the Piceance Creek Basin, Colorado, Smith and Milton
(1966) described the mineralogy and widespread stratigraphic
occurrence of dawsonite in the formation. The preliminary
stratigraphy of the saline facies and the economic geology of the
nahcolite and dawsonite resources were reported by Hite and Nyni
(1967). DeVoto and others (1970) published maps and cross sections
on the distribution of extractable aluminum in the dawsonite-

bearing oil shales that occur in the deeper part of the basin,



Generalized stratigraphic cross sections of the Parachute Creek
Member including the saline facies were published by Trudell and
others (1970). Dyni (1974) correlated many laterally continuous
units of nahcolite and halite in a detailed subsurface
stratigraphic analysis of the saline facies and reported on the
nahcolite resources. Beard and others (1974) summarized the
nahcolite and dawsonite resources in the basin,

Numerous mineralogical and geochemical studies have been
made of the oil-shale and saline deposits. The occurrence and
origin of bromine-bearing halite was discussed by Dyni and others
(1970). Brobst and Tucker (1973) used X-ray diffraction methods to
study the mineralogy of basin-margin outcrops of lacustrine rocks
parts of which are laterally equivalent to the saline facies in the
subsurface. Hosterman and Dyni (1972) published a preliminary X-
ray diffraction study of the clay mineralogy of the Green River and
Wasatch Formations., Williamson and Picard (1974) investigated the
carbonate petrology of the formation. Cole (1975) and Cole and
Boyer (1978) studied sulfur isotopes and sulfide mineralogy of
Green River rocks. Saether (1980) and Stollenwerk (1980) have
investigated the distribution of selected elements including
fluorine in Colorado oil shale,

A number of workers using a variety of approaches have
studied the depositional environments of the Green River Formation
in the Piceance Creek Basin., Based on a study of lithofacies,
Roehler (1974) envisioned a fresh to saline lake environment with
several subenvironments, not unlike the model proposed in broad

outline earlier by Bradley (1930). Chemical and sedimentological



evidence indicated to Smith (1974) a similar depositional
environment consisting of a chemically stratified sodium carbonate
lake. Conversely, Lundell and Surdam (1975) favored a playa-lake
environment based on sedimentological evidence from basin-margin
exposures, This model was challenged by Desborough (1978) who
favored a chemically stratified lake environment based on a
microprobe study of the mineralogy and chemistry of the carbonate
minerals, Similar conclusions were reached by Cole and Picard
(1978) who studied the lateral distribution of detrital and
authigenic minerals from shore to basin-center rocks. Many
additional papers on the geology of the Green River Formation can
be found in a recent bibliography of nearly 900 references by

Mullens (1977).
Geologic Setting

Lacustrine rocks of the Green River Formation were
deposited in a complex of lakes that occupied several early
Teritary structural basins in Wyoming, Utah, and Colorado (fig.

1). North of the Uinta Uplift, in southwestern Wyoming and
northwestern Colorado, sediments consisting of carbonates,
kerogenaceous maristones (oil shale), claystones, siltstones, trona
(NaHC03'Na2003'2H20), and halite, were deposited in large Gosiute
Lake and in small Fossil Lake. South of the uplift in northeastern
Utah and northwestern Colorado, lacustrine sediments were deposited
in Lake Uinta and in Flagstaff Lake in the Wasatch Plateau of

central Utah.



EXPLANATION
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Figure 1.--Map of parts of Colorado, Utah, and Wyoming showing
areas occupied by the Green River and Flagstaff Formations, the
localities of seven saline facies in the two formations, and
some major physiographic and structural features. Where the
areal extent of the saline mineral is known, it is shown by a
dashed 1ine. If the distribution of the mineral is not known,
it is shown by an "X." The distributions of the saline minerals
in the Green River Basin, Wyoming, is modified from Culbertson
(1971, fig. 1). The areas of outcrop of the Flagstaff Formation
are modified from La Rocque (1960, fig. 2). The physiographic
and structural features are identified by letters as follows:
PCB, Piceance Creek Basin; GHM, Grand Hogback monocline; DCA,
Douglas Creek arch; WRU, White River uplift; UP, Uncompahgre
Plateau; SRS, San Rafael Swell; WGP, Wasatch and Gunnison
Piateaus; UB, Uinta Basin; UMU, Unita Mountain uplift; ABA,
Axial Basin anticline; WB, Washakie Basin; GRB, Green River
Basin; FB, Fossil Basin.



The earliest sedimentation in the Tertiary-lake complex
began with deposition of fossiliferous freshwater limestones,
mudstones, and locally, dolomite and gypsiferous evaporites in
Flagstaff Lake. This lake occupied a structural basin in the
western part of the Rocky Mountain geosyncline along the eastern
margin of the Sevier orogenic belt in central Utah (Armstrong,
1968). Sedimentation possibly began in Lake Flagstaff as early as
latest Cretaceous (Maestrichtian) time (Ryder and others, 1976, p.
510), and it continued into the Paleocene during the closing phase
of the Sevier orogeny (Stanley and Collinson, 1979). Mixed
fluviatile and lacustrine sediments of about the same and younger
age (Claron Formation) were deposited farther south in the southern
High Plateaus of southwestern Utah but these strata accumulated
probably in a separate basin (Rowley and others, 1979, fig. 1),
although Hintze (1973, p. 76-80) suggested that these rocks were
once continuous with the Flagstaff Limestone.

In the western part of the Uinta Basin, strata deposited
during Paleocene and Eocene time were once continuous with the
Flagstaff Formation in the Wasatch Plateau to the south (Abbott,
1957, p. 104; Ryder and others, 1976). During this time, extensive
deposits of lacustrine carbonates and claystones, which contain
varied amounts of kerogen, and locally sodium carbonate and
chloride evaporites, accumulated in Lake Uinta and compose the bulk
of the sediments of the Green River Formation, In the Piceance
Creek Basin, the earliest Tertiary lacustrine sedimentation is
recorded in the upper 275 m of Wasatch Formation, which contains

mixed lacustrine and fluviatile strata (Snow, 1970, p. 15) that

10



were deposited simultaneously (but were not continuous) with lower
middle Eocene strata (post-Flagstaff Member to "middle marker?") of
Ryder and others (1976, fig. 2) in the western part of the Uinta
Basin (W. B. Cashion, oral commun., 1979). Uninterrupted
lacustrine sedimentation continued in both basins, and eventually,
the lake waters joined to form one large lake. In the Piceance
Creek Basin, dark fissile clay shale accumulated first, followed by
large quantities of kerogen-rich dolomitic rocks (high-grade oil
shales). In the northern part of the basin, the dolomitic rocks
include a saline facies, which contains large quantities of
nahcolite, dawsonite, and halite. When Lake Uinta reached its
maximum size in middle Eocene time (Leopold and MacGinitie, 1972)
approximately 45 to 46 m.y. ago (Mauger, 1977, p. 32), it spanned
an east-to-west distance of about 300 km, and perhaps, as much as
180 km north-to-south. At that time, high-grade oil shale of the
Mahogany zone was deposited with small amounts of nahcolite and
dawsonite at a depocenter located near the center of Piceance Creek
Basin (Smith, 1974, fig. 1). Toward the end of middle Eocene time,
mid-lake kerogen-carbonate sedimentation ("open-lacustrine"
sediments of Ryder and others, 1976) shifted westward into the
eastern part of the Uinta Basin where kerogenous dolomitic rocks,
and locally some nahcolite, accumulated. In the Piceance Creek
Basin, mid-lake kerogen-carbonate sedimentation gave way to a flood
of gravity-flow(?) marly lacustrine siltstones containing
carbonized plant fragments (Uinta Formation) (Duncan and others,
1974; 0'Sullivan, 1974). The depocenter of mid-lake sedimentation

continued to migrate with time toward the western part of the Uinta
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Basin., In western Uinta Basin green claystones, dolomitic rocks,
minor amounts of siltstone (Evacuation Creek Member of the Green
River Formation of Dane, 1955), and an overlying sequence of
evaporitic rocks consisting of shortitic and cherty carbonate
strata, which contain some kerogen and claystone (saline facies of
the Uinta Formation of Dane, 1955) were deposited. At the
depocenter near Duchesne, Utah, this evaporite facies contains beds
of mixed trona, halite, eitelite [Na,Mg(C03),], wegscheiderite
(Na2C03°NaHC03), nahcolite, and other exotic authigenic minerals
(J. R. Dyni and Charles Milton, unpublished core hole data). This
evaporitic sequence and an overlying sequence of interbedded
sandstones and white-weathering limestones containing small amounts
of syngenetic(?) gypsum (sandstone and limestone facies of the
Uinta Formation of Dane, 1955) form the uppermost lacustrine rocks
of the Green River Formation in the Duchesne area (Ryder and
others, 1976, fig. 2). Lacustrine sedimentation ended in this area
in late middle Eocene time about 40 to 41 m.y. ago (Mauger, 1977,
p. 32). Lacustrine sedimentation may have continued episodically
into 0ligocene time in isolated(?) basins on the Wasatch Plateau
(T. D. Fouch, oral commun,, 1979), where lacustrine sedimentation
had first begun.

Although seven distinct saline facies occur in the
lacustrine sediments of Flagstaff Lake, Lake Uinta, and Gosiute
Lake, only the oldest facies contains bedded gypsum. In the
remaining evaporite facies, syngenetic sulfate minerals are
unknown. The significance of this fact will be discussed later in

this report.
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In middle Eocene time, about 47 m.y. ago, before deposition
of the Mahogany oil-shale zone, the first of many volcanic tuffs
fell into Lake Uinta. The oldest known tuff lies 62 m below the
Mahogany Ledge in Indian Canyon (beds 66-84, fig. 2, Dyni, 1976; W.
C. Cashion, oral commun,). Older tuffs are unknown in the
Flagstaff Limestone and in the lower part of the Green River
Formation in both the Uinta and Piceance Creek Basins (Thomas D.
Fouch, oral commun,, 1979; Trudell and others, 1974, p. 69; J. R.
Dyni, unpublished notes). Volcanism was active throughout the
remaining history of Lake Uinta from the time of the first recorded
tuff, but there was a pronounced decrease in volcanic activity late
in the lake's history as evidenced by fewer tuffs (8) in the upper
340 m of lacustrine rocks exposed in Indian Canyon (J. R. Dyni and
W. B. Cashion, unpublished field notes). Volumetrically, the tuffs
make up only 1-2 percent of the Green River Formation (Dyni and
Cashion, ibid; Surdam and Parker, 1972, p. 689) but considering
that the tuffs were deposited in the drainage basin fringing the
lake as well as in the lake itself, they probably contributed
substantial amounts of clastic and dissolved material to the
lake. Most tuff beds are altered to alumino-silicate and carbonate
minerals; their original composition is thought to have been
alkalic rocks such as quartz latite, rhyolite, andesite, and dacite
(Griggs in Cashion, 1967, p. 18-19; Bradley, 1964, p. A2; Iijima
and Hay, 1968, p. 187). A likely source for some of the tuffs in
the Green River Formation in Wyoming is the Absaroka volcanic
field, which was active about 45 to 53 m.y. ago. However, in the

Uinta and Piceance Creek Basins many of the tuffs are younger than
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45 m.y., and they thicken westward to thicknesses (up to 90 c¢m in
Indian Canyon) greater than those in Wyoming., This suggests that
much of the tuffaceous material in the Uinta and Piceance Creek
Basins was derived from an, as yet, unidentified source located to
the west or northwest in the Sevier orogenic belt in northern Utah
where volcanic fields 40 to 45 m.y. old might be found (Burke and
McKee, 1979, fig. 2).

Structure

The Piceance Creek Basin is bounded by the Grand Hogback
monocline on the east, which forms the west flank of the White
River uplift, on the north by folded Cretaceous rocks adjacent to
the Uinta-Axial Basin uplift, and on the west by the Douglas Creek
arch, Structure maps contoured on markers in the Tower and upper
parts of the Green River Formation (Dyni, 1969; Austin, 1977) show
the strongly asymmetric character of the northern part of the
Piceance Creek Basin with the structural low located in T. 1 N.,
Rs. 97-98 W., Rio Blanco County., Dips are moderate to steep along
the northeast and north sides of the basin whereas on the south and
west sides of the basin, dips are low. Within the basin, there is
a system of northwest-trending folds. Some faults and a few
grabens having small displacements trend subparallel to the
folds, The similarity of the two structure maps by Dyni (1969) and
Austin (1971) indicates the intrabasin folding was post-Green
River; although Dyni (1969, p. 64-65), basing his interpretation on
isopach data, suggested that some of the folds were in existence

during Green River time and may have influenced midbasin
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sedimentation, including deposition of the thick saline facies in
the lower part of the Green River Formation. Stratigraphic cross
sections of the Green River Formation by Trudell and others (1974,
fig. 2), Roehler (1974, figs. 1 and 2), and Snow (1970, fig. 8)
show pronounced thickening of the formation in the northern part of
the basin, and indicate that basin downwarping during Green River
time was most active along the Grand Hogback monocline (which may
translate into faults at depth) and along the southwest side of the

White River on the north side of the basin.
Methods of Study

This investigation is based principally on the results of
study and laboratory analyses of nearly 6,000 m of drill core
obtained from 10 exploratory holes drilled into the thickest part
of the saline facies in the Piceance Creek Basin, Colorado (table
1). Most of the core (either 5 or 10 cm in diameter) was cut
lengthwise in half, and one of the halves was cut lengthwise into
two quarters. One of these quarters of core, commonly in lengths
of about 60 cm, was composited, crushed, and powdered to minus 60-
mesh, A continuous series of such samples were prepared from each
drill core. Portions of each sample were analyzed for their shale-
oil and nahcolite contents. The core was examined for lithologic
details and was also photographed. The photographs, used in
conjunction with lithologic log and shale-oil bar graphs, proved to
be useful for stratigraphic correlation of nahcolite units between
the drill holes. Many samples were analyzed for qualitative

mineralogy by X-ray diffraction. Because of its availability early
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Table 1.--Name, location, elevation, depth, and cored interval for 10 drill holes.

USGS Surface Depths
identifi- Name and Location elevation in Total of cored
cation company meters above depth intervals
number sea level (meters) (meters)
C1 Irvin Nielsen 20-1 298.2 m from south Tine 1894.4 635.2 221.3-635.2
Kaiser Aluminum 112.4 m from east line,
and Chemical SE1/4SE1/4 sec. 20,
Corp. T. 1 S., R. 97 M.
c2 John E. Dunn 20-1 365.0 m from north line, 1939.2 735.5 457.5-502.3
Wolf Ridge 357.3 m from east line, 518.8-735.5
Minerals Corp. NE1/4NE1/4 sec. 20,
T. 1 S., R. 98 W.
C5 Joe T. Juhan 4-1 566.7 m from north line, 2030.1 798.9 360.3-793.4

593.3 m from east line,
SW1/4NE1/4 sec. 4,
T. 2 S., R. 98 W.
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C34

C153

C154

€155

Colorado core hole 1
U.S. Bureau of
Mines-Atomic
Energy Comm.

Colorado Minerals
28-1 HWolf Ridge

Minerals Corp.

John Savage 24-1
Holf Ridge

Minerals Corp.

Colorado Minerals
14-1 Holf Ridge

Minerals Corp.

710.5 m from south 1line,
391.4 m from east line,

NE1/4SE1/4 sec. 13,

T. 1 N., R. 98 W.

82.4 m from north line,

416.1 m from west line,

NE1/4NW1/4 sec. 28,

T. 1 S., R. 98 W.

104.5 m from north line,
101.2 m from east line,

NE1/4NE1/4 sec. 24,

T. 1S., R. 98 W.

195.4 m from north line,
517.8 m from east line,

NW1/4NE1/4 sec. 14,

T. 1S., R. 98 W.

1829.7

1956.0

2007.1

1921.2

957.1

664.8

852.5

758.4

234.7-955.0

3.7-664.8

394. 3-852. 5

3. 7"758. 4
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C156 Irvin Nielsen 17-1
Kaiser Aluminum
and Chemical
Corp.

C177 Shell 22x-1
Shell 011

Company

C179 Shell 23X-2
Shell 0il

Company

275.8 m from north line,
782.0 m from east line,
NW1/4NE1/4 sec. 17,

T. 1 S., R. 97 M.

688.8 m from north line,
795.5 m from east line,
SW1/4MEL1/4 sec. 1,

T. 2 S., R. 98 W.

704.4 m from south line,
496;2 m from west line,
NE1/4SW1/4 sec. 2,

T. 2 S., R. 98 M.

1998.7

1958.21
(1955.0)

1991.0!
(1987.3)

778.6

807.4

822.7

374.3-778.6

207.3-807.4

237.7-822.7

lDril]ing datum is Kelly bushing; ground elevation in parentheses.
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in the study, the core from drill hole C5 was analyzed extensively
for elemental abundances by optical emission and X-ray spectroscopy
and by chemical analyses. Parts of certain cores were analyzed for
selected elements including sulfur and bromine; and selected
specimens of core were studied in polished and thin section. Some
authigenic minerals in o0il shale and in nahcolite and halite were
examined by scanning electron microscope and energy-dispersive X-
ray spectroscopy. The results of much of this work are included in

this report.
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CHAPTER 11
GREEN RIVER FORMATION

The Eocene Green River Formation occupies an area of about
4,300 km?2 in the Piceance Creek Basin between the White River and
Colorado River in Rio Blanco and Garfield Counties, Colorado (fig.
2). About 2,500 kmZ of this area lies in Rio Blanco County, where
the formation reaches its maximum thickness of about 1,100 m
(Roehler, 1974, fig, 2). Here, in the northern part of the
Piceance Creek Basin, the thickest and highest-grade oil shales are
found at depths beginning about 250 to 425 m below the surface.
Within the high-grade 0il shales are the minerals nahcolite and
halite that define the saline facies, The drill cores studied in
this investigation penetrate the central part of the saline facies.

In the study area the Green River Formation is divided, in
ascending order, into the Anvil Points, Garden Gulch, and Parachute
Creek Members. The base of the Garden Gulch Member is poorly
defined for lack of drill-hole data, but in core hole C34 (fig. 2),
the base of the member is placed at the top of a 9-meter-thick,
white, oolitic sandstone at the depth of 913.0 m. The sequence of
rocks from this bed to the top of the Parachute Creek Member is 616
m thick and consists mostly of oil shale.

The term 0i1 shale is used in this report only in an
economic sense and is defined as a fine-grained sedimentary rock
that yields 21 or more liters of oil per metric ton (5 gallons or

more of oil per short ton) on pyrolysis. Lithologically, oil shale
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Figure 2.--Map showing the outline of the Green River Formation and
the overlying Uinta Formation (Tgu) in the northern part of the
Piceance Creek Basin, Colorado. The area of bedded for halite
and the 30-, 150-, and 300-meter isopachs for nahcolitic rocks
are shown. The locations of the 10 study wells are indicated.
The 1ine of section for plate 1 is indicated by the dashed line
drawn from core hole C5 to the measured section (X) on lower
Piceance Creek. The line of section for plate 2 is shown by the
solid line drawn from core hole C2 to core hole Cl.



may be marlstone, shale, or siltstone.

The Garden Gulch Member is composed chiefly of fissile,
kerogenous illitic shale, whereas the Parachute Creek Member is
composed characteristically of massive, tough, kerogenous dolomitic
marlstone with 1ittle or no illite. In the subsurface, the contact
between these two lithofacies is gradational. X-ray diffraction
data show the il1lite content of the upper part of the Garden Gulch
shales gradually decreases stratigraphically upward as the rocks
become more dolomitic and massive. The Garden Gulch Member is 136
m thick in core hole C34 and thins to 80 m on the outcrop at lower
Piceance Creek (fig. 2).

Using bar graphs of shale-o0il analyses of cores and
cuttings from many wells, the oil-shale deposits of the Parachute
Creek and Garden Gulch Members were divided into a series of zones
of alternating lean and rich o0il shales by J. R. Donnell (Donnell
and Blair, 1970; Cashion and Donnell, 1972). The relatively thick,
rich oil-shale zones are designated by the series: R-0, R-1, R-
2... R-6 and the thinner lean oil-shale zones by the series: L-0,
L-1, L-2... L-5. The next three overlying zones are named rather
than numbered. These are the B-groove, a thin kerogen-lean zone;
the rich Mahogany oil-shale zone; and the A-groove, another thin
kerogen-lean unit. The stratigraphically highest oil shales at the
top of the Parachute Creek above the A-groove are not designated by
name or number,

In the northeastern portion of the Piceance Creek Basin,
the kerogenous dolomitic marlstones in the lower part of the

Parachute Creek Member grade northward into fissile kerogenous
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shales between core hole C34 and the surface section on lower
Piceance Creek (pl. 1). In this area, the main body of the
Parachute Creek Member below the Mahogany zone, which includes the
saline facies, grades northward into massive to platy dolomitic
maristone with 1ittle kerogen and with increasing amounts of sandy
and silty siliciclastics (Hail, 1972, 1974). Toward lower Piceance
Creek on the northeast side of the basin, the main body of the
Parachute Creek Member also decreases in kerogen content as
analcime, illite, and calcite which are not common in the
subsurface in the study area, increase in abundance (Brobst and
Tucker, 1973).

In core holes C177 and C179, the Parachute Creek Member is
about 490 m thick, and it thins to 360 m on lower Piceance Creek,
The maximum known thickness of the Parachute Creek is 539 m in core
hole C8.

The saline facies of the Parachute Creek Member extends
from near the base upward into the Mahogany oil-shale zone near the
top of the member. The lower part of the saline facies contains
large amounts of nahcolite and halite, but the upper part has been
leached of its water-soluble salts as evidenced by vugs, crystal
cavities, and marlstone solution breccias.

Cashion and Donnell (1972) have shown that the oil-shale
zones are identifiable on sonic and density geophysical well logs,
as well as on shale-o0il bar graphs. Some of these zones, and
certain rich oil-shale beds, can be traced laterally for as much as
240 km from the southeastern part of the Piceance Creek Basin

westward into the southwestern part of the Uinta Basin, Utah. The
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shale-o0il resources of the Mahogany and R-6 oil-shale zones in the
Piceance Creek Basin have been published by Pitman and Johnson
(1978) and Pitman (1979).

Toward the saline depocenter in the northern part of the
Piceance Creek Basin, the recognition of the oil-shale zones on
shale-o0il bar graphs becomes difficult because the oil-shale beds
are masked by thick beds of nahcolite and halite. However, many
continuous units of nahcolite and halite can be physically
correlated between core holes and these permit tracing of the oil-
shale zonation through the saline facies. Rocks within the saline
facies are further divided on the basis of the nahcolite and halite
content into subzones or beds, which are designated alphabetically

for convenient reference (pls. 1 and 2).
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CHAPTER II1I
LITHOLOGY OF THE SALINE FACIES

The lower unleached part of the saline facies of the
Parachute Creek Member consists of low- to high-grade oil shale,
nahcolite, and halite. This sequence of rocks extends from the
middle of oil-shale zone R-2 upward to a well-defined dissolution
surface in oil-shale zones R-5 and L-5 (pl. 1). 1In the core holes
studied, the lower unleached part of the saline facies ranges in
thickness from 160 m in core hole C198 to a maximum estimated
thickness of 328 m in core hole C155, Core hole C155, which is
located close to the basin depocenter, did not penetrate the entire
thickness of the saline facies; the thickness is estimated from
other nearby drill holes.

Nahcolite occurs in (1) nonbedded coarse-crystalline
aggregates scattered through oil shale, (2) laterally continuous
units of fine-grained crystals disseminated in o0il shale, (3) brown
microcrystalline laminae and beds, and (4) white coarse-grained
beds. Where nahcolite occurs in beds, it is commonly associated
with bedded halite.

The relative amounts of aggregate, disseminated, and bedded
nahcolite were estimated from the 1ithologic logs and nahcolite
analyses for 10 core holes (table 2). Nahcolite aggregates
constitute the largest part of the resource, amounting to about 62
percent of the deposit. About 25 percent of the nahcolite is in

disseminated form, and about 13 percent of the nahcolite is
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Table 2.--Amounts of aggregate, disseminated, and bedded forms of

nahcolite in 10 core holes

Mode of occurrence of nahcolite (weight percent)

Core hole Aggregate Disseminated Bedded
e 53.2 29.5 17.3
cal/ 70.4 22.2 7.4
cs 52.8 44.6 2.6
c34 59.6 16.0 24,4
c153L/ 71.6 16.3 12.1
c154L/ 59.3 26.0 14.7
c155l/ 64.2 19.5 16.3
c156L/ 72.1 20.2 7.7
c177 54.6 24.7 20.7
€179 64.3 24.7 11.0

Average 62.2 24.4 13.4

1/ core hole did not penetrate entire saline facies.



bedded, These values are based on the dominant type of nahcolite
found in the subzones shown on plates 1 and 2, although a subzone

may actually contain more than one type of nahcolite.
Nahcolite Aggregates and Disseminated Nahcolite

Nahcolite aggregates are generally equant, but irregular to
spherical in shape. Aggregates commonly occur as scattered
individuals in oil shale, but a significant number (14 percent of
the aggregates >1 cm in diameter in core hole C177) form coalescent
groups of two or more aggregates (fig. 3).

The apparent mean diameter of nahcolite aggregates was
measured in slabbed 4-cm-wide drill cores from bore holes C177 and
C179 (fig. 4). Where only a part of an aggregate was exposed in
the core, its full apparent diameter on the slabbed surface was
estimated by projecting the outline of the aggregate beyond the
edge of the core. The apparent diameter of the aggregates ranges
from 0.3 to 168 cm. Two-thirds of the aggregates are 0.3 to 8 cm
in diameter, and almost 90 percent of them are 0.3 to 16 cm in
diameter.

The frequency of occurrence of nahcolite aggregates in core
holes C177 and €179 was also determined (table 3). The number of
aggregates >1 cm across exposed on the slabbed 4 c¢cm wide surface
per 0.6 m length of core was determined through the nahcolite-
bearing sequence of oil shale in each bore hole. O0n this basis,
about one-half of the nahcolitic oil shale contains fewer than one
nahcolite aggregate per 0.6 m length of drill core. About 77

percent of the remaining o0il shale contains 1 to 3 aggregates per
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Figure 3.--Photographs of slabbed drill cores of typical nahcolite
aggregates in Green River oil shale. A. Irregularly shaped to
nearly spherical aggregates of nahcolite about 2 to 7 cm in
diameter in laminated oil shale. The aggregates are rimmed with
pyrite and marcasite that have oxidized and blackened on
exposure to air., B, Parts of two nearly spherical rosettes of
nahcolite in well-laminated oil shale. The white patch at the
center of the lower aggregate is microcrystalline quartz. C.
Coalescent clumps of large brown nahcolite crystals in nearly
structureless oil shale, D. Coalescent aggregates of nahcolite
in well-laminated oil shale. E. Small nahcolite aggregates in
the lower part of the core diminish upward in size and grade
into disseminated nahcolite crystals in faintly laminated oil
shale. A well defined unit of disseminated nahcolite forms the
top 2 cm of the core. F. Nearly spherical nahcolite aggregate
rimmed with iron sulfide in blebby and streaked oil shale. The
white coating on the nahcolite aggregate in this photograph and
in photograph A is sodium sulfite. The iron sulfide rim has
oxidized, swelling and cracking the drill core. Bedding in
photographs A, B, N, and F clearly bends around the aggregates.
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Table 3.--Frequency of nahcolite aggregates in core holes C177 and

€179
Number of aggregates

per 0.6 m length of core Frequency Percent
0 420 47.3

1 164 18.5

2 120 13.5

3 75 8.4

4 44 5.0

5 29 3.3

6 18 2.0

7 9 1.0

8 6 0.7

9 3 0.3

888 100.0
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0.6 m length of drill core.

Some aggregates are composed of fine-grained nahcolite
crystals, but more commonly, the crystals are medium- to very
coarse-grained, The nahcolite crystals are usually bladed and
quite thin, measuring about 0.5 to 2.5 ¢m in length by about 0,2 to
2 mm in thickness. In some aggregates, the crystals are arranged
in a rosette-like pattern (fig. 3B). In many, if not most
aggregates, the nahcolite crystals form clumps of parallel crystals
where the orientation of the crystals differs from one clump to the
next (fig. 3C). Individual crystals within an aggregate are
usually separated by paper-thin kerogen-rich septa coated with a
variety of iron sulfide, carbonate, and silicate minerals most of
which are probably authigenic (fig. 5). The nahcolite is generally
colored brown by organic impurities. Irregular globs and
concentric shells of white microcrystalline quartz are found in
many aggregates (fig. 3B).

Pyrite and marcasite commonly form thin rinds around many
nahcolite aggregates (fig. 3A, F). On exposure to air, these iron
sulfide minerals oxidize rapidly, turn black, and expand. Slabbed
surfaces of nahcolite aggregates rimmed with pyrite and marcasite
commonly develop a secondary coating of sodium sulfite, probably by
reaction of the sulfide minerals with nahcolite:

2 1/2 0, + FeSy + 4NaHCO5 = 2Na,S03 + Fe(OH), + 4C0, + Hy0.

Nahcolite aggregates occur in laminated as well as in
blebby and streaked oil shale. Bedding in both types of oil shale
clearly bends around the aggregates and appears to be contorted due

to growth of the aggregates by precipitation from interstitial
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Figure 5.--Scanning electron photomicrographs of accessory minerals
in nahcolite aggregates. A. Water-insoluble kerogenous septum
coated with authigenic minerals from a nahcolite aggregate. The
light-colored oriented crystal clusters, about 70 to 120 um
long, are iron sulfide (marcasite?). These clusters are
oriented parallel to the long dimension (c crystallographic
axis) of the bladed nahcolite crystals in the aggregate. Bar
scale = 100 ym. B. Close-up view of two marcasite(?) clusters
(M?) just to the lower right of the pair of sulfide clusters in
the center of SEM photomicrograph A. The larger subhedral
grains are probably ankerite (A) and the smallest grains (- <4
wm) coating the septum are euhedral crystals of quartz and
subhedral crystals of potassium feldspar. Bar scale = 30 um,

C. Spherulitic blobs of authigenic microcrystalline quartz in
the water-insoluble residue of a nahcolite aggregate similar to
that in figure 3B, Bar scale = 300 ym, D, Close-up view of
the surface of one of the globs in SEM photomicrograph A.
Individual quartz crystals are about 1 to 4 ym in length. Bar
scale = 10 um,
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sodium bicarbonate waters during early diagenesis while the
enclosing sediments were still soft (fig. 3A, B, D, and F).

Disseminated nahcolite consists of discrete crystals of
nahcolite embedded in a matrix of kerogenous marlstone, The
concentration of nahcolite crystals ranges from a densely packed
mass of crystals separated by paper-thin marlstone septa, to widely
spaced crystals and clumps of small crystals scattered through
maristone (fig. 6A). Nahcolite crystals are commonly fine to
medium grained, although larger and smaller crystal sizes were
observed. Individual nahcolite crystals are prismatic, elongate,
and roughly square to rectangular in cross section. "Swallowtail"
twins are common (fig. 6B).

Fifteen units of disseminated nahcolite, ranging from 0.3
to 6.8 m, are shown on plates 1 and 2. Many of these units contain
not only disseminated nahcolite crystals, but nahcolite aggregates
and lenses, and thin beds of brown microcrystalline nahcolite,
Some units show much lateral variation in nahcolite type.
Disseminated nahcolite may grade laterally into bedded brown
microcrystalline nahcolite or nahcolite aggregates (for example,
see unit R-3J on pl. 2). For this reason, the nahcolite content
varies by as much as 15 to 20 percent between drill holes near the
basin depocenter. On the average, the thicker units of
disseminated nahcolite range between 40 and 60 weight percent
nahcolite (fig. 7), and contain about 15 to 25 percent more
nahcolite than the best of those zones of oil shale that contain

only scattered nahcolite aggregates.
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Figure 6.--Photographs of disseminated nahcolite in nearly
structureless kerogenous marlstone, A. Core slab cut
perpendicular to bedding, The apparent size of the nahcolite
crystals is about 0.2 to 3 mm, The crystals grade upward from
rather widely scattered to a close-packed fabric toward the top
of the photograph. B. Core slab cut parallel to bedding.
Randomly oriented prismatic nahcolite crystals lie with their
longest dimension (c crystallographic axis) parallel to
bedding, Some “swallowtail" twinned crystals can be seen.
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Despite vertical and lateral variation in nahcolite types
and fabrics, many units of disseminated nahcolite are remarkably
persistent laterally. Some units underlie several hundred square
kilometers,

With few exceptions, disseminated nahcolite is found in
association with only laminated to structureless kerogenous
marlstone, and not with blebby and streaked kerogenous marlstone,
Some units of disseminated nahcolite are distinctly laminated. The
laminae consist of alternating layers of marlstone and disseminated
nahcolite. Groups of laminae can be correlated between wells as
much as 6 km apart (fig. 8). The laminae suggest annual cycles of
sedimentation, or varves. If this is true, the depositional rate
for the laminated unit in figure 8 is about 0.5 to 2 mm per year.

The depositional environment of disseminated nahcolite
appears to be intermediate between that of nahcolite aggregates,
which clearly formed after deposition of the enclosing marlstones,
and that of bedded nahcolite which precipitated directly from the
parent lake brine. Apparently, the brine was not quite saturated
for sodium bicarbonate to precipitate nahcolite but required only
slight dewatering of the sediment to cause precipitation and growth
of nahcolite crystals. The rate of deposition of marlstone kept
pace with precipitation of disseminated nahcolite close to the

brine-sediment surface to form a "semibedded" type of nahcolite.
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Figure 8.--Photographs of slabbed drill cores of laminated
disseminated nahcolite at the top of subzone R-3F from core
holes C1, C154, and C177. Alternating laminae of disseminated
nahcolite (dark layers) and kerogenous marlstone (1ight layers)
can be easily correlated between core holes C1 and C154, but
with less certainty between core holes C154 and C177.

Cc1

c177 Cc154
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Bedded Nahcolite and Halite

Bedded nahcolite occurs in two distinct types. The first
type consists of porous, white to tan, fine- to dominantly coarse-
grained (about 0.2-10 mm) nahcolite having a granular texture.
Light-brown and white color-banding and mottling is common in many
beds. Most beds of white nahcolite contain scattered laminae and
thin layers of marlstone as much as 10 cm thick., Some of these
maristone layers are moderately to highly contorted. Angular
fragments of laminated marlstone as much as 4 cm across were noted
in one bed of white nahcolite. The contorted marlstone layers and
clasts indicate that some of the white nahcolite was locally
subjected to considerable slumping and deformation probably during
early diagenesis. Aside from the marlstone interbeds, the white
nahcolite is relatively free of impurities, although halite is
found in some beds close to the basin depocenter. Most beds of
white nahcolite are porous and contain irregularly shaped
interconnected cavities that are generally about 1 to 7 mm across,
and occasionally 15 mm across (fig. 9A). Secondary veins of
coarse-grained white nahcolite cut vertically across some beds.,

Six of seven beds of white nahcolite ranging from 1.7 to 10
m in thickness are shown on plates 1 and 2. These beds grade into
mixed halite and nahcolite toward the chemical depocenter of the
basin. The nahcolite content of these beds ranges from 44 to 90
weight percent, One of the thickest beds of white nahcolite, bed
L-5A, lies just below the dissolution surface at the top of the
lower unleached part of the saline facies and probably contains

brine from the overlying leached zone.
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Figure 9,--Photographs of drill core of bedded nahcolite and
halite. A. Porous, white, and brown coarse-grained
nahcolite. Porosity is about 34 volume percent., B. Brown
microcrystalline nahcolite showing faint flow structure, A
well-laminated layer of kerogenous marlstone 1 cm thick is near
the base of the core. The three dark laminae near the top are
also maristone, The contorted white stringers in the center of
the specimen are authigenic microcrystalline quartz (0Q). C.
Poorly developed alternating layers of halite (dark areas) and
nahcolite and halite (1ight areas)., The halite is very coarse
grained and includes crystals as large as 1 cm. Brine-filled
negative crystals and inclusions of irregular shape are abundant
in the halite, The light areas consist of a mush of very fine
grained (<0.1 mm) prismatic crystals of nahcolite with the
interstices between crystals filled with halite. D. Water-
eroded pieces of whole drill core of halite and nahcolite. The
core to the left shows well developed laminae to very thin beds
of alternating halite (deeply eroded layers) and brown
microcrystalline nahcolite (thin wafer-like laminae and
layers). The core to the right is mixed halite (deeply eroded
parts of the core) and nahcolite that shows no distinct bedding.
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The second type of bedded nahcolite is brown, fine-grained
to microcrystalline, dense, and nonporous (fig. 98). The nahcolite
is commonly interstratified with laminae to thin beds of kerogenous
marlstone about 0,2-5 cm thick., The nahcolite is commonly faintly
laminated to structureless. Some beds are contorted and folded and
show internal flow structures, which were probably formed prior to
lithification when the nahcolite and enclosing kerogenous
marlstones were still soft and subject to slumping, Much of the
nahcolite is colored light to medium brown by small amounts of
organic impurities. Creamy patches and irregular stringers of
microcrystalline quartz and scattered tiny blebs of pyrite about
0.25 mm across are common accessories; these minerals amount to
probably less than a few percent of the nahcolite.

Brown microcrystalline nahcolite forms beds about 1 cm to
8.6 m thick in the upper part of the lower unleached saline facies
in oil-shale zones L-4, R-5, and L-5, Few such beds are found
below the base of oil-shale zone L-4. Some beds make excellent
stratigraphic markers because of their lateral continuity and
correlatable sedimentary structures,

One of the most widespread thick beds of brown
microcrystalline nahcolite is bed L-4D which underlies a minimum
area of 155 kmz, ranges in thickness from 1.9 to 3.6 m, and
averages about 57 weight percent nahcolite. The detailed
stratigraphy of nahcolite bed L-4D is shown on plate 3. The
nahcolite bed is also the stratigraphic datum for plates 1 and 2.
It is one of the principal beds under consideration for mining

nahcolite. The U.S. Bureau of Mines Horse NDraw Facility has opened
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a small entry on bed L-4D at a depth of 562 m in the SW1/4 sec. 29,
T. 1S., R, 97 W,

Some beds of brown microcrystalline nahcolite, like white
nahcolite, grade laterally into halite toward basin center (beds R-
56 and R-5S), whereas other beds such as L-4D and R-5J appear to be
free of halite. Although relationships are still not clear,
available stratigraphic evidence suggests that some beds of brown
microcrystalline nahcolite grade basinward into white nahcolite and
in turn into mixed halite and nahcolite at basin center (fig. 10).

Halite, interstratified with nahcolite and kerogenous
marlstone, forms beds 0.6 to 19.5 m thick in the upper part of the
unleached saline facies in oil-shale zones R-5 and L-5. These
rocks are concentrated in two sequences of several thick beds--one
in the lower part of oil-shale zone R-5 and the other in the upper
part of zone R-5 and the lower part of zone L-5, with a few thin
halite beds between. The halitic rocks are composed commonly of
alternating thin layers of halite and nahcolite (fig. 11).

Couplets of halite and nahcolite range from paper-thin laminae to
layers several centimeters thick. The halite is usually clear to
light-smoky gray and medium- to coarse-grained. The nahcolite is
tan to light brown, dense, and fine-grained to microcrystalline.
Paired layers of nahcolite and halite may be seasonal units of
sedimentation akin to the varved marlstone of the Green River
Formation (Dyni and others, 1970). Parts of some beds show no
clear rhythmic bedding as described above, but consist of an
irregular mixture of halite and nahcolite (fig. 9n). Scattered

through the halitic beds are interbeds of kerogenous marlstone and
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Figure 10.--Subsurface lithofacies map of nahcolite-halite bed R-
5C. The lateral extent of the bed is determined by the
dissolution surface at the top of the unleached part of the
saline facies. As intrepreted here, brown microcrystalline
nahcolite grades basinward (southward) into white coarse-grained
nahcolite which grades into interbedded halite and nahcolite at
the basin depocenter. Control wells are indicated by black
dots.



Figure 11.--Photographs of rhythmic couplets of halite (eroded dark
layers) and nahcolite (resistant light layers). A. Correlation
of laminae in drill cores in the top part of bed R-5G from core
holes C155 (specimen on right) and C153 (specimen on left) which
are 4.8 km apart. Note the small-scale folded nahcolite laminae
presumably formed during early diagenesis when the sediments
were still soft. B. Thick cyclic units of halite and
nahcolite. Here, a typical couplet consists of a lower unit of
light-smoky gray coarse-grained halite that grades upward into
light-brown microcrystalline nahcolite. The top of the
nahcolite layer forms a sharp contact with the next couplet
above,

c153

C155

4.8 KM
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kerogen-poor maristone that range from laminae to 0.6 m in
thickness, The beds of interstratified halite and nahcolite thin
away from basin center and grade laterally into white coarse-
grained nahcolite and brown microcrystalline nahcolite. The lower
sequence of halitic rocks is thickest in the vicinity of core holes
€153, C177, and C179, whereas the upper sequence of halitic rocks
is thickest in the vicinity of core holes C154 and C155, suggesting
that the chemical depocenter for these evaporites shifted several

kilometers to the northeast during deposition of these rocks.

Kerogenous Marlstones

The rocks enclosing the nahcolite and halite deposits in
the Piceance Creek Basin are predominantly dark yellowish brown
kerogenous dolomitic marlstones (oil shales). Based on sedimentary
structures, these rocks can be divided into two basic types: (1)
laminated maristone and (2) blebby and streaked marlstone, Some
marlstone appears to be nearly structureless, but on close
examination, most can be assigned to one or the other of the two
types (fig. 12).

The laminated marlstones of the Green River Formation have
been described at length by Bradley (1930, 1931). These rocks
consist of alternating dark kerogen-rich and light mineral-rich
laminae which Bradley believed to be varves. About 50 to 60
percent of the marlstone in the lower unleached part of the saline
facies is laminated; the remaining maristone is blebby and
streaked.,

Blebby and streaked marlstone was first described as oil
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Figure 12.--Photographs of slabbed drill cores and mine rock of
blebby and streaked kerogenous marlstone. A. Streaked
kerogenous marlstone containing large flat clasts of laminated
marlstone that Tie nearly parallel to bedding. Some clasts
taper to thin wispy edges or have delicate serrated edges. The
thin dark streaks may be algal mat material or marly shale.

B. Blebby kerogenous marlstone showing well-graded bedding.
Units 1, 2, and 3 may comprise a single sedimentation unit
(turbidite) which is about 10 cm thick. Units 1 and 2 are
composed of clasts of nonlaminated dolomitic marlstone in a
kerogen-rich marlstone martix. Unit 3 is nearly structureless
pelitic marlstone that contains minute black bedding-parallel
streaks of kerogenous material. C. Blebby kerogenous marlstone
containing unsorted clasts of nonlaminated maristone. D.

Blebby kerogenous marlstone cut parallel to bedding. The larger
nonlaminated marlstone clasts seem to show a preferred east-west
orientation.
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shale breccias by Bradley (1931, p. 28), who believed that they
were derived from subaerially exposed mud flats during low-water
stages of Lake Uinta. Trudell and others (1970) and Dyni (1974)
noted large amounts of blebby and streaked marlstone in drill cores
from the Colorado oil-shale deposits. Dyni and Hawkins (1981)
recently reinterpreted these rocks to be lacustrine turbidites that
were deposited by lake-bottom currents.

Typical blebby maristone consists of clasts of light-tan to
brown dolomitic marlstone in a matrix of dark-yellowish-brown
kerogenous dolomitic maristone, Most clasts are matrix-supported,
thin and flat to lenticular, and lie with their long dimension
parallel to bedding. Many clasts have delicately preserved finely
serrated or wispy edges whereas others have round to tapered edges
(fig. 12A and B). Most clasts are nonlaminated, but some are
faintly to well laminated. The laminae within a clast are commonly
parallel to the long dimension of clast, but in a few clasts, the
laminae are transverse to the long dimension. A few X-ray
diffraction analyses indicate that the clasts of lighter hues are
composed chiefly of fine-grained dolomite and lesser amounts of
quartz and the fine-grained marlstone matrix is composed of
dawsonite, dolomite, quartz, sodium and potassium feldspars, and
pyrite. Judging from colors, the marlstone matrix contains much
more kerogen than the clasts. The longest dimension of the clasts
ranges from a few millimeters to 5 or more centimeters by a maximum
thickness of about 1 ¢cm. Some blebby marlistone shows distinct
graded bedding (fig. 12B); in other units, the clasts show no

obvious sorting or graded bedding (fig 12C). 1In plan view, the
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long dimension of some large elongate clasts show a subparallel
orientation that may be useful in determining the direction of
turbidity currents (fig. 12D). Ripple marks and inverse graded
bedding have not been observed in these rocks.

Many nonlaminated marlistones contain thin dark-brown to
black flakes that parallel bedding and give the rock a streaked
appearance, These flakes do not appear to be carbonized fossil
debris of vascular plants. Perhaps, they are algal-mat detritus or
simply clasts of kerogen-rich marl. All gradations between blebby
and streaked structures occur, and commonly, both structures are
intermixed. Many bands of kerogenous marlstone are nearly
structureless, but even in these units tiny black bedding-parallel
flakes can be detected. Some marlstone shows rhythmic alternation
of blebby and streaked layers. Figure 12B shows upward fining of
clasts through a 10-cm thick sequence of marlstone. This sequence,
which may represent a single depositional unit, can be divided into
a lower layer containing relatively large clasts of dolomitic
marlstone, a middle layer with distinctly smaller clasts than the
one below, and an upper pelitic layer containing a few tiny
bedding-parallel flakes.

The blebby and streaked marlstones, on the whole, are
massive and tough, and show little tendency to split along bedding
planes. Where units of blebby and streaked marlstone are underlain
by laminated maristone, the contact is usually sharp and
undulating, The uppermost few centimeters of laminated maristone
commonly displays slumped and contorted bedding and probable drag

folds.
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The blebby and streaked maristones are higher in kerogen
content than the laminated maristones (fig. 13)., Frequency
distributions of the shale-o0il content of core samples of blebby
and streaked maristone and laminated marlstone from the saline
facies shown in figure 13 are clearly different., The hypothesis
that both sets of shale-oil values are drawn from the same
population is rejected at the 0.001 significance level by a
Kolmogorov-Smirnov two-sample statistical test. This nonparametric
test is sensitive to any differences (skewness, central tendency,
and dispersion) in the populations from which the samples were
drawn (Siegel, 1956, p. 127-131).

The bulk mineralogy of the blebby and streaked maristone
may also be significantly different from that of the laminated
maristone., The dawsonite content of samples of both types of
marlstone was calculated on a nahcolite-free basis from mineral
percentages listed in table 4. The frequency distributions of the
dawsonite values of samples representing both types of marlstones
are shown in figure 14. The hypothesis that the dawsonite values
for each type of marlistone are from the same population was
rejected at the 0.01 significance level by a Kolmogorov-Smirnov
two-sample test. The dawsonite values for laminated marlstone show
greater dispersion about the mean than the values for blebby and
streaked marlstone. Perhaps, dawsonite was formed under a more
uniform and narrower range of chemical conditions in blebby and
steaked maristone than in laminated maristone,

Blebby and steaked marlstone forms units a few centimeters

to 11 m thick. Many units are commonly 1 to 6 m in thickness
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(p1s. 1 and 2). There is evidence that some units of blebby and
streaked maristone form laterally continuous units in the Piceance
Creek Basin, For example, the "sixty" oil-shale bed, named in
reference to its shale-oil content (Dyni, 1974), is a unit of
blebby marlstone near the base of oil-shale zone R-4. This unit is
easily identified on shale-oil histograms by its high shale-oil
content as well as by its blebby structure in drill cores. The
“sixty" bed is about 0.6 to 1.2 m thick, and it occupies a minimum
area of 175 kmZ in the northern part of the basin, Other beds of
blebby and streaked marlstone will probably be traceable over
considerable distances in the basin,

Within the lower unleached part of the saline facies,
laminated marlstone contains all three types of nahcolite
(aggregates, disseminated, and bedded), However, blebby and
streaked marlstone usually contains nahcolite only in aggregates
and discontinuous lenses and pods. From study of the vertical
distribution of blebby marlstone on plates 1 and 2, the most
evaporative phases of Lake Uinta, as represented by bedded halite
and nahcolite, appear to have favored the deposition of laminated
rather than blebby and streaked maristone.

The blebby and streaked marlstones were identified as oil
shale with pebbles, nodules, or pods of dolomite by Brobst and
Tucker (1973), as "flat-pebble conglomerate" by Lundell and Surdam
(1975), and as "mosaic breccia" by Bradley (1931, p. 28). Bradley
believed these rocks originated during subaerial exposure of
kerogen-rich sediments in a mudfiat environment. On exposure to

the sun, these sediments dried, cracked, and formed many clasts and
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flakes that were subsequently incorporated with more mud supplied
by the next rise in lake level. This explanation, however, is not
consistent with the results of this study.

The clasts in the blebby marlstones have a different
composition than the enclosing marly matrix. If both clasts and
matrix originated essentially in situ, as Bradley suggested, the
composition of the clasts and matrix would not be different,
Furthermore, most clasts are flat, not curled as would be expected
for sun-cracked fragments, Many clasts taper to thin edges or are
delicately serrated indicating that the clasts were soft fragments
when they were incorporated within the marly matrix and did not dry
and curl, The high degree of parallelism of the flat clasts seems
unlikely in a subaerially exposed mudflat environment. The
subparallel orientation of the larger elongate clasts (fig. 12D) is
strongly indicative of water currents. The fact that some clasts
are internally structureless and others are laminated suggests
different sediment source areas in the lake basin.

Most of the evidence suggests that the blebby and streaked
maristones are turbidites, rather than desiccation breccias formed
in a mudflat environment (Dyni and Hawkins, 1981). The lower
contacts of blebby and steaked marlistones which overlie laminated
marlstone suggest scouring accompanied by slumping and drag folding
of soft laminated marls by strong currents. Graded bedding, a
typical sedimentary structure of turbidites, is prominantly
displayed in some blebby marlistones. The three-fold division of a
graded bed of blebby and streaked marlstone in figure 12B suggests

a partial Bouma sequence (Blatt and others, 1980, fig. 5.7).
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Blebby units 1 and 2 may correspond to upper flow-regime division
A, or perhaps divisions A and B of the Bouma sequence. Pelitic
unit 3 in figure 12B is possibly equivalent to Bouma divisions D
and E and was deposited by the low density part of the turbidity
current when its velocity was low.

Graded bedding is not obvious in some units of blebby and
steaked marlstone, and the clasts show little sorting vertically
through a bed. Possibly, such units were deposited by relatively
short-lived turbidity currents where the clasts had insufficient
time to be segregated by size.

The geometry of individual marlstone turbidites is still
largely unknown, but their occurrence, indicated on plates 1 and 2,
suggests that they are nonchannelized blanket-like beds. Two beds
of siltstone in oil-shale zone R-6, and another just above A-groove
(p1s. 1 and 2) contain large clasts of laminated marlstone. These
beds are also believed to be turbidites. In the lower part of the
Parachute Creek Member and underlying Garden Gulch Member, a number
of thin silty layers about 0.3 to 12 cm thick have been identified
on plates 1 and 2 as tuffs; some or all may be turbidites.

Certain tuffaceous beds may be turbidites. The "wavy
bedded analcitized tuff" bed lies 14-34 m above the Mahogany marker
tuff bed which in turn lies 1-4 m above the Mahogany oil-shale bed
contains "“irregular stringers of marlstone" and varies from 25 to
150 c¢m in thickness (Donnell, 1961, p. 858 and pl. 53). The
marlstone clasts, and variation in thickness and stratigraphic
position suggest a turbiditic origin for this bed. A similar

tuffaceous bed, the "Curly bed," which is about 21-36 m below the
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Mahogany bed (Cashion and Donnell, 1972; Desborough and others,
1973, fig. 1) may also be a turbidite. Cashion (1967, p. 18-19)
noted two general types of tuffs in the Green River Formation in
the southeastern part of the Uinta Basin, Utah. The first type has
smooth upper and lower surfaces and no internal bedding or grain
orientation, The second type has undulatory surfaces, displays
internal flowage structures and oriented crystals, and contains
inclusions of oil shale and marlstone. Most likely, tuff beds of
the first type were deposited directly into the lake with little or
no subsequent movement after the sediments came to rest on the lake
bottom. Tuffaceous sediments of the second type show evidence of
turbiditic and/or grainflow origin (see Middleton and Hampton,
1973, for discussion of gravity-flow sediments including turbidites

and grainflow sediments).

L3

Micro-Faults and "Loop Bedding"

Most of the laminated marlstones contain a network of
prelithification curvilinear fractures that cut across bedding at
low to high angles. Commonly, laminae on either side of the
fracture are slightly offset a few millimeters. These fractures
are mostly healed with little or no permeability. Some fractures
curve downward into an irregular vertical zone a few millimeters
wide that is filled with more-or-less structureless marlstone.
Other fractures curve into a surface parallel to bedding and appear
to die out. These fractures extend for several centimeters and cut
across as much as 2-cm-thick sequences of laminated marlstone.

Laminae adjacent to a fracture commonly show slight drag
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structures. Similar fractures in blebby and streaked marlstone
have not been observed,

"Loop bedding," first described by Bradley (1930, p. 29,
pl. 17,B), is another common structure in the laminated
marlstones. In rock slabs cut vertical to bedding, "loop bedding"
consists of groups of laminae a few millimeters thick, that appear
to have been locally constricted, as if one had pinched them
together, and other groups of laminae appear to simply pinch out
laterally. When examined on slabs cut at angles of 45° or less
across bedding, these structures were found to have been formed by
a prelithification fracture that cut across the laminae at a low
angle accompanied by a slight offset of the laminae on either side
of the fracture, Some fractures are locally filled with material
that appears to have been originally fluidized sediment that was
squeezed into the fracture.

The extensive network of prelithification fractures
suggests they played a role in sediment lithification processes.
They are interpreted to be water-escape structures that formed

after the sediment was deposited and buried to some unknown depth,
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CHAPTER IV

COMPOSITION OF THE MARLSTONES

The quantitative mineralogy of 279 core samples which
represent the the saline facies in core hole C5 was determined by a
variety of analytical methods. The results are listed in table 4.

The analyzed sequence of rocks in core hole C5 is 176.78 m
thick and extends downward from the dissolution surface a few
meters above the base of oil-shale zone R-5 into the lower one-half
of oil-shale zone R-2, This sequence includes nahcolite- and
dawsonite-bearing oil shales below the stratigraphically lowest
halitic rocks in oil-shale zone R-5 and above the stratigraphically
highest occurrence of illitic oil shale in the lower part of zone
R-2.

Samples for the depths listed in table 4 were prepared for
analysis by compositing one-quarter of 0.6 m lengths of drill core
(5 cm in diameter) from core hole C5. The amounts of minerals and
kerogen were calculated from the following analyses: acid-soluble
sodium (in 6 percent HC1 solution) was determined by flame
photometry by Wayne Mountjoy and John Blair; elemental aluminum,
silicon, potassium, and calcium were determined by wave length-
dispersive X-ray fluorescence analysis of pressed pellets of
powdered whole-rock samples by J. S. Wahlberg and M, W. Solt.
Nahcolite was determined quantitatively by P. C. Beck, who used the
thermal method of Dyni and others (1971). The amount of kerogen

was calculated from Fischer assays made by the Laramie Energy
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Technology Center, Department of Energy, Laramie, Wyoming.
Estimates of the range of precision for the analytical data
were made by comparison of the data with duplicate analyses and
with analyses made by other methods on small sets of samples,
mostly those from table 4. The ranges in precision for the data
were determined by regression methods at 95 percent confidence
limits. For sodium, duplicate analyses for a set of 13 samples
gave an estimated range in precision of %1 to 6 percent of the
reported value. For aluminum, the estimated range in precision is
+5 to 15 percent for aluminum values of 1.9 or more percent (91
percent of the samples listed in table 4) on the basis of comparing
the X-ray data with atomic absorption analyses made on a set of 13
samples by I. C. Frost. The estimated range in precision for
silicon is *6 to 15 percent for values of 6.8 or more percent (91
percent of the samples listed in table 4), based on the comparison
of the X-ray values with silicon values determined colorimetrically
by G. T. Burrow on a set of 14 samples. Potassium values of 1.0 or
more percent (80 percent of the samples listed in table 4) have an
estimated range in precision of +6 to 22 percent, based on a
comparison of the X-ray values with potassium values determined in
duplicate by flame photometry by Wayne Mountjoy on a set of 16
samples. For calcium, the estimated range in precision is #5 to 15
percent for values of 2.8 or more percent (90 percent of the
samples listed in table 4) based on a comparison of the X-ray data
with calcium values determined in duplicate by atomic absorption
analyses of a set of 16 samples by Wayne Mountjoy. The accuracy of

the elemental data is undetermined. For nahcolite, the estimated
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range in precision for samples containing 5.0 or more percent
nahcolite is *0.3 to 2.4 percent, The estimated accuracy of the
nahcolite values in amounts of 5.0 or more percent ranges from #1
to 10 percent of the reported value,

The mineralogy of each sample was determined qualitatively
by X-ray diffraction analyses of pressed pellets of whole-rock
specimens. The minerals and their chemical formulas used in
calculating mineral percentages were: nahcolite (NaHCO3),
dawsonite [NaAl(OH),C03], dolomite [CaMg(CO4),], calcite (CaC04),
albite (NaA1Si,0g), potassium feldspar (KA1Si30g), and quartz
(5102). No allowances were made for small amounts of other
minerals, including illite and pyrite, which are known to be
present in many samples. These minerals probably amount to no more
than a few percent in most samples. Additionally, no allowances
were made for compositional variations, especially in dolomite,
which is known to contain substantial quantities of iron. The
steps used to calculate the percentages of the minerals and kerogen
follow:

1. The amount of nahcolite was determined by the thermal
method, and the amount of sodium in nahcolite was calculated.

2. The amount of sodium assignable to dawsonite was
calculated by subtracting nahcolite sodium from the analytically
determined value of acid-soluble sodium, and this value was used to
calculate the amounts of dawsonite and dawsonitic aluminum,

3. Feldspar aluminum was taken as the difference between
total aluminum and dawsonitic aluminum,

4, The amounts of potassium feldspar and aluminum in
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potassium feldspar were calculated from the value for potassium,

5. Sodium feldspar was determined from the difference
between the amount of feldspar aluminum and the amount of aluminum
in potassium feldspar.

6. The difference between the amount of silicon assignable
to the feldspars and total silicon was used to calculate percent
quartz.

7. Dolomite was calculated from total calcium. For those
samples containing both calcite and dolomite, peak-height ratios
from X-ray diffractograms were used to calculate relative amounts
of each mineral by the method of Royse and others (1971), then
percentages of each mineral were calculated from the value for
total calcium,

8. The amount of kerogen was calculated from the Fischer
assay of the sample, in gallons per ton, multiplied by an
empirically derived factor of 0.58 developed by Smith (1966) for
0oil shale in the Mahogany zone. It is assumed that this factor
remains constant through the saline facies, whereas, it probably
changes somewhat with depth,

The total amount of minerals plus kerogen for the samples
listed in table 4 ranges from 83.2 to 119.6 weight percent., Almost
90 percent of the values range between 94 and 112 weight percent.
The grand mean for all 279 samples is 103.4 weight percent.

A series of experiments were made to determine the validity
of the methods used to determine the amounts of minerals and
kerogen in table 4 and to determine, if possible, the major sources

of error in the calculations. The amounts of mineral and organic
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carbon (figs. 15 and 16) were compared with values for mineral and
organic carbon calculated from the data listed in table 4 for a
suite of 46-47 samples selected from those listed in the table 4.
The figures show a fairly wide scatter of data points. Correlation
coefficients for both data sets is 0.92. Most samples in both
figures are biased toward higher calculated rather than
analytically determined values for mineral and organic carbon, If
the latter values are accurate, the data suggest that the carbonate
minerals or kerogen, or both, were overestimated in table 4.

The calculated amounts of minerals and kerogen from table 4
were compared to water-soluble, acid-soluble, and acid-insoluble
fractions of small sets of samples listed in table 4 (figs. 17, 18,
and 19). In figure 17, the weight loss in water of 16 samples of
nahcolitic marlstone was compared to nahcolite values determined by
the thermal method. A high degree of correlation (r2=0.997) was
found with very little bias, indicating that the thermal method
used to determine nahcolite values in table 4 yields accurate
results. Similarly, in figure 19, the weight of the acid-insoluble
fraction of 28 samples was compared with the total weight of
feldspars, quartz, and kerogen from table 4. Again, a high degree
of correlation (r2=0.969) was found with only a small bias between
data sets, indicating that the sum of the weights of the silicate
minerals and kerogen is reasonably accurate. A high degree of
correlation (r2=0.997) was also found when the weight loss of the
acid-soluble fraction of 29 samples in figure 17 was compared with
the sum of the weights of acid-soluble calcium, magnesium, iron,

and sodium calculated as metal carbonates. From these data and
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X-ray diffraction analyses, it can be reasonably assumed that the
acid-soluble cations occur in dolomite, ankerite, calcite,
dawsonite, and possible siderite. When the sum of the weights of
the acid-soluble carbonate minerals calculated from table 4 are
compared with the acid-soluble weight loss for 28 samples of
marlstone in figure 20, the correlation of the data (r2=0.77) is
relatively poor, but with no significant bias. Furthermore, the
sum of magnesium and iron in atomic percent correlates poorly
(r2=0.62) with calcium in the acid soluble fraction of 26 samples
in figure 21 calculated on a calcite-free basis from data in table
4, Excess calcium is found in a number of samples suggesting that
calcite is underestimated in many samples in table 4, probably
because the diffraction lines for calcite and siderite are
difficult to see at Tow concentrations (<10 percent).

The conclusion drawn from the foregoing experimental data
is that, with the exception of dawsonite, the principal source of
error in computing mineral percentages lies with the acid-soluble
carbonate minerals, The percentage of dawsonite was determined
from acid-soluble sodium values and should be independent of the
other carbonate minerals.

The values for minerals plus kerogen for the samples listed
in table 4 were normalized to equal 100 weight percent except those
for nahcolite, dawsonite, and kerogen, which were assumed to be
measured without substantial error. These normalized values,
summed as silicates, carbonates, and kerogen are plotted on ternary
diagrams in figure 22. Figure 22A shows the compositional field

for samples calculated with nahcolite, and figure 21B shows the
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Figure 22.--Compositional fields for kerogenous maristone from the
saline facies in core hole C5 between the depths of 561.14 and
737.92 m. Normalized data are from table 4. Carbonates include
dawsonite, dolomite, calcite, and nahcolite in diagram A and
exclude nahcolite in diagram B. Silicates include K-feldspar,
Na-feldspar, and quartz in both diagrams.
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field excluding nahcolite. The average mineral composition for the
279 samples including nahcolite is 48.1 weight percent carbonate
minerals, 33.1 percent silicate minerals, and 18.8 percent

kerogen, Figure 21A shows a wide scatter of data points reaching
toward the carbonate end of the diagram, which reflects nahcolite-
rich units and beds. With the removal of nahcolite, the
compositional field contracts to a rather small area with mean
values for the entire sample suite of 38.1, 38.6, and 23.3 weight
percent for carbonates, silicates, and kerogen, respectively.

The composition of a carbonaceous marine shale from Germany
in terms of carbonate and silicate minerals and organic matter is
not greatly different from that of saliniferous Green River
marlistone, although the two kinds of rocks differ in mineral types
and origin, whereas the average composition for 400 samples of
Phanerozic marine shales lies completely out of the compositional

field for Green River marlstone,

Mineral Distributions

Figure 23, a simplified version of plate 1, shows the
stratigraphic distribution of some minerals in the Green River o0il-
shale deposits from the depocenter to the outcrop on lower Piceance
Creek. The stratigraphic distributions for nahcolite, dawsonite,
halite, analcime, illite, and "exotic" minerals including
northupite, searlesite, shortite, and wegscheiderite are shown,
These mineral distributions are based on X-ray diffraction analyses
of samples from core hole C5 (table 4), C177 (writer's unpublished
data), C34 (Robb and others, 1978), and from the surface section on

lower Piceance Creek (Brobst and Tucker, 1973).
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The mineral distributions shown on figure 23 form a series
of concentric overlapping zones beginning with illite and analcime
and progressing basinward through dawsonite, nahcolite, halite, and
finally to the unusual minerals searlesite, northupite, shortite,
and wegscheiderite found in the youngest halitic rocks at basin
center., Relatively small amounts of minerals that lie outside
their boundaries on the cross section are not shown,

In the subsurface, illite is the principal clay mineral in
the fissile kerogenous shales that comprise the Garden Gulch
Member. The top of the illite facies is shown in the wells, but
data are too few to show the distribution of illite elsewhere on
the cross section, 1I1lite is present throughout most of the
Parachute Creek Member on the outcrop at lower Piceance Creek
(Brobst and Tucker, 1973, p. 30-32), but it is not yet clear how
the mineral is distributed in the rocks from the outcrop to core
hole C34.

Mineral facies relationships between core hole C34 and the
surface at lower Piceance Creek are complex. Abrupt changes in
mineral facies occur in a distance of a few kilometers of the
outcrop, and the relationships shown on the cross section are
partly speculative,

Analcime appears to be restricted to the upper leached part
of the saline facies and overlying rocks. The base of the analcime
facies lies rather persistently about 60-90 m below the Mahogany
oil-shale zone in the subsurface and is found in progressively
older rocks toward lower Piceance Creek. On the outcrop, analcime

occurs essentially throughout the Parachute Creek Member.
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Analcime, other than in minor amounts, is not found in the lower
part of the oil-shale deposits in the subsurface,

In the subsurface, dawsonite first appears about 5-15m
below the top of the illite facies and is distributed vertically
through as much as 280 m of kerogenous marlstone in the lower part
of the saline facies. Dawsonitic rocks thin abruptly in the
vicinity of lower Piceance Creek, and on the outcrop, dawsonitic
rocks have thinned to a 110-m-thick sequence below the Mahogany
zone.

The lower boundary for nahcolite lies consistently several
meters above the top of the illite facies and extends upward to the
dissolution surface, Most likely, nahcolite originally extended
upward to the top of the leached part of the saline facies in the
middlie of the Mahogany zone. The nahcolitic rocks were originally
at least 420 m thick as estimated in core hole C154, thinning to a
leached 40-m-thick sequence in and just below the Mahogany zone on
the surface at Tower Piceance Creek.

Halite is limited to the lower part of the saline facies
above nahcolite bed L-4D and below the dissolution surface, but
like nahcolite, it probably was once present in the upper leached
part of the saline facies, perhaps as high as B-groove and the
lower part of the Mahogany zone which contain several solution

breccias., Halite is restricted to subsurface rocks at the

depocenter of the basin,
Searlesite, northupite, shortite, and wegscheiderite are
found in small quantities in the upper group of halitic rocks just

below the dissolution surface. Some of these minerals may have
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been present in the upper leached part of the saline facies but

have since been dissolved by ground water.
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CHAPTER V
GEOCHEMISTRY OF SULFUR

Sulfur is believed to have played an important role in the
origin of the sodium carbonate deposits of the Green River
Formation. Dyni (1977) reported that sulfur in the nahcolitic oil
shales in the Piceance Creek Basin is found almost entirely in
reduced form chiefly in iron sulfide minerals and combined in small
amounts with kerogen, Primary sulfate minerals are almost wholly
unknown in any of the saline facies of the Green River Formation,
Milton (1971) reported the occurrence of several authigenic sulfate
minerals, but these are found only in trace amounts.

Within lacustrine rocks of the Tertiary lake system of Utah
and Colorado, gypsum in beds as thick as 2.9 m are present in the
Flagstaff Limestone on the Wasatch Plateau of central Utah (fig. 1)
(Gi11, 1950, p. 105). The only other occurrence of authigenic(?)
gypsum in rocks of the Tertiary lake system of Utah and Colorado is
in surface exposures of the upper one-half of the saline facies and
the overlying limestone and sandstone facies of the Uinta Formation
of Dane (1955), which form the youngest lacustrine rocks of the
Tertiary lake system in western Uinta Basin (unpublished data).
Brobst and Tucker (1973, p. 24) reported gypsum in outcrops of the
Parachute Creek Member in the Piceance Creek Basin, but these are
minor products of weathering. Surdam and Stanley (1980, fig. 2)
show an occurrence of gypsum just below the Mahogany oil-shale bed

the eastern part of the Uinta Basin, but it is questionable,
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without substantiating evidence, whether this occurrence is primary
or the product of weathering. Evidently, only reduced sulfur in
sulfide minerals and small amounts combined with kerogen survived
in the Tertiary lake system of Utah and Colorado after Flagstaff
time until Tate in the history of Lake Uinta. The evidence
indicates a large-scale three-fold geochemical cycle of dominantly
oxidizing conditions represented by bedded gypsum in the Flagstaff
Limestone, reducing conditions indicated by sulfide minerals during
most of Green River time, followed by a return to oxidizing
conditions late in Green River and Uinta time with the reappearance
of authigenic(?) gypsum.

Cole and Boyer (1978) found that pyrite is the most
abundant iron sulfide mineral in the Parachute Creek Member in the
Piceance Creek Basin followed by marcasite, and pyrrhotite: small
amounts of sulfur occur as sulfate and in kerogen, The sulfide
minerals occur mostly in blades, blebs, streaks, lenses,
discontinuous laminae, and patches in kerogenous maristone. Within
the saline facies, lesser amounts of mixed pyrite and marcasite
form coatings around nahcolite aggregates (fig. 3A, F). Clumps of
delicate blades of marcasite (?) and cubes of pyrite occur in small
amounts in halite and nahcolite (fig. 24).

The average sulfur content in kerogen ranges from 1 to 2
percent (Smith, 1963) and represents only a small portion of the
total sulfur in the Parachute Creek Member. Cole and Boyer also
reported a small amount of sulfate in the Parachute Creek Member,
but it is not known if this is weathered or authigenic material,

The sulfur content of 874 samples of o0il shale
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Figure 24.--Scanning electron photomicrographs of iron sulfide
minerals in kerogenous marlstone, nahcolite, and halite. A.
Fresh, unoxidized massive pyrite and marcasite from a
discontinuous stringer subparallel to bedding in kerogenous
marlstone, The pyrite-marcasite coatings around nahcolite
aggregates are similar to this photomicrograph. B. A cluster of
delicate prismatic crystals of marcasite(?) about 0,25 mm across
from the water-insoluble residue of halite in a kerogenous
matrix. X-ray diffraction analyses of such clusters found both
marcasite and pyrite, although the crystal forms in
photomicrographs B and C suggest marcasite. C. Close-up view of
longitudinally striated crystals from a cluster similar to that
in photomicrograph B. D. A group of penetration-twinned cubes
of pyrite from the insoluble residue mentioned above. The bar
scales on all the photomicrographs are 30 um long,
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which represents nearly the entire sequence in core hole C177 was
determined by wavelength-dispersive X-ray spectroscopy. The
analyzed sequence of rocks extends from 232.9 to 801.9 m below the
surface, The average sulfur content of this interval was 0.75
weight percent, and ranges from 0.01 percent in samples of bedded
halite to 4.9 percent in nahcolitic oil shale. Dyni (1977)
reported that the vertical distribution of sulfur through these
rocks is cyclic with pronounced sulfur maxima in nahcolitic rocks
occurring at or immediately above units of disseminated and bedded
nahcolite (fig. 25).

Figure 25 shows vertical plots of sulfur values for 714
samples from core holes C5 and C177 which represent the upper part
of the Garden Gulch Member and the lower unleached saline facies
below the lowest occurrence of halite., The samples were prepared
from 0.6 m lengths of quartered drill core which were crushed,
powdered, and pelletized. The analyses were made by wavelength-
dispersive X-ray spectrometry. The lower instrumental limit of
detection is about 60 ppm. Analytical precision ranges from +10
percent for average values to +25 percent for the lowest values,
The sulfur analyses in the figure are calculated on a nahcolite-
free basis to eliminate the effect of dilution of the marlstone
matrix in which most of the sulfur occurs,

The mean sulfur values (nahcolite-free) for the sequence of
kerogenous marlistone from the base of oil-shale zone R-1 to the top
of zone L-4 in core holes C-5 and C-177 are 1.49 and 1.03 weight
percent, respectively. A Mann-Whitney U-test and a Kolmogorov-

Smirnov two-sample test at a significance level of 0.01 both reject
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Figure 25.--Vertical profiles of sulfur determinations of 0il shale
in core holes C5 and C177. The sulfur values are given on a
nahcolite-free basis,
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the hypothesis that the two sets of sulfur values were drawn from
the same population. This suggests that there is significant
lateral variation in total sulfur for the same stratigraphic
sequence of rocks. The data suggest that the amount of total
sulfur decreases toward the depocenter of the basin,

The sulfur values show much variation vertically through
each of the core holes with local buildups of as much as 4 to 6
percent sulfur. As many as 23 of these sulfur cycles can be
correlated between the two core holes. These cycles are identified
by number on the profiles. Five sulfur cycles are in illitic
kerogenous shales in oil-shale zone R-1. In the nahcolite facies,
8 of the 15 numbered sulfur cycles reach their maximum values at or
just above the top of a unit of disseminated or bedded nahcolite,
suggesting a genetic relationship between nahcolite and sulfide
deposition. Preliminary petrographic study suggests that the
sulfur in the numbered sulfur cycles occurs chiefly in the forms
described by Cole and Boyer (1978) which Dyni (1977) suggested were
deposited during early diagensis. Parts of the sulfur profiles in
the nahcolitic rocks are not readily correlatable between the core
holes, perhaps due, as suggested by Dyni (1977), to an overprint of
sulfide coatings deposited on nahcolite aggregates during late
diagenesis which obscures the earlier-formed sulfide. The numbered
sulfur cycles seem to show no preference for laminated or blebby

and streaked marlstone.
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CHAPTER VI
LACUSTRINE DEPOSITIONAL MODEL

In the following depositional model for the nahcolite
deposits in the Piceance Creek Basin, five factors are evaluated:
(1) extent of the basin and sources of sediments, (2) lake-basin
morphology, (3) permanency and chemisty of lake waters, (4)
sulfate-bicarbonate reactions, and (5) processes of
sedimentation. The depositional model described herein may be

termed the permanent lake model.
Hydrographic Basin and Sediment Sources

Eocene Lake Uinta must have drained a large part of the
Colorado Plateau in Utah, Colorado, and adjacent states. The
estimated area of the hydrographic basin of Lake Uinta, shown in
figure 26, is 223,000 km2, In contrast, the area of the
hydrographic basin of Eocene Lake Gosiute in Wyoming is estimated
at 126,000 km (Bradley and Eugster, 1969, p. 321). Probably
conservative in size, the hydrographic basin of Lake Uinta is
adapted from paleogeographic maps of the Eocene Epoch by Hunt
(1956, fig. 56) and McDonald (1972, fig. 7). Parts of the
hydrographic basin are poorly defined for lack of definitive
physiographic features, especially on the south side where
togographic relief was low. Here, the basin could have extended
far into central Arizona and western New Mexico (see Hunt, 1956,

fig. 56). Other parts of the basin are more clearly defined
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Figure 26.--Estimated areas of the hydrographic basin and the
maximum extent of Lake Uinta during middle Eocene (Mahogany zone
time). The hydrographic basin, probably conservative in size,
may have extended southward into central Arizona and western New
Mexico. The queried arrow north of Piceance Creek Basin is
about the location of an ancestral stream proposed by Bradley
(1931, p. 89-90, fig. 14) that drained Eocene Lake Gosiute to
the north and emptied into Lake Uinta.
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by positive Laramide structural elements that were being vigorously
eroded and were contributing sediments to the lake basin during
Green River time.,

The boundary of the hydrographic basin follows
approximately the crest of the Uinta Mountains, extends eastward
along the Axial Basin anticline, then bends southward following the
White River uplift and Sawatch Range to the San Juan Mountains,

A1l of these features were positive structural elements during
early and mid-Tertiary time (Tweto, 1975) and are assumed here to
have formed the drainage divide between the hydrographic basin of
Eocene Lake Uinta with other Tertiary drainage areas to the north
and east. The western edge of the basin is assumed to be somewhat
west of the High Plateaus region of central Utah. Coarse clastics
consisting of Precambrian and early Paleozoic quartzites and
Paleozoic carbonates were being deposited eastward off a highland
in the Sevier thrust belt that bordered the High Plateaus region on
the west (Stanley and Collinson, 1979).

Sources and direction of movement of sediments are
indicated by arrows on figure 26, The small arrows indicate source
areas that contributed coarse clastics because of high relief and a
relatively small drainage area and because of resistant types of
sedimentary rocks that were being eroded. Such areas are suggested
along the south flank of the Uinta Mountains (Picard, 1957, fig. 8)
and in the eastern part of the Sevier thrust belt (Stanley and
Collinson, 1979; Ryder and others, 1976). Source areas and
direction of movement of fine-grained sediments (sands and muds)

and soluble salts are indicated by the large arrows. Large areas
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in southeastern Utah were underlain by Mesozoic sedimentary rocks
that probably supplied large volumes of fine-grained sediments to
the basin, Sediments derived from sandstones and shales of the
Mesaverde Formation and the underlying Mancos Shale, both of Late
Cretaceous age, possibly made up a major part of the total volume
of these sediments, although younger Paleocene and older Mesozoic
sedimentary rocks no doubt contributed significant amounts.
Solutes derived from these formations, especially from the
Mesaverde and Mancos Formations, probably included substantial
quantities of sulfate, which formed from weathering of pyrite in
carbonaceous and coaly shales in the Mesaverde Formation and in
marine shales of the Mancos Shale. There is no compelling evidence
to suggest that the source rocks, or the streams that emptied into
Lake Uinta, were sulfate deficient., On the contrary, sulfate was
probably an abundant solute in surface waters that drained the
areas of low relief south of Lake Uinta.

Volcanism contributed varied amounts of silicic air-fall
ash to the hydrographic basin and to the lake during deposition of
the saline facies. Brobst and Tucker (1973, p. 15-18) recorded a
total of 1.5 volume percent of volcanic ash as discrete beds in
177.1 m of kerogenous marlstone in the upper part of the Parachute
Creek Member exposed along lower Piceance Creek from the base of
oil-shale zone R-5 to the top of the Mahogany zone. The same
amount of volcanic ash was found in beds in 953 m of middle and
upper Green River lacustrine rocks in Indian Canyon by the writer
and W, B, Cashion (unpublished notes). However, only a few

scattered beds of volcanic tuff have been found in the lower part
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of the Parachute Creek and underlying Garden Gulch Members in
Piceance Creek Basin (pl. 1). Possibly, as much as three times, or
more, of the volume of ash recorded as discrete beds in the lake
sediments were deposited in the hydrographic basin and transported
to the lake and were deposited as widely disseminated components of
the marls.

Leaching of volcanic ash probably contributed substantial
amounts of sodium and other alkali and alkaline earth metals to the
dissolved sediment load of Lake Unita especially in the last half

of Parachute Creek time,
Lake-Basin Morphology

Throughout its existence, Eocene Lake Uinta occupied the
northern part of its hydrographic basin in the Uinta and Piceance
Creek sedimentary-structural basins (fig. 26). Bradley (1931, p.
vi and 54) envisioned the lake basin as a nearly flat, shallow,
pan-shaped depression with gently sloping shores and topographic
gradients within the basin of less than 0.2 m/km (<1 ft/mi).
Similar lake-basin morphology was inferred for Lake Uinta in the
Piceance Creek Basin by Lundell and Surdam (1975). These authors
concluded that primary dips of depositional surfaces were low and
ranged from 0.2 to 0.6 m/km (1 to 3 ft/mi) based in part on
sedimentological studies of outcrops. However, the subsurface
stratigraphy presented in this report (pl. 1), and other published
subsurface stratigraphic data clearly show that the basin was
strongly asymmetric, and that primary dips must have varied

significantly in different parts of the basin.
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Along the eastern and northeastern sides of the Piceance
Creek Basin, much of the fine-grained basinal lacustrine rocks of
the Green River Formation interfinger abruptly eastward with
shoreward sandy clastic rocks deposited in what Roehler (1974, p.
57) termed a "mountain-front" environment., The subsurface basinal
rocks, as revealed in wells on the east side of the Piceance Creek
gas field (Duncan and Belser, 1950), consist of 300 m of mostly
gray to black kerogenous shale of the Garden Gulch Member overlain
by 330 to 400 m of gray to black fine-grained kerogenous dolomitic
rocks of the Parachute Creek Member. The lower three-quarters of
this sequence interfingers laterally eastward within a distance of
7 to 10 km with the Anvil Points Member, a shoreward sequence of
rocks, 425 to 580 m thick, composed of dominantly sandstone and
sandy shale, which contains much oolite, locally abundant
ostracodes, some conglomerate, and fossil wood (Duncan and Denson,
1949; Duncan and Belser, 1950; Donnell, 1961, pls. 50, 51, and 53;
0'Sullivan, 1974; Snow, 1970). Elsewhere in the basin, the
interfingering of basinal lacustrine rocks with shoreward rocks is
much less abrupt in a lateral sense and interbedded units of basin,
and shore rocks persist laterally for considerable distances (for
example, see Roehler, 1974, southwest portion of fig. 1).

The facies relationships described above indicate
continuous, moderately rapid, downwarping during early to middle
Eocene time along the east and northeast sides of the basin, in
response to tectonic movement along possible deep-seated high-angle
faults (not documented) flanking the Grand Hogback and perhaps

along the northeast side of the Red Wash syncline (Murray and Haun,
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1974, fig. 8). 1In the southern and western parts of the basin,
lithofacies relationships indicate that the rate of subsidence was
much less. Consequently, depositional slopes along the east,
northeast, and north(?) sides of the Piceance Creek Basin must have
been significantly higher than in other parts of the basin,

Taking into account the effects of regional structure and
differential compaction of sediments, Bradley (1964, p. Al6-Al7)
concluded that shoreward outcrops of the Green River Formation in
the western part of the Green River Basin in southwestern Wyoming
displayed “"abnormally high" primary dips of 1-10°. Abrupt
interfingering of conglomeratic fluvial rocks of the Wasatch
Formation with fine-grained lacustrine marlstones of the Green
River Formation along the structurally active northern flank of the
Uinta Mountains also suggests high initial dips northward into
Eocene Lake Gosiute (Bradley, 1964, p. A9-Al6; Anderman, 1955;
Culbertson and others, 1980, pl. 1).

Lithofacies relationships between the Anvil Points Member
and basinward sediments of the Parachute Creek and Garden Gulch
Members in the Piceance Creek Basin suggest that primary dips were
not as high as those reported by Bradley in the Green River Basin,
but perhaps were as much as 1-2° (17-35 m/km). In other parts of
the Piceance Creek Basin, primary dips may have been as low as 0.2-
0.6 m/km as suggested by Bradley (1931) and Lundell and Surdam
(1975). If a 1-2° lake basin slope is assumed, and assuming that
the width of the slope from shore to the lowest point in the basin
was about 6 km, a depth of water of about 100 to 200 m is

indicated. The point of these calculations is that if the lake
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basin was asymmetric with relatively steeper primary dips along the
east and north sides (Snow, 1970, fig. 8), the lake could have been
considerably deeper than has been suggested by Lundell and Surdam
(1975).

The configuration of the lake bottom may not have been as
flat as Bradley (1931, p. vi) surmised. Isopach data for the
Parachute Creek and Garden Gulch Members (Dyni, 1969, fig. 3, p.
64-65) suggest the presence of several subbasins in the northern
part of the Piceance Creek Basin, The principal depocenter for the
nahcolite and halite deposits is in the east one-half of T. 1 S.,
R. 98 W, A small subbasin lies to the north in T. 1 N,, Rs, 97-98
W. as suggested by Dyni's isopach data. In this area, several
bedded units of nahcolite in the lower part of oil-shale zone R-5
locally thicken northward. Another subbasin, in which salines may
have accumulated, is along the Hunter Creek syncline in Tps. 2-3
S., R. 97 W. according to Dyni (ibid.). These subbasins were
probably interconnected during deposition of the salines, and they
had a Tocal control on the thickness and 1ithology of some beds.

The Piceance Creek Basin itself is the easternmost of two
sedimentary (and structural) subbasins of Lake Uinta, the other
being Uinta Basin in Utah. The Piceance Creek and Uinta Basins are
separated by the Douglas Creek arch (fig. 26). During the time of
deposition of the saline facies of the Parachute Creek Member in
the Piceance Creek Basin (ca. 46-50? m,y.; Mauger, 1977), the
"delta facies" (Bradley, 1931, p. 18) consisting of 570 m of
shallow lacustrine and fluvial gray and green sandy mudstones and

channel-form sandstones was being deposited in the southwestern
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part of Lake Uinta, At the same time a 600-meter-thick lithofacies
consisting of interbedded planar-form sandstones, siltstones, gray
and green shales, and oolitic, algal, and ostracodal limestones of
the Douglas Creek Member was being deposited in shallow shoreward
waters in the southern part of Lake Uinta in southeastern Uinta
Basin (Cashion, 1967, p. 8-12). Rocks of the delta facies and the
Douglas Creek Member grade northeastward and northward toward the
depocenter of Lake Uinta into open-lacustrine marlistones and
kerogenous marlstones of the Parachute Creek Member. No evaporites
equivalent in age to the saline facies of the Parachute Creek
Member in the Piceance Creek Basin are known in the Uinta Basin,
This suggests that the waters of Lake Uinta during Parachute Creek
time flowed eastward toward the Piceance Creek Basin,

The Douglas Creek arch (fig., 26) was a sublacustrine
positive structural element that separated the Uinta and Piceance
Creek Basins during much of Parachute Creek time. Shallow-water
mudstones, sandstones, and siltstones that are laterally equivalent
to the saline facies of the Parachute Creek Member were deposited
in a mudflat environment on the southern end of the arch (Roehler,
1974, fig. 1). At the same time probably deeper water lacustrine
sediments were being deposited across the middle or northern end of
the arch, but these rocks have since been eroded away. Cashion and
Donnell (1972) show that oil-shale zones R-4 through the Mahogany
oil-shale zone and other selected beds were probably once
continuous between the two basins although they thin across the
middle part of the Douglas Creek arch. From this evidence, its

seems probable the Uinta and Piceance Creek Basins were connected
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through most if not all of Parachute Creek time, and that lake
waters flowed eastward across the Douglas Creek arch carrying
solutes that were concentrated by evaporation and deposited in the
northern part of the Piceance Creek Basin.

The size of Lake Uinta must have varied in response to
changing rates of water inflow and evaporation which were
controlled by climate. During much of Parachute Creek time, the
lTake was estimated to be about one-third to one-half in size
(20,000-30,000 kmz) to that shown in figure 26. Following the
deposition of the saline facies, Lake Uinta expanded to its maximum
size, estimated to be about 56,000 kmZ, in middle Mahogany zone
time, The maximum size of the lake is represented by the Mahogany
oil-shale bed, the most widespread unit of the Green River
Formation,

Transgressive and regressive lake stages are recorded by
siliciclastic and carbonate rocks that formed laterally widespread
planar beds in the southern part of the lake basin where
depositional slopes were generally very low (<0.2-0.4 m/km). Such
rocks include those of the Douglas Creek Member described by
Cashion (1967) in the southeastern part of the Uinta Basin. Along
the steeper eastern and northern parts of the Piceance Creek Basin,
lake-basin to shore changes in lithofacies are relatively abrupt
and shoreward clastic rock units are relatively thick compared to
their lateral extent, reflecting steeper depositonal dips as exem-
plified by rocks of the Anvil Points Member (Snow, 1970). As these
rocks were being deposited on the margins and in shallower parts of

the lake, the dissolved salts were being concentrated in the
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deepest part of Lake Uinta in one or several small depressions in

the northern part of the Piceance Creek Basin,
Lake Waters

Whether Lake Uinta was a permanent or playa lake during
deposition of the saline facies of the Parachute Creek Member has
been a controversial subject among researchers. In this section,
stratigraphic, sedimentologic, and geochemical data are submitted
as evidence in support of the permanent lake model and a model of

the geochemical evolution of the lake waters is summarized.
Lateral continuity of beds and laminae

Within the saline facies, many beds of nahcolite and halite
can be traced over scores of square kilometers in the Piceance
Creek Basin, These beds were precipitated directly from a parent
brine rather than having been formed within the sediments from
interstitial brines. Individual couplets of halite and nahcolite
and laminations within units of disseminated nahcolite can be
correlated between core holes for distances of several kilometers
(figs. 8 and 11). Such features seem best explained by
fluctuations of salinity and salting stages of a permanent lake
brine, which were controlled by episodic (possibly seasonal)
variations in lake-water inflow and evaporation,

Interbedded with the evaporites are many units of
kerogenous marlstone that can be correlated for tens, even
hundreds, of kilometers in and between the Piceance Creek and Uinta
Basins (Cashion and Donnell, 1972; Pitman and Johnson, 1978; and
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Pitman, 1979). MWithin some beds, individual laminae of marlstone
can be correlated in cores for many kilometers (Trudell and others,
1970, fig. 3, and Curry, 1964, fig. 2). These widespread beds and
laminae of marlstone suggest deposition in quiet, unagitated,
relatively deep waters in a large lake,

Within the saline facies in the northern part of the
Piceance Creek Basin, ooliths, pisoliths, oncoliths, stromatolites,
crossbedding, ripple-marks, mudcracks, oxidized (red) sediments,
rafted sand or coarser grains, and other features that would
indicate shallow-water sedimentation and/or subaerial exposure of

sediments have not been found.
Vertical succession of sodium minerals and illite

Figure 23 indicates an ordered vertical succession of minerals
in the saline facies at the basin depocenter beginning with illite
in the upper part of the Garden Gulch Member., As the abundance of
illite decreases through an interval of marlstone and shale about
15 m thick, dawsonite first appears and gradually increases in
abundance upward through the interval. About 20-25 m above the
lowest occurrence of dawsonite, the lowest nahcolite occurs as
aggregates scattered through marlstone. About 10 m above the base
of the nahcolitic rocks, the lowest of five zones of disseminated
nahcolite occurs (L-2A, R-3B, R-3D, R-3F, and R-3H). The next
higher unit of nahcolite, subzone R-3J, about 66 m above the base
of the nahcolitic rocks, contains the lowest occurrence of bedded
nahcolite. Bedded halite first appears in the lower part of oil-

shale zone R-5, 172 m above the lowest occurrence of nahcolite.
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This vertical sequence of mineral occurrences indicates a
progressive evolution of lake and interstitial brine in terms of

increasing salinity through Parachute Creek time.
Bromine-bearing halite

Dyni and others (1970) found that the bromine content of
bedded halite in the Parachute Creek Member ranges from 15 to 182
ppm, and that the bromine values increased progressively upward,
with many local variations, through the halitic rocks. Because the
bromide ion is very soluble in the system NaC1-NaBr-H,0, most of it
remains in solution during precipitation of halite. However, a
small amount of bromide ion substitutes for chloride in the crystal
lattice of halite in proportion to the amount of bromine in the
parent brine (Braitsch, 1971, p. 135-145). Bromide ion may also be
present in fluid inclusions, but the amount compared to that in
solid solution in halite is probably insignificant, Adsorption of
bromine by kerogen and matrix minerals of the marlstones in the
saline facies of the Parachute Creek Member is not significant.
(Dyni and others, 1970, table 1, p. 175). Therefore, the vertical
distribution of bromine in halitic rocks in the Parachute Creek
Member appears to be a function of the original bromine content of
the waters entering (and leaving) the basin and the evaporation
history of Lake Uinta,

An upward increase in bromine content through a bed or
sequence of beds of halite is interpreted to mean that the salinity
of the parent brine increased in terms of bromine and other salts

more soluble than halite. An upward decrease in bromine suggests
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dilution of the brine with inflowing waters of relatively low-
bromine content, perhaps accompanied by dissolution of some
previously deposited halite., A sequence of halite beds that show
no change in bromine content might suggest complete desiccation of
the lake from one salting stage to the next, or possibly a barred
basin setting in which the volume of influx waters matched reflux
waters during salting stage with no net increase in the salinity of
the brine. These interpretations of the bromine profiles assume no
change in the bromine content of the waters entering Lake Uinta.

Bromine profiles for halitic rocks in two core holes that
penetrate the saline facies in the Piceance Creek Basin are shown
in figure 27. The bromine profile for core hole C154 is modified
from Dyni and others (1970, fig. 7), and includes minor changes in
depths based on new information., Another bromine profile through
the same sequence of rocks is shown for core hole C8 which is
located 2.6 km southwest of core hole C154,

Both bromine profiles show a gradual increase in bromine
from the base of subzone R-5C to the top of subzone L-5A, The
profiles seem to show little change from subzone R-5C to R-50 and
average about 50 ppm Br; however, the analytical error for these
low values may be too large to clearly detect trends in the bromine
profiles. From subzone R-50 to the top of L-5A, the bromine values
clearly increase to as much as 200 ppm, then decrease to below 100
ppm in the highest subzone L-5D. The overall increase in bromine
through the halitic rocks is interpreted to mean that there was a
permanent body of water in the basin. Even during a period of

maximum evaporation in subzone L-5A time, the parent lake brine
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Figure 27.--Vertical profiles of bromine analyses of halite in core
holes C154 and C8. Core hole C8 (Sinclair 0il1 Co, Skyline 1) is
located in the NW1/4NE1/4 sec. 26, T. 1 S., R. 98 W., 2.6 km
southwest of core hole C154. The data for core hole C154 are
revised from Dyni and others (1966) with minor corrections, The
bromine analyses for both core holes were made by wavelength-
dispersive X-ray fluorescence spectrometry on pelletized samples
of halite by 0. B. Raup, H. L. Groves, Jr., and J. S. Wahlberg
of the U.S. Geological Survey. One hundred data points shown
for core hole C154 represent 168 bromine analyses. Where
samples were closely spaced, two or more analyses were averaged
and are shown by a single datum point. Similarly, 63 data
points represent 70 bromine analyses for core hole C8. Because
the drill core for subzone R-5E was probably mixed, the bromine
values for the entire subzone are shown by a single datum point,
which represents the average of eight analyses (53 ppm Br); the
bar shows the range of values (41-74 ppm Br). Each of the
remaining data points represents one analysis.
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continued to accumulate bromine. Decreases in bromine content such
as between subzones R-50 and R-50 and between L-5A and L-5D
probably represent periods of freshening when the lake waters were
replenished by relatively large quantities of inflowing water of
low-bromine content before the next halite salting stage was

reached.
Geochemical model of lake waters

Bradley and Eugster (1969) developed a quantitative
geochemical model to explain the origin of the trona deposits in
the Green River Formation in southwestern Wyoming., They showed
that the precipitation of trona and nahcolite from saturated
solutions in the system Na,C03-NaHC03-NaCl-H,0 is controlled by the
"bicarbonate quotient" (gHCO3)/(gHCO3 + gC03), partial pressure of
€0, (PCOZ)’ temperature, and chloride content of the salting
solution, Precipitation of nahcolite rather than trona is favored
by a high bicarbonate quotient (>0.45), high PCOZ’ cooler rather
than warmer water, and a lower rather than higher chloride
content. Probably the key factor is a high PCOZ’ which would
increase the bicarbonate quotient. Lundell and Surdam (1975, p.
495) suggested that the PCO2 of interstitial waters in the organic-
rich sediments in the Piceance Creek Basin was probably high
because large quantities of C0, were generated by the anaerobic
decay of organic matter., Bradley and Eugster (1969, table 15)
found that sodium carbonate brines in contact with the atmospheric
reservoir of CO, have bicarbonate quotients of about 0.1%5 and

precipitate trona at salting stage. These calculations suggest
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that interstitial and lake brines from which the nahcolite in the
Piceance Creek Basin precipitated were not in contact with the
atmosphere, and that they maintained a high PC02 because of
biogenic processes in an anaerobic environment.

Mineral equilibria for saturated solutions in the system
Na2C03-NaHCO3-NaC1-H20 for trona, nahcolite, and halite in terms of
sodium and chloride contents and bicarbonate quotient are shown on
an isothermal section at 30°C in figure 28,

The solid 1ine ABCD represents the hypothetical evolution
of lake brine in the northern part of the Piceance Creek Basin
during deposition of the saline facies. Point A represents a fresh
to somewhat brackish water at the onset of closed-basin conditions
during deposition of the black kerogenous clay shales of the Garden
Gulch Member. Point B represents a dilute brine stage of the lake
prior to the first precipitation of nahcolite (point A° from
Bradley and Eugster, 1969, fig. 26). This point may be about the
composition of interstitial waters when hydrolysis of silicate
minerals began as evidenced by the gradual upward decrease in
illite and by the first appearance of authigenic dawsonite and
quartz at the base of the saline facies (Hite and Dyni, 1964, fig.
4)., At point C, the lake brine was becoming nearly saturated for
nahcolite. Only a slight reduction in water content due to
compaction of the sediment containing such brine would have
resulted in precipitation of disseminated nahcolite within the
sediment (e.g., subzones L-2A, R-3B, etc.). When the lake brine
jtself became saturated for nahcolite, bedded microcrystalline

nahcolite (R-3J and younger units) was deposited during nahcolite-
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salting stages of the lake. The lake brine continued to slowly
increase its chloride content at the expense of precipitating
nahcolite until point N was reached when the brine became saturated
for halite and nahcolite., At this point, the first of numerous
beds of mixed halite and nahcolite starting with subzone R-5C was
precipitated directly from the lake brine. During deposition of
the saline facies, the composition of the lake brine undoubtedly
changed repeatedly through time from an undersaturated condition to
nahcolite- and nahcolite/halite-precipitating stages, but there was
an overall increase of more soluble solutes including bromide in
the parent brine. ODuring the time oil-shale zones R-5 and L-5 were
being deposited, the composition of the lake brine was probably

close to that of point N.

Sources of Bicarbonate

Bacterial sulfate reduction

Syngenetic sulfate minerals are virtually absent in the
several saline facies of the Green River Formation in Colorado,
Wyoming, and Utah, yet considering the likely sources of sediment
for Lakes Uinta and Gosiute, sulfate was probably a major ion in
the waters entering these lakes. Bradley and Eugster (1969, table
7) used a composite chemical analysis of several water samples from
the Green River at Jensen, Utah, as a model for runoff water
(including springs) that fed Lake Gosiute during the time of trona
and halite deposition. The same water is assumed to be the average
of that supplying Lake Uinta during Parachute Creek time. The

chemical composition is given in table 5.
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Table 5.--Inferred composition of surface waters that fed Lake

Uinta during deposition of the saline facies in Parachute Creek

time

[Adapted from Bradley and Eugster, 1969, table 7]

Dissolved Parts per Equivalent parts
species million per million
Fett 0.1 0.004
ca*t 61.4 3.064
Mgtt 20.7 1.703
Na* 44,5 1.936
k* 3.3 0.084

6.791+
HCO3™ 227.0 3.721
S04~ 120.5 2.509
cl1- 18.0 0.508
F- 0.4 0.021
NO3~ 1.5 0.024
BOy™"~ 0.2 0.010

6.793-
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Fahey (1962, p. 38) attributed the virtual absence of
sulfate salts in the Green River Formation to biogenic reduction of
sulfate in the euxinic environment of lLake Gosiute. Bradley and
Eugster (1969, p. B24 and B30) favored this mechanism, but they
also considered the possibility that the surface waters feeding the
lake may have been sulfate deficient. However, Tow-sulfate waters
seem unlikely in view of the probable sources of sediment as
discussed earlier,

The absence of sulfate salts in the Green River Formation
is attributed to biogenic reduction of sulfate by sulfate-reducing
bacteria in interstitial waters of euxinic sediments of Lakes Uinta
and Gosiute, and the reduced sulfur was lost to the atmosphere as
H,S and/or was precipitated as iron sulfide minerals. In this
process, probably large quantities of bicarbonate were produced
which eventually precipitated as carbonate minerals, including
nahcolite. A prerequisite for the precipitation of sodium
carbonate minerals is that the mole ratio of Na:Cl in the evolving
waters from runoff to lake brine must exceed unity (table 5 and
fig. 28).

The bacterial reduction of sulfate is a metabolic process

mediated by sulfate-reducing bacteria (e.g., Desulfovibrio and

Desulfotomaculum). The process involves the oxidation of

metabolizable organic matter to carbon dioxide and bicarbonate and
the reduction of sulfate to reduced sulfur species HoS and HS™
while maintaining electrical neutrality of the water. The

generalized reactions (Berner, 1971, p. 123) are
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2CH,0 + S0,~" ZHCO,~  + H,S d

‘ 2 4 aq 3 aq 2%aq an

organic

matter"

2CH,0 + S0,~~ HCO,= + HS™ + CO + H,0 ,
2 4 aq 3 aq aq 2aq 2 aq

The reduced sulfur reacts with available iron (and other
metals) to form pyrite and marcasite (or metastable iron
monosulifides that convert later to iron disulfides) or escapes to
the atmosphere as HpS. Since iron is present in dolomite and
ankerite as well as in pyrite/marcasite in the marlstones of the
saline facies, sufficient iron may have been available to
precipitate all of the reduced sulfur, thereby lowering the amount
of H,S to nontoxic levels for maintaining a high rate of bacterial
sulfate reduction. The complete reduction of sulfate, rather than
availability of organic matter, was the probable limiting factor
that caused cessation of activity of sulfate-reducing bacteria in
the sediment.

Evidence for fossil bacteria (trichobacteria) in the Green
River Formation was reported by Bradley (1925, p. 257; 1931, p. 40
and pl. 19). Bradley suggested that the large amounts of
structureless kerogen found in Green River o0il shales was the
result of extensive bacterial activity. Tissot and others (1978)
reported that the types and distribution of organic substances of
biogenic origin they found in the Green River Formation in the
Uinta Basin also indicated that the kerogen, especially in the
lower part of the formation, was synthesized and/or extensively

reworked by micro-organisms.
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Studies of fractionation of sulfur isotopes by Cole (1975),
Jensen (1963), and others show a gradual increase of 5345 values in
pyrite stratigraphically upward through the Green River Formation
as well as from shore to basin-center rocks. These trends suggest
preferential reduction of 32g by sulfate-reducing bacteria and loss
of this sulfur as HoS and/or pyrite while basin-center waters
gradually increased in 345 through time.

The numbered sulfur maxima in the profiles of total sulfur
for core holes C5 and C177 (fig. 25) may represent peak periods of
bacterial reduction of sulfate accompanied with a high rate of
production of bacterial bicarbonate. Many of these sulfur maxima
coincide with zones of disseminated and bedded nahcolite which mark
evaporative salting stages of Lake Uinta. During these stages,
sulfate ion would be concentrated in the lake and interstitial
waters permitting increased activity of sulfate-reducing
bacteria. Some of the numbered sulfur cycles associated with
nahcolite-rich units (subzones L-2A; R-3B; D, H; and R-4D) show a
gradual upward increase in sulfur through the nahcolite-rich unit
and reach a maximum value at or just above the top of the unit.
This relationship may simply reflect the increase in concentration
of sulfate in the evaporating lake water with a corresponding
increase in the rate of sulfate reduction as these waters become
incorporated in the accumulating sediments.

The numbered sulfur maxima which are not associated with
bedded or disseminated nahcolite (sulfur cycles 1-11, 17, 18, and
21?) may represent evaporative phases of the lake that did not

reach nahcolite-salting stage. Further study may reveal additional
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correlatable sulfur maxima in the Green River Formation. Isotopic
sulfur trends through these sulfur cycles have not yet been
investigated.

In general, total sulfur varies with the kerogen content in
the saline facies., Comparison of the shale-oil bar graphs for core
holes C5 and C177 on plate 1 with the sulfur profiles for these
core holes (fig. 25) shows that many of the numbered sulfur maxima
coincide with units of high-grade o0il shale. Cole (1975, fig. 27)
found that §3%s values increase with the kerogen content of low- to
moderate-grade oil shale., Bradley (1970, p. 995-996) noted that
some types of blue-green and green algae (probable major kerogen
precursors) synthesize 1ipids rather than carbohydrates in a
stressed environment, and that sulfate-reducing bacteria cultured
on lipids in sea water synthesize hydrocarbons.

It seems evident from the foregoing discussion that
bacterial processes were important in the origin of kerogen and
some of the carbonate minerals of the Green River Formation,
especially during saline stages of the lake. The abundance of
bacteria in lake and sediment waters in such an environment may be

enormous,
Other bicarbonate sources

Other sources of bicarbonate include direct additions in
runoff waters feeding the lake (table 5), and hydrolysis of
aluminosilicate minerals. Hydrolysis reactions were undoubtedly
important in the evolution of the alkaline waters of Lake Uinta

during Parachute Creek time and in the origin of the unusual suite
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of matrix minerals including dawsonite that comprise the marlstones
in the saline facies. These reactions and associated geochemistry

have been discussed by Smith (1974).
Processes of Sedimentation

On the basis of lithologies and sedimentary structures of
the kerogenous marlstones and evaporites that make up the saline
facies of the Parachute Creek Member in the Piceance Creek Basin,
three major processes of sedimentation, turbiditic, pelagic, and
evaporitic, are recognized, Deltaic sediments may be present in
the saline facies at the north end of the basin, but data are not

sufficient to discuss them here.
Turbiditic sedimentation

The occurrence of turbidity currents in modern lakes and
reservoirs, and the large amounts of fine-grained sediments that
can be transported, in some cases for long distances, and deposited
by such currents are well known (e.g., Grover and Howard, 1938;
Bell, 1942; Gould, 1951, 1960; Ludlam, 1969, 1974; and Sturm and
Matter, 1978). However, few turbidites in Tertiary and older
lacustrine deposits have been documented. The importance of
turbidity currents as a major process of sedimentation in these
deposits may have been underestimated.

Turbidity currents are interpreted to have played a major
role in the deposition of kerogen-rich marly sediments in the
saline facies of the Parachute Creek Member, Turbiditic marlstones

comprise as much as 40-50 percent of the marlistone in the saline
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facies below the dissolution surface. Individual beds range from a
few centimeters or less to 11 m in thickness. Some of the thicker
units may be multiple turbidites.

An example of a possible multiple turbidite is the l-meter-
thick "sixty" oil-shale bed in core hole Cl. This bed consists of
16 units of alternating blebby maristone and pelitic marlstone
slightly streaked with black flakes. These units are 1.5 to 17 cm
thick. The contacts between units are obscure but do not appear to
be erosional. The alternating units of blebby and streaked
marlstone suggest several successive turbidity currents, one
immediately following the other. The base of the "sixty" bed rests
with sharp contact on 7-9 c¢cm of light-tan laminated marlstone which
displays much internal flowage structure and small drag folds.
Evidently, the turbidity current carrying the "sixty" bed sediments
was strong enough to disrupt and locally drag along several
centimeters of the underlying soft laminated marl.

Some beds underlying turbiditic marlstones in the saline
facies show little evidence of disruption. Perhaps these
marlstones represent medial or distal parts of the turbidity
current under a flow regime too low to scour or disrupt the
underlying sediments.

The marly composition of the turbidites in the Parachute
Creek Member may partly explain the lack of graded bedding, Bouma
sequences, and sole marks, which are well known sedimentary
structures of siliciclastic marine turbidites. Turbidity currents
during deposition of the saline facies may have been rather high

density flows so that settling rates of the flat marlstone clasts
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and flakes of kerogenous material were too Tow to permit
significant size-differentiation of particles. A rapid decrease in
the speed of the current could also account for poor sorting and
lack of graded bedding (Sturm and Matter, 1978, p. 161).

The speeds of turbidity currents measured in lakes and
reservoirs range from 7 to 50 cm/sec (0.25-1.8 km/hr) (Grover and
Howard, 1938; Gould, 1951; Sturm and Matter, 1978). Assuming a
median value of 15 cm/sec (0.57 km/hr), a turbidity current
entering Lake Uinta at the south end of Piceance Creek Basin (fig.
26) could have reached the depocenter of the basin in 12 days,
assuming a distance of 170 km from the south edge of the lake to
the depocenter.

As much as 400 m of turbiditic marlstone in the saline
facies below the dissolution surface was deposited near the basin
depocenter in core holes C177 and C179. Here, the rate of
deposition is probably the highest in the saline facies.

The amount of turbiditic marlstone comprising the sediments
in the saline facies of the Parachute Creek Member (40-50 percent)
does not seem unreasonably high in light of studies of sediments in
modern lakes and reservoirs. For example, 17 to 72 percent of the
upper 4 m of sediments in the central basin of Lake Brienz,
Switzerland, is turbiditic sediment (Sturm and Matter, 1978, fig.
7). About 50 percent of the sediments in Green Lake near
Fayetteville, New York, are carbonate-rich turbidites (Ludlam,
1974).

The sediment sources of turbidity flows in Lake Uinta are

still unknown, Whether the turbidity currents originated from one
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or several major point sources such as inlets of major streams, or
whether the sediment was derived from random points about the lake
basin has not yet been determined. The abundance of internally
structureless dolomitic clasts in some turbidites suggests that
these clasts were possibly derived from homogenous muds that
accumulated above the chemocline of the lake, whereas the laminated
clasts may have been plowed up from laminated marls in deeper parts
of the basin,

Freshly deposited turbiditic marls may have provided an
exceptionally favorable environment for growth of anaerobic
bacteria, including sulfate-reducers. Sisler (1960, p. 189)
reported bacterial populations, including sulfate-reducers, through
30 m of turbiditic Lake Mead sediment was continuously high, from 1
to 10 million per gram, of wet sediment which is comparable to
bacterial populations in raw sewage. No doubt the large amounts of
nutrient-rich interstitial waters in the turbiditic sediment favor
a high rate of bacterial activity.

The direct correlation of §34s values with organic content
of Green River oil shale (Cole, 1975, figs. 27 and 28), the high
organic content of turbiditic marlstone compared with laminated
maristone (fig. 13), and the fact that some of the numbered sulfur
maxima (8-11) in figure 25 correlate with turbiditic marlstone
suggest considerable bacterial activity. If much of the water of a
turbidity current was stream runoff, especially stream flood
waters, it could have carried large quantities of dissolved
nutrients including fresh supplies of sulfate having low §34s

values that would favor increased bacterial sulfate reduction,
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Stirring up the underlying sediments by turbidity currents may have
allowed eséape of bacterial wastes such as hydrogen sulfide.

Some of the thicker, freshly-deposited turbidites had a |
high water content and were probably subject to slumping and
flowage. An example is illustrated on plate 3. The upper few
meters of turbiditic marlstone immediately below nahcolite bed L-4D
shows evidence of much soft-sediment flowage and slumping. The
lenticular units of brown microcrystalline nahcolite at and below
the base of nahcolite bed L-4D were originally deposited as
continuous layers. While the sediments were still soft and
plastic, these layers and the enclosing turbiditic marls were

highly contorted by sliding and slumping.
Pelagic sedimentation

About 50 to 60 percent of the kerogenous marlstones of the
saline facies below the dissolution surface are laminated
marlstones, which were deposited in the open waters of the lake.
These rocks typically consist of pairs of laminae, one light-hued
and mineral-rich and the other dark and organic-rich, that Bradley
(1930, 1948) described convincingly as varves deposited in a
meromictic (chemically stratified) lake.

On the whole, laminated marlstones are more abundant in the
upper part of the saline facies (oil-shale subzone L-4E and above)
than in the lower part of the facies. During deposition of the
upper part of the saline facies, the lake waters were more saline
and possibly dense enough to inhibit the flow of bottom currents,

The laminated marlstones were most likely derived by
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precipitation of carbonate minerals from the lake and interstitial
sediment waters, and from organic debris of micro-organisms that
settled to the lake bottom, Surface currents and undercurrents
above the chemocline probably contributed some fine silt- to clay-
sized siliciclastic sediment that was altered extensively during
diagenesis,

Depositional rates for laminated marlstones were lower than
for turbiditic maristones. Bradley (1930, p. 99) reported the
thickness of varves for 0il shale of moderate grade (15-35 gallons
of oil/ton = 63-146 liters of oil/metric ton) ranged from 0.03 to
0.114 mm and averaged 0.065 mm, Assuming an average bulk density
of 2.1 g/cm3 for the laminated marlstones, the average rate of
accumulation of sediment (1ithified) was only 0.014 g/cm2/yr. In
contrast, the turbiditic marlstones were deposited at highly varied
rates that may have ranged from about the average rate for
laminated marlstone to as much as 200 g/cm2/yr. The duration of
Lake Uinta in terms of varve counts per unit thickness of laminated
maristone as made by Bradley (1930) must include allowances for

depositional rates for the turbiditic marlstones.
Evaporitic sedimentation

Available evidence (e.g., vertical sequence of mineral facies:
bromine and §3%s data) suggests that the hydrographic basin of Lake
Uinta was closed, and the lake waters became progressively more
saline during deposition of the nahcolite and halite. Possibly,
there were brief interludes of open-lake conditions represented by

marlstones lacking evaporites, such as oil-shale subzone L-28.
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Although hydrolysis of silicate minerals and bacterial
sulfate-bicarbonate reactions influenced lake- and sediment-water
chemistry, climatically-controlled flucuations in water salinity
and sediment dewatering were primary factors in precipitation of
nahcolite and halite.

Coarse-grained nahcolite aggregates clearly formed
diagenetically from interstitial waters in the soft marly sediments
as indicated by plastic deformation of bedding in laminated and
turbiditic marlstones around the growing aggregates and by
penetration of coarse-grained crystals into the surrounding
maristone (fig. 3C). The lake waters were probably quite saline
but still insufficiently concentrated to precipitate nahcolite when
they became incorporated into the sediments. During initial
sediment dewatering, nahcolite began to nucleate, probably within a
meter or so of the sediment-water interface as suggested by
undisturbed thin tuff beds immediately above nahcolite aggregates
(Lundell and Surdam, 1975, p. 495). In figure 3A, B, and D,
bedding a few centimeters above nahcolite aggregates are relatively
even and undisrupted.

At higher lake-water salinities, at or close to nahcolite-
salting stage, fine-grained disseminated nahcolite precipitated at
or just below the sediment-water interface and kept pace with
deposition of kerogen-rich marl to form a "semi-bedded" unit of
nahcolite, Some units of disseminated nahcolite are well
laminated, displaying alternating nahcolite-rich and marl
laminae. A pair of these laminae probably represent a seasonal

cycle of deposition (varve) where nahcolite was precipitated during
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the driest and hottest part of the summer, when evaporation was
highest., Couplets of marlstone and nahcolite in figure 8 measure
about 0.5-2 mm in thickness; an average depositional rate for these
rocks is about 1 mm per year.

puring nahcolite-salting stages of the lake, brown
microcrystalline beds of laminated and structureless nahcolite were
deposited directly from the brine. Depositional rates are
difficult to estimate, but the laminated structure in some beds
suggests low rates comparable to that for disseminated nahcolite,
Some beds of microcrystalline nahcolite were deposited on soft
turbiditic marls. The nahcolite beds were subsequently highly
contorted or were disrupted by slumping of the soft underlying
sediments and formed lenses and pods. An excellent example of
soft-sediment deformation of bedded nahcolite is illustrated on
plate 3.

Later in the history of the saline facies, the lake waters
became saturated for halite and began to precipitate mixtures of
halite, nahcolite, wegscheiderite, and trace amounts of trona.
Brine depths during halite-salting stages were probably only a few
meters (Dyni and others, 1970, p. 177), but the parent brine never
completely evaporated as evidenced by the increasing amounts of
bromine in halite upward through the halitic rocks. Parts of the
halitic rocks display rhythmically deposited couplets of nahcolite
and halite that are believed to be another type of seasonal
deposit. An average rate of deposition was found to be about 5
cm/yr (Dyni and others, ibid).

The upper 45 m of the saline facies below the dissolution
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surface contains local concentrations of northupite, searlesite,
and shortite. Boron, a halophile element, was probably
concentrated by the parent lake brines, and precipitated later when

the brine became saturated for boron salts.
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Chapter VIII
CONCLUSIONS

A variety of data derived from the study of cores from 10
drill holes that penetrate the sodium-mineral saline facies of the
Parachute Creek Member in the Piceance Creek Basin reveals a
complex interplay of biologic, chemical, and sedimentational
processes that lead to deposition of the world's largest commingled
resources of oil shale, nahcolite, and dawsonite,

The northern part of the Piceance Creek Basin acted as a
chemical sump for Lake Uinta during Parachute Creek time. The
Douglas Creek arch may have formed a submergent barrier between the
Parachute Creek subbasin of Lake Uinta from the larger Uinta
subbasin to the west, and aided in directing the flow of lake
waters toward the deep northern part of the Piceance Creek Basin,
Lithofacies relationships in the northern part of the Piceance
Creek Basin indicate that the lake waters may have been as deep as
100-200 m, whereas in the southern part of the basin, the lake was
much shallower.

During Parachute Creek time, Lake Uinta became a closed
meromictic lake. The lake, however, was not ephemeral, but formed
a permanent, chemically stratified, body of water that existed
throughout the deposition of the saline facies. The lower lake
waters (monimolimnion) and sediments were anoxic. Within the
sediments, anaerobic bacteria, including sulfate-reducers, thrived,

During deposition of the saline facies, lake stages varied
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widely between evaporative phases and less saline phases that were
recorded by deposition of "semibedded" units of nahcolite and
bedded halite and nahcolite, and indirectly, by cyclic deposition
of pyrite and marcasite., Although the lake waters varied in
salinity, there was an overall increase in the most soluble ions
including those of bromine and boron.

Open-lake sedimentation was not static as previously
thought, but involved strong turbidity currents that account for
deposition of about one-half of the marlstones in the saline facies
below the dissolution surface. The freshly deposited turbiditic
marls were a favorable environment for high rates of anaerobic
bacterial activity and the formation of exceptionally kerogen-rich
sediment. The laminated marlstones were deposited under near-
static conditions by seasonal precipitation of carbonate minerals
and detritus of aquatic micro-organisms as described earlier by
Bradley (1930).

Within the accumulating sediments, sulfate was essentially
totally reduced by bacteria and much bicarbonate was produced.
This bicarbonate along with that produced by hydrolysis of silicate
minerals, precipitated in carbonate minerals including nahcolite,
Hydrolysis of silicate minerals, another important process in the
lake-sediment system, destroyed most of the original fine-grained
siliciclastic detritus and precipitated a new suite of authigenic
minerals including quartz, feldspars, and the unusual
aluminocarbonate mineral, dawsonite, that make up the fine-grained

matrix of the marlstones.
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The rates of deposition of sediments in this chemically
active environment were highly variable. The laminated marlstones
and some of the bedded microcrystalline nahcolite were deposited at
low rates measuring 1 mm, or much less, per year. In contrast,
turbiditic marlistones and some of the bedded halite and nahcolite
were deposited at much higher rates measured in centimeters per
year to perhaps as much as a meter, or more, per year for brief
durations.

The aggregates of coarse-grained nahcolite, which comprise
five-eighths of the total resource of nahcolite, grew in the soft
marls near the sediment-water interface. Lithification proceeded
by gradual dewatering of the sediment. Sediment waters were
expelled initially by diffusion, and finally along a developing

system of prelithification microfractures.
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634.90-615,51 I 1.5 196 19 e 181 2.4 - 10.7 10,1 .1 2 1096
35.5-66,12 (8] 1.2 15.9 5.4 186 4.9 8.5 1.2 194 25.1 107.7
636124636, 71 41 1.1 15.9 6.5 s 16,8 29,9 7.8 1.8 2. 18,0 1021
636.73.637, 4 8] 74 15.9 6.2 - 8.0 8.5 17,0 9.3 16,6 19,6 99,0
637, 3063795 112 LE 1.8 1.3 4.0 s 10,8 2.0 - 12.8 13.0 19.8 22,0 101.4
637,95-638,56 1.40 .3 1.8 16.3 1.8 P 151 22,1 .. 128 1.0 18,0 2.9 1011
638,56-639.17 [} 4,0 1.4 1.6 [N £.8 18,9 .- 10,0 13,8 134 19,1 101.6
639.10.639.18 | 139 .2 1.7 16,8 <3 - 8,7 2.5 - 121 2. 121 22.4 101.2
§39, 7864030 Myl §.2 12 16.8 L%} P 23,0 - 121 108 152 21,8 1021
640,38-640,99 .8 1,3 1 159 6.9 e 103 216 .- 9.1 1 2.2 18.7 100,1
640.99.641, 60 n L2 1.1 15.4 1.0 .- M2 3.2 .- 7.3 1 2.6 F X 1003
641.60-642.21 1086 [RY 21 16.8 5.1 -1 2.5 e 15.0 8. 20,6 1% 103.4
Gz.20-642.82 2.1 5.0 1.3 16.9 4.0 e 132 2.6 - 12.8 124 19.1 ;2 103.4
sez.82-600.03 Moy 5.0 1.6 15,9 I - 10 2.6 - 1.4 12,4 18,1 5 102.8
643,43-648,04 [ X1 5.6 14 16.4 ) 15,8 2.8 ee 10.0 16.9 1.1 24.3 106.7
644.01.684.65 2,43 &3 14 15.9 L1 .- 182 214 - 190 1.4 (D¢ 2.1 104,0
£14.55+645.25 1.8 | 5} 1.2 12.6 .4 1.1 1.8 - 8.5 2 19,9 21.9 103.2
645.26.645.87 | 218 5.0 1! 15.9 4.7 1.7 2.6 - 121 10,4 19.1 2.2 1081
se5.87-606.08  Valag 9 L7 154 Il 1.2 2 o 121 108 20,0 H 10106
646,48-642.09 210 6.5 17 15.9 s - 132 20,7 - 12.1 18.1 1.8 26.0 103.8
647.03-647,70 EX Y 21 15.9 3.3 6.8 19 1.8 s 150 1.2 12,5 6.9 00,5



Table 4.--Quantitative oineralogy of nahcolitic marlstone in cory hole C5--continued

{values delow are in weight percent)

Tota)
Depth ine M- Potas- {14] Mahco-  Dawson-  Dolo- Calcite ¥-feld- ti-feld- artz Kerogen aloera)se
(Meters) ::'I’ﬁ:e vy sign Slicen  Calclma Tyype ite atte spar spar W o (ierostn)
647.20.548.31 S.1 .0 16.8 4.4 1.9 10, 20.2 - 14,2 17.4 14.7 25.6 105.4
640.31-648.92 5.0 1.6 14,0 3.9 15,5 10.1 17.9 - 11.4 19.5 9.2 23.7 107.3
648.92.649,5) 3.4 L2 12.6 .4 5.9 1.0 u.0 - 8.5 S 18.¢ 27.3 109.8
649.53-650.14 3.3 1.1 131 %1 aea 10.5 8.6 1.8 1.8 5.6 19.1 28.3 111.7
650. 14-£50. 75 33 1 1 88 w110 3 %] ns s 16.8 28.2 107.5
650.75-651.36 .17 3.3 .1 13.1 9.1 11.1 40,3 0.9 7.8 4.5 19.9 28.0 112.4
Pt IR vz 136 a1 9.9 78 1.2 8.5 2.1 2.1 w7 109.4
65197652158 L0836 e 1.0 8.5 68 1. 11 1 1.9 14.4 .2 10,9
652.58-553.1% 81 3.5 1.8 23.4 S.4 5.1 2.8 .- 12.8 12.7 3¢ 2.5 112.0
65,19-562.60 226 s 17 19,6 28 eee W2 15 - 12.1 18.2 26 2.2 102.8
653.80-554.41 1.58 I LS 1.0 7% B 9.9 2.6 .- 19,7 1.7 12.0 306 107.4
654.41.885.02 1.2 4.2 L4 1%l P S 461 0.7 - 10.0 12.9 12 8.9 105.4
655,02-686.62 | 170 4.0 13 14.0 61 - 10.6 2.1 - 9.3 10.8 16,6 2.5 9.8
655.62-886.23 M. a2 .7 19,6 o S .8 2.8 - w2 200 19.9 1.8 1041
656.23-656.84 23 6.8 23 20,6 19 e 142 8.7 - 16,4 2.0 1.0 10.4 a2
656.84-557,45 2.83 6.5 1.7 19.6 23 e M2 10.6 - 12.1 19.5 0.7 12.9 93.5
657.45.650.06  1/2.13 13 a3 20.6 2.0 ee 133 9.2 6.4 n.2 12.0 13.6 5.8
690.06.558.67 | 298 X1 1.9 21.6 12 e 1822 5.5 .- 13.5 .2 19,5 12.1 95,5
sso.67.589.28 1137 6.3 21 18.2 N0 w20 " - 15.0 8. 23 122 3.
659.28-559,89 72 6.4 71 19.2 X S 1.8 - 15.0 171 175 114 9.8
659.89.660.50 ‘/3.5I 6.5 1.6 18.2 2.2 ena 22.0 0.1 .- 1.4 12.4 231 15.1 9.0
650.50-561,11 =2.92 6.0 2.0 16,8 3.7 .- 19.3 1.0 - 14,2 1.6 18.8 12.4 9.3
661,11-661.72 1.2 6.1 1.8 18.2 24 e 16 1.0 . 12.8 304 77 16,4 18,9
661L.72-662.33 A0 30 a1 14,0 ny 98 95 3.6 . 15.0 45 11 8.9 9.4
s62.33-662.36 Malgs sz 17 164 5.7 e 1N 26.2 - 1201 65 23 9.8 6.3
£§62.94-663.55 2.93 5.0 2.0 16.8 5.t ase 18.7 2,5 e 14,2 1.2 5.9 9.7 93.2
661.55-664.16 f2x1) 5.9 22 15.9 4.1 ver 14.6 13.9 ve 15.7 6.0 ~12.9 13.1 .
664,16-564.77 3.82 a4 11 15.5 6.2 5.3 148 2.3 .7 7.8 8.4 2.8 20.6 106.2
664.77-665.38 4.88 4.0 1.4 14.0 6.2 9.5 14,3 23.% e 10.0 3.5 21.1 15.2 102.1
665,38-665.99 13.4 .3 -6 9.4 5.1 42.% 11.1 12,9 5.9 1 - 17,3 10.8 104.6
665,99-666. 60 6.49 2.6 1.3 9.8 0.7 116 10,5 s 114 9,3 15.0 14,6 106.2
666.60-661,21 9.9 1 1.2 8.9 22 n.g 9.2 1.9 6.2 4.5 13.5 1.6 106.4
661.21-867.82 8.1 2.5 11 9.4 9.4 26.5 94 25.5 9.6 7.8 15.0 13.8 107.8
667.82-669.65 rar 2.2 1.1 9.4 8.8 21.0 9.5 2.2 9.4 2.3 - 15.0 16.! 102.1
669.65.570.26 (N0 sewple)
670.26-570.86 15.5 2.0 4 6.6 1.6 51.2 9.3 12.0 .5 6.4 - 10.0 .6 106.0
15.9 1.3 7 % 5.6 53,8 1.8 15.8 7.9 5.9 - 6.8 10.7 10,4
1.3 2.0 1.0 8.0 .9 367 29 2.8 7.3 I - 12.5 15.7 10.1
622,08-572.69 9.9 2.8 K] 9.4 L0292 1.9 25,2 1.0 6.4 oy 16.0 18.0 m.2
672.69-523.91 (Xo sample)
673.91570.62 1,60 3.9 1.4 12.6 8.0 65  10.0 23.4 4.6 1.9 103 13.5 2.2 107.4
674,52-525,13 4.47 3.4 1.4 12.6 7.8 1.2 4.8 23.3 1.6 10.0 .5 15.3 23.1 108.9
67513575, 14 6,24 3.1 1.2 1.7 Lt 8.1 2.7 1.9 9.5 6.2 15.3 20.0 105.9
675,14.575.35 3.04 3.4 1. 13.1 2.8 .5 9.4 23,5 1.0 10.7 9.7 14.% 239 106.3
676.15-576,96 {10 Sarole
676.96-577.57 L4 2.9 1.0 1.2 71 0.0 0.4 25.3 1.2 n1 2.5 1.7 18.7 1068
621,92-578.18 1.5 2.2 1.0 4.9 5.6 3.7 2.4 192 1.5 ra 1.2 13.6 12.9 102.7
678,18.578.79 5,20 3.2 1.4 10.8 8.0 1.8 2.9 0.5 3.3 19.0 5.5 12.9 19.5 104.6
678,19:529.40  12.2 2.4 1.0 2.4 .4 400 73 2.2 I8 4.3 10.4 18.0 107.9
619,40-580.01 (0.3 3.7 1S 103 1 me xS 15.6 e 1.7 2.0 6.4 2.1 107.2
680,01-580.62 5.30 3.4 1.8 126 [N 5.1 21,8 .- 12.9 15,6 .9 13.2 92,1
680.62-581,23 2.8 5.2 20 5.4 PO I 9.1 .2 --- .2 7.3 3.6 2.5 106, 1
1.34 !}3.8 1.2 1.1 9.4 1.6 44,9 11.0 hAa - .8 3.9 12.5 16.7 103.t
681.84-532.45 70,43 2.4 1.4 75 2.4 5.8 2.7 1.0 - 19.9 9.0 34 13.9 103.3
682.45-683,06 /1,48 34 1.4 10.8 5.4 24,2 9.3 2.3 . 1.0 6.8 12,0 16.2 105.36
683.06-583.67 (Mo sampie)
633,67.684,28 13,7 1.0 8.0 L% IETI 9.4 1%.8 e 71 1.5 1.5 (6.2}  (100.0)
684,23.684.89  16.7 8 5.2 L 815 6.0 105 - 5.1 0.2 7.3 11.9 136.1
684.89.685.50 139 K1 het L7 464 6.3 2.5 .- 5.4 1.0 9.3 1.2 106.1
625,50-586.10  14.9 K 5.6 5.0 503 6.9 2.0 nee 5.4 7.3 n 10.8 1078
686,10-686.71  15.3 K] 6.6 4.5 54} X1 20.7 5.4 .- 19.0 9.4 105.7
686,71-587,32 A0 16 1n.? w223 2.4 206 114 .- 120 16.8 105.2
687.32-682.93  15.1 A 5.5 45 52,7 6. 1501 [ .. 194 11.8 104.3
687.93-634.54 15.% .9 [} 4.3 3.2 5.9 19.9 A4 --- 10.3 9.7 105,8
688.54-699,15 141 K .0 5.3 . ana m w1 - 5.4 103 10.9 1061
649.15-689,76 15,1 .6 5.2 5.4 60,7 11 .9 o 1.3 - 9.4 10.4 106.2
683, 76590, 37 816 A 10.3 [T 95 .2 ) 6.7 2.3 16,7 1.3 1071
690.37-59%.98 10,9 1.1 23 IO 5.9 Al 3.1 1A 3.3 12.3 12.6 195.6
6909369150 | 7,53 1.0 10.3 3.3 A 33,2 - 1 1.6 12,7 19,2 114.8
691.59.692.20  L/1.62 L4 1.0 [SC BN 1S BREON 1 ee 1.0 1200 15,3 18,3 102:1



Table &.--GQuantitative ainerslogr of asbeolltic murlstone in core hole CSHewcnntinged

(Values Delow are 1n welight perceat)

acle. . . LR - E-felg- -telds Tatal

(:"::ﬂ s0ludle l::‘ '::;: Stltcon  Calctum ﬁ‘::' N:::” 02:?; Calelte ,,:,‘ ‘:,.:“ Qarty  Kerogen [alnerslse

sodhus tercgen)
692.20692.80 419 A (W TR 6 1.0 14 1.8 - 12.8 na 12.9 186 102.8
6920169042 479 A4 22 15. &6 W s 2002 o 5.7 19.1 8.} 19.8 0.
693,42-694,03 .0 9 22 1%l 50 19.2 N Mo - 167 16.9 6. 19.9 104-s
[T X T I ¥ S W B TN 50 289 %0 2.0 - 1.5 [t s 18.2 105.2
sMush9s.2s Mot s Lo 1t F S TR R R - 13.% 1.2 na 16.6 10%.0
695.25-695.88  15.3 18 L2 94 [T R S TR - 8.5 5.0 1 e 108.6
695.86-606,47 18,0 N )t} 6.6 20 &) N7 9.2 - 64 4.3 1.0 10,5 106:4
696.47.697.08 4.5 S 2.l 15.5 Ls L2 9.0 4] - 15.0 u.3 6 26,5 102.3
6970360769 22.8 . 3 1.5 A 26 2.8 - 2 ot 2.6 12.5 104:5
697.69.658.30 20,8 8 % 23 I ¢ B X1 6.0 - &3 - e 1.0 100.6
€98.10-698,91 186 14 .7 a7 28 65 S8 129 - 5.0 - 6.8 15.0 110.1
698.31.699,82 .1 2.6 ¥ 9.8 53 3% A2 A - 5.0 5.7 1.8 0.9 1.8
sosta00iis Mmoo e 3 ant 1o w3 o 3202 - 9.3 63 i, 15.5 106.
700.13-100.74 560 34 L2 131 6.6 113 L2 2.1 3.8 0.5 66 19.4 10,6 103.5
10040108 .20 f 9 e &1 il 0.8 - 5.4 1.0 20. 205 109.0
LML %8 1) 1) 10,3 L8 Ly 224 .3 1.8 %1 2.9 m.e
Jougsoes ) 43 23 188 5.7 9.9 262 - 16.4 15.8 9.0 .1 9.
jozs6030 M Ak 2a 156 59 [ 2 I 1 o%e 7 1.0 14 2.1 106,3
7031210078 L&) A48 21 s 59 e 10.2  2M0 - 15.0 1.0 " 29.0 1070
701780039 A8 44 1.0 136 69 e 14 s - 1 16 16 2.8 10a.2
7043570500 2.8 &8 1) 14,0 60 41 A 2.3 16.9 n a .
705.00.105.61 LM 4§ w6 159 12 - 88 1 18.2 1 i e
065.60-106.2 220 4.0 [T 5 38 .8 " 1.0 15,5 2.3 0.7
706.22-106,8) L% &2 16 1.0 62 eee 99 1.4 12.3 1. 3.0 108.1
706.83.707.4% X1 b T 1 TR 1 50 3 63 3.3 10,9 9.7 it 102.5
1on.4108.05 Mo 10 3 LY T a8 2.1 2.6 3.9 .
108.05-108,66 166 4 o [ ST a8 10.2 31 e 1053
108.66.109.22 &2 3?11 59 1 94 7.8 1.4 1t 194 106.7
92770988 2.6 49 1.4 5.7 ’ 10.0 9 20,2 0.8 101.8
F09.B8.710.49 L0 48 1.7 5.9 121 170 1.3 2t 101.9
nods.ne Mam ae 12 15,9 2.1 - .5 16.4 1. .
MaaLn 4.9 1.6 15,9 208 14 20,8 174 5:; o
nonaEy PRy sz 22 16.8 ¥ - 1507 20,2 12,0 0.0 100.7
nay-nze  fiw el e 19.2 179 -l 19,9 5.5 10.? 165 93,8
nasnnist  Yis  osia 11 sz 12:0 121 2.8 15.4 109 82.4
IERTTVR T ) S22 L6 182 2.1 .- 4 IR .
ML TI 76 IS S N T 15.9 o2 - he: e ] e ]
TIENS3 e ) L7 189 Nt - 12.1 3.2 19.9 10.7 9.2
715.37-715,93 ‘Il." Sl 1.8 6.2 .4 aa 12.8 28.0 3. 15:‘ :
ne.seness Yas  er 2z . 10.6 %7 s 15 10.2 9.9
NESNLI M 8.0 1.9 182 3 15,9 5, - . '3
IATHITX B 5 TR N 1.3 19,2 1 11 i o i s (X1 o W
N7,60-710.81 1.2 ne 1 18.2 2.9 0.2 9.2 - 1. 5.6 1.8 1.8 92.3
NE4L-119,00 0.4 P M B T ICRE R T | 6.9 - 19.0 8.3 12,3 16.9 97.3
ne.0-961 1t 20 8 wr [CIT ) 15 5.9 5 1 i1 13.2 102.2
N9.63.120.28 20,4 .5 - 1.9 Lo e 5.4 - X
720.20-320,85  20.2 [ 6 3.3 20 N2 IR 9,2 ] b ons
120,05-121046 120 2.4 ] 10.3 £9 W oA zls o 5.7 %0 105.0
121.46-122,07 .04 L1 b6 10.8 I 4.7 5.3 na eua 1.4 10.3 IUU.I
2200122268 28 43 L6 s ns &3 1A 1.9 o 1t t6.5 1051
126812329 1R % 1.8 159 50 e AL 206 .
123.23-123.90 LA &8 1 15.4 59 12 w1 o .- ho b L
123.50-124,51 vz sa e 154 SA Al o 261 - 1.4 19.6 1047
241025007 1NS N 1.0 %4 IR N BT ¥ 18,4 n 131 109,2
289226, ‘ i L ta nYoWms S22 - 12,3 17 104.}
126.73.726. 04 -’I.Q‘) 5.4 2.2 14.4 1.4 n.9 b.h 0,7 15.7
3 . . X . .- . 19.0 106.2

263012695 2.4 S2 2.0 5.9 . . . -
;;e-:i';”‘“ (o aaate) t [} 16.2 .2 18.2 20.4 93.8

56029000 422 4 1.2 n? .0 1. 4 .
ROAI2EIE L2 ¥A 11 11 S 164 bt ] s
120.76129.39 4880 1) 1.0 10.3 IR TR X )
129.35-030.00  HoLn 3% 12 . a6 1A e foe ¥ o o
130.0¢.730.61 119 3.6 1.4 m? 63 1 3 n.r e 9 2901 it
RIS TN T I N S s 10 3 S L 0 - 7 2.9 v
nLa-nLe uo.u Y 1.3 1 L - oy 18 3.3 262 195.0
731.82.732.0) 9.6 4N 1.3 14.0 Wl .o 2.1 . 2.3
132,40-111.04 181 .3 1 15.9 4.3 T8 %o 1.4 e aa o
133.04.122,65 .61 o 12 156 4.0 18,7 2.8 28 FR ) st
733,65-138.26 % 14 1.5 12.2 2 17,3 51 1.9 10.2 o RS
734.26-100, 37 .52 s 13 1.0 no 1220 u.3 IR 31 9 ey




Table $..-Quantizative alneralogy of Ashcolitic aurlstone In core hole CS--cantinsed

(Values below dre 18 weight percent)

Azid - - . . - - - Ny~ -
(::::“ solyble "l:' ’:}: Silican  Calcium Nﬂ:: Da:::n D:: :. Lateite ‘s;::d ":;::“ Quarks  Keragen ‘ﬂ:::::“,
sodiun ) kerogen}
134.87-715.48 0. 1.5 1.2 14.5 9.9 e 1.9 s z.1 8.9 224 é .7 107.6
136.48.736,09 .14 3.3 .5 15.9 8.7 -nn 299 s 14 10.7 20.4 351 5.0 193.9
-736.70 0.0 1.8 1.2 13.6 9.5 0.7 18.) 2.9 8.5 24,7 8.4 8 195.9
0737, 11 .97 5.1 1.6 18.2 6.0 S, 23.1 &5 11.4 7.8 12.% a8 1048
1303120292 1.10 $.0 1.8 L8] 6.1 6.9 m. .- 12.8 2.0 52 285 105.%
Mean 16,3 153 2.4 1.2 10.0 10.6 142 19.3 193.4
Standard deelation 193 (%%} e .7 3.2 9.1 4.4 %9 5.2
Vomtizee aan 153 9,8 21 0.9 %5 10.0 1. 10.3 100.9

Y xcidesaliste sodiun mas deterataed on $0le diter mater-solusle nancolite wis rewsed,
HY Mo sirple, 35 O percest ashcalite.
¥ Tae aicera) averages are calculated to tots) 100 percent nlnerals ind heragen, except for the valies for nahcclile, dawsanile, 203 Rersgen WACh ro

attuted to De correct.
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MARLSTONE AND

SILICICLASTIC LITHOLOGIES

Sands tone

Siltstone

N

- ]
Harly siltstone

Interbedded sandstone
and siltstone

Dolomitic siltstone
Contains clasts of rarlstone

Shale; part or all ray
be oil shale

Harlstone grading to kerogenous

maristone

&
-
FN

rerogenous rarlstone and
rinor marlstone

Silty kerogenous marlstone

-

Interbbeded kercgenous =arlstone

ard shale

Blocky keragenous marlstone

D e s
¢olcanic tuff bed

Itlitic kerogenous shale.
dark brownish gray, fissile
to thin-bedded, laminated

Core missing

EXPLANATION FOR PLATES 1 AND 2

NAHCOLITE AND
ASSOCIATED MINERALS

»
nte"sl
Adod

Halite and wegscheiderite,
frcludes some rarlstone

]

Halite and nahcolite, bed 20.75 o thick:
includes some marlstone

Halite and nahcolite, bed <0.75 m thick

senn

Patches and pods of helite

o
ZZL,A
2
=
White coarse-grained nahcolite:
some interbeds of marlstone

Brown microcrystalline nahcolite, bed £0.75 = thick;
sore interbeds of marlstone
L

Brown microcrystalline nahcolite,
bed <0.75m  thick

g;;/r///r
f%
il
Disseminated fine-grained nahcolite in kerogenous
marlstone, bed £0.75 @ thick; some nahcolite-free nahcolite

WA

Disseminated fine-grained nahcolite in
kerogenous maristone, bed <0.76 m thick

(a)feeses

(b)le® e o

Kerogenous marlstone containing scattered nahcolite
aggregates (a) =8 o across and {b) »8 oo across

(a)[e%eee

(b)|*eme

Kerogenous marlstone containing scattered
{a) brown crystals and (b) ton fine-grained
pods and lenses of nahcolite

3.38/53.9

Thickness in ceters and weight
percent nahcolite of selected
units
8.63/4.26% A0,
Thickness of dawsonite-rich marlstone
and amount of acid-soluble alumina

¥, wegschelderite (MaHCO3-HazC03)
1, trona (ruucoymzcoyznzo)

S, shortite (NapC03-2Cac03)

fio. northupite {Ha;C03-MgC03-HaCl)
se, scarlesite (NaBSig0g-H;0)

() 1 (0, &)
(b) 41 (0, &)

Highest (a) or lewest (b) significant
occurrence of 111ite (1), dawsonite (D),
or analcime (A); depth in meters

SOLUTION FEATURES

e atle

Rubbly maristene or kerogemous
marlstone

Rarlstone solution breccia
20.6 o thick

V0=

Harlistone solution breccia
<0.6 m thick

{2)fse®e s
[E3] LA

Solution cavities fror leaching
of nahcolite aggregates; (a) S8 ¢m
across, (b) ®8 cm across

[£}] 585
(b)
(c)[oo® o

Zone of disseminated crystal cavities
(a) =0.75m thick, {b) <0.75 m thick;
(c) scattered crystal cavities

ACCESSORY DATA

O —Fly larvae

[N
(not nahcolite)

o —Fossil fish fragments

O —(stracodes

n —Carbonaceocus fossil plant
fragrents

¥—uUnidentified fossil fragments

l——Blebby and streaked structure

J.R. Dyni 2/81

C.?P. 360.3 ~ ~Core point in reters

~——Laminae of fine-grained crystals

TD 793.39 m =Total depth in meters
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C34

C177
C154
CH‘? .3 UINTA FM PICEANCE CREEK
400:;*//*/2)—0: SURFACE SECTION
TOP OF NAHCOLITE MAHOGANY OIL-SHALE ==
300+ 3004— FACIES o v+ ZONE
- G Ld T °°°u'°j-’-a-m-‘i<
o 0% 5P o © AT
‘CS/ - L) : - ° o, o 500_'L° oo °Q 429’:

0,00%2 0 0? o LEACHED ZONE° ° .c;
[ "DISSOLUTION 00, ,ou 89 °,
i °° SURFACE e ‘

[© 00

’._-.

00‘30

PARACHUTE CREEK MBR

GREEN RIVER FM

...................................

DEPTH, IN METERS

BASE OF NAHCOLITE

0 5 KM
l 1 1 1 1 |

DOLOMITIC OIL SHALE
WITHOUT NAHCOLITE

WITH NAHCOLITE AGGREGATES

WITH SOLUTION CAVITIES
AND BRECCIA

- FISSILE CLAY SHALE

HALITE, NAHCOLITE, AND MARLSTONE

- WHITE AND BROWN NAHCOLITE

]

DISSEMINATED NAHCOLITE




| (
Y
Plate 2
)
C155
Wolf Ridge Minerals Corp.
Colorado Minerals core hole 14-1
C153 NW4NE% sec. 14, T.1 S., R.98 W.
Surface elevation: 1921.2 m
Wolf Ridge Minerals Corp.
= Colorado Minerals core hole 28-1 Depth
% s u NEXNWY sec. 28, T.1 S., R.98 W. (evers]
x| T Surface Elevation: 1955.99 m
L
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Plate 2. East-west stratigraphic cross section of the nahcolite deposits of the Green River Formation in the northern part of the Piceance Creek Basin, Colorado
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Plate 3. North—-south stratigraphic cross section of nahcolite bed L—-4D in the northern part of the Piceance Creek Basin, Colorado- "
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