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GEOLOGY OF NAVAL OIL SHALE RESERVES 1 AND 3, GARFIELD COUNTY, COLORADO

INT RODUCTION

Naval Oil Shale Reserves 3 and 3 occupy approximately 90 square miles of rugged land in
Garfielé County, Colorado, about & miles northwest of the town of Rifle. In these reserves,
numerous beds of oil shale, distributed through a sequence of marlstones 70C to 1,200 feet thick,
are of possible economic value as a source of 1liquid fuel. The oil shales are in the Green Rilver
formation of Eocene age arnd are widely distributed in western Colorado, eastern Utah, and southern
Wyoming. Thelr characteristics and reglonal distribution are described in many reports bu: =re
most completely summarized by Geological Survey reports of Winchester 1/ end Bradley.2/

At intervals since about 1910 tkhe oil shales of the Green River formatlion have been examined
and tested by commercial organizations and government agercles as a possitle s=ource of oil, al-
though no commercial production of oil has been obtained to date. In 1916 an area of about 65
square miles of the Roan Plateau in Ts. 5 and 6 S., Rs. 94 and 95 W. Sixth principal meriqian,
Garfield County, Colo., was deslgnated Naval 01l Shale Reserve No. 1 and set aside "as a future
source of oil for the Mavy." In 1924 additional land bordering Reserve No. 1 was set aside as
Naval 011 Shale Reserve No. 3 for access roads, plant sites, and waste disposal. During the
period from 1925 to 1929 experimental mining and processing of the 0il shale were begun by the
U. S. Bureau of Mines at the Rullson mine and plant near Cottonwood Point but the project was dis-
continued before the experiments were comrleted due to & lack of funds. A second experimental mine
and plant near Anvil Points, situated about 8 miles west of Rifle, Colo., were started in 1945 by
the Buresu of Mines, and these are now being operated to determine economical extraction methods,
characteristics of the synthetic oil and data on cost of production®from the richer part of the
oll-shale section. Recent progress reports by members of the Bureau of Mines describe current
experimental mining and processing of the oil shale.3/

The Green Rlver formation forms a high table land, known as the Roan Plateau, on which most of
the Naval Reserves are located. The altitude of thes plateau is about 8,500 feet. The margin of
the plateau is formed by the oil-shale and marlstone sequence which weathers into vertical or
steeply sloping cliffs (Roan Cliffs), about a thousand feet high, which rise above steep talus-
covered slopes. The slopes and cliffs rise 3,500 feet above the Colorado River to the south and
form some of the most plcturesque scenery of the West. Tributarles of the Colorado, flowing in
steep-walled canyons, have incised the plateau deeply, and thus its margins present an intricately
complex pattern. In the Naval Reserve the plateau 1s accessible from all sides by a few stock
trails, but on the north a dirt road climbs the relatively gentle back slope.

In the Naval Reserves the o1l shales and the enclosing rocks have a westward dip of about 19
to 3°, although in the northeast corner of the mapped area the rocks are tilted more steeply and
along the slope of Grand Hogback dips increase to as much as 60° southwest.

A detailed geologic investigation of an area of about 175 square miles including Naval Re-
serves 1 and 3, was carried on during the summer and fall of 1945 by a field party of the Geolog-
ical Survey. The purpose of the investigation was to obtain data on stratigraphic distribution,
continuity and areal extent, thickmess of overburden, quality, and attitude of the oil-shale beds.
The project was sponsored by the Department of the Navy, Office of Naval Petroleum and 011 Shale
Reserves, in coordination with a preliminary core-drilling program of the Bureau of Mines. The
investigations began in June 1945 with G. M. Richmond in charge, assisted by T. G. Moran and R. C.
Robeck. N. M. Denson and J. W. Marshall joined the field party in July, shortly before Richmond
transferred to another project. In August, D. C. Duncan joined the project as chief of party.
Most of the field work was completed in November although brief visits were made to the area in
1946 to log cores and assist in locating a drill hole. The field work and preparation of the re-
port were under the general supervision of N. W. Bass.

Eleven detailed stratigraphic sections through the part of the Green River formation con-
taining oil-shale were measured at places from 1 to 4 miles apart along the plateau rim on or near
the Naval Reserves., Also the cores from 4 holes drilled by the Bureau of Mines in the Naval Re-
serve were examined and logged in detail. Many key beds were identified in all of the 11 strati-
graphic sections and in the four core holes. The stratigraphic sections were measured by hand
level and 6-foot steel tape. At the places where the sections were measured, the weathered rock
face was chipped clean with a geologic hammer, and each bed was examined on the fresh rock faces
thus made. Many of the beds thus studied are less than one inch thick. Samples of unusual rocks,
not readily determinable with a hand lens in the field, were collected and examined later with
binocular microscope &nd, in thin sections, with a petrographic microsecope. The minute detail in
which the stratigraphic sections were sampled and described enabled the geologists to predict,
within a few feet, the depths at which key beds and rich oil-shale beds would be encountered in
the core drill holes. In measuring surface sections and logging the drill cores field estimates
were made of the oill content of the oil-shale zones. .Subsequently, distillation analyses of the
01l shale semples from the drill holes were made by the Bureau of Mines. The fleld estimates of
the oil yield of the cores of hole B are shown in figure 2 alongside the grash of the actual yield
obtained by distillation. The fleld estimates for beds that yleld 10 to 25 gallons of oil per ton
generally approximate those of the distillation aenalyses, but many estimates for thin high-grade
beds are too high and for low-grade beds are too low. The error in estimates of overall ylelds for
the complete oil-shale sections, however, is thought to be less than 20 percent, and for some sec=-
tions is thought to be less than 5§ percent.

Many less detailed stratigraphic sections of the upper part of the oil-shale sequence were
measured in the rounded shallow hanging valleys that dissect the plateau. Because the rocks on the
plateau are weathered and less well exposed than those in the cliffs along the rim, sections
measured on the top provided 1little data on the potential yield of the oil shale, but they per-
mitted the identification of key beds which served'as control points in mapping. After the de-
tailed stratigraphic sections had been measured and the party had a thorough knowledge of the
stratigraphy, the member and formation boundaries and the position of several key beds were mapped
on serial photographs. About 300 control foints throughout the area of outcropping key beds and
formation boundaries were plotted on aerial photographs. Elevations of these control points were
determined by the Topographic Branch of the U. S. Geological Survey during the compilation of a
large scale topographic map by Multiplex aero-projJector. These control points, with a theoretical
error in elevation of 10 feet or less, served as control for the structure contours on the map.

STRATIGRAPHY

The oldest rocks exposed in the Naval Reserves are varicolored shales and interbedded lentic-
ular sandstones of the Wasatch formation of Eocene age. The Green River formation, consisting of
brown and gray sandstone, gray shale, and gray to black marlstone including oil shale conformably
overlies the Wasatch formation. About a mile east of the Naval Reserves steeply tilted beds of the
Mesaverde formation of Upper Cretaceous age are exposed in Grand Hogback.

A generalized description of the exposed rocks of the Naval Reserves is given in the following
table:

Table 1. Generalized description of the rocks exposed in or near Naval 011 Shale Reserves 1 and 3
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Mesaverde formation (Upper Cretaceous)

The Mesaverde formation crops out about a mile east of the Naval Reserves.
massive beds of tan sandstone interbedded with gray shale and coal beds.
steep angles to form Grand Hogback.

It consists of
The beds dip westward at

Wasatch formation (Eocene)

The Wasatch formation is exposed in the lower slopes bordering the Roan Plateau along the
valleys of Government Creek, the Colorado River, and the lower part of Parachute Creek. The forma-
tion consists of red, drab, purple, and gray shale, sandy shale, and some interbedded lenticular
sandstone. The formation is about 5,200 feet thick in secs. 5 and 6, T. 5 S., R. 93 W., but is re~-
ported to be 3,900 feet thick along Government Creek, north of the map area.i/ The apparent in-
crease in thickness southward is perhaps due to the upward shift of the Wasatch-Green River boundary
as selected in this report.

West of Cottonwood Point and along Parachute Creek the contact between the varicolored shale
of the Wasatch formation and the gray and tan beds of the Green River formation is distinct and
easily ldentified, but east of Cottonwood Point and thence northward along Government Creek the con-
tact is obscure. There the upper 500 to 700 feet of the Wasatch formation consists mostly of sand-
stone and gray shale, with only a few thin beds of varicolored shale. Moreover, near Anvil Points
and thence northeastward about 250 feet of beds that are younger than the Wasatch of the Parachute
Creek area have herein been included in the Wasatch formation because this lithology is that of
typical Wasatch, including some beds of varicolored shale. These beds interfinger with beds of the
basal part of the Green River formation near Anvil Points (see columns 5 to 9, fig. 1). In the
area east and northeast of Cottonwood Point the boundary was drawn at the top of the highsst red or
varicolored shalz zone, 10 feet or more thick.

Green River formation (Eocene)

The Green River formation consists chlefly of gray to black thin-bedded marlstone in the mid-
dle third, and tan and gray sandstone and shale in the upper and lower thirds. The marlstone
portion of the formation contains the oil shale. This part of the formation weathers light gray
and forms the prominent cliffs that characterize the formation. The total thickness of the forma-
tion is about 3,200 feet.

Along Parachute Creek the Green River formation is divisible into four members, which are, in
ascending order, the Douglas Creek, the Garden Gulch, the Parachute Creek, and the Evacuation Creek
members. East of Parachute Creek, however, the lower part of the formation becomes increasingly
more sandy and the two lower members are not readily differentiated. Moreover, still farther east
this lower sandy phase of the formation extends higher in the formation and interfingers with the
lower part of the Parachute Creek member. In the eastern part of the area the entire sandy phase
1s designated the lower sandy member of the Green River formation. It is best exposed along the
escarpment of the Roan Plateau near the head of Golden Castle Creek (see column 9, fig. 1).

Douglas Creek member

The Douglas Creek member of the Green River formation 1s 430 to 470 feet thick along Parachute
Creek. It consists of gray and brown shale, with a few beds of ledge-forming sandstone, several
thin brown oolite beds, and in places a few thin algae beds. The member weathers to a steep,
ledgy, buff slope, the color being derived largely from the talus of blocks and fragments of sand-
stone and oolite. Many gastropods and pelecypods are present in some of the sandstones, and many
ostracods are present In some of the shale and oolite beds. Along Parachute Creek the upper
boundary of the Douglas Creek member ranges through a stratigraphic interval of about 50 feet, be-
cause of the occurrence of lenticular beds of sandstone in this interval.
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Garden Gulch member

The Garden Gulch member of the Green River formation overlies the Douglas Creek member; its
thickness along Parachute Creek ranges from 630 to 720 feet. The member consists mostly of gray
shale and marlstone, but contains a few beds of sandstone and a few thin beds of oil shale. East-
ward the shale and marlstone beds interfinger with beds of sandstone of the lower sandy member.
The Garden Gulch member contains, also, a few algae beds and, in places, thin beds of oolites.
Many gar plke scales and ostracods are present locally. The Garden Gulch member weathers to steep,
smooth slopes beneath the cliffs of the Parachute Creek member.

Lower sandy member

The lower sandy member of the Green River formation is exposed along the south and east slopes
of the Roan Plateau east of Parachute Creek. It is approximately a stratigraphic eguivalent of the
combined Douglas Creek and Garden Gulch members and, in addition, includes younger beds that inter-
finger with the lower oil shales of the Parachute Creek member. The lower sandy member consists
mostly of brown- and gray-weathering sandstone and gray shale, and in its upper part contains some
beds of marlstone. A few thin beds cof light-brown marlstone, that probably would yield a small
amount of oil upon distillation, are present. Beds rich in algae, oolites, and ostracods, which
are characteristic features of the Douglas Creek and Garden Gulch members, are also present in
the lower sandy member. The thickness of the member ranges from 1,100 to 1,600 feet.

Parachute Creek member

The Parachute Creek member contains the principal oil-shale beds of the Green River formation
(see figs. 1 and 2). Its outzrops form the prominent light-gray, light-brown, and white-banded
cliffs that border the Roan Plateau as well as the steep lower slopes and ledges in the shallow
valleys on the plateau. The member consists mostly of alternating black, brown, and gray marlstone
containing variable amounts of organic matter. The beds that contain large quantities of organic
matter are classed as oll shale. Thick sandstone lenses are present locally near the base of the
Parachute Creekx member. The thickness of the member ranges from 1,230 feet at Glover Point to
about 700 feet in :he eastern part of the Naval Reserves.

Key beds of Parachute Creek member.--Many thin persistent beds, including (1) sandy-textured
beds of altered tuff or of fine-gralned crystalline analcite, (2) chert nodules and chert layers,
(3) crinkly-bedded carbonate beds, and (4) gypsum-anhydrite crystal cavity zones, are distributed
at irregular intervals throughout the Parachute Creek member. These thin key beds were identified
in all complete stratigraphic sections measured on the outcrop, and in the core drill holes that
were logged by examination of the cores. Several of the key beds used in mapping are identified
in figures 1 and 2.

The four types of rocks that served as the principal key beds are described below:

The sandy-textured beds are thin beds of altered tuff, that are gray or brown, are fine- to
coarse-textured, and normally contain small dark mica flakes and a varying amount of minute
analcite crystals which are presumably an alteration product. These beds have the general ap-
pearance of sandstone and have been identified by some workers in the area as sandstone or oolitic
limestone. A.few of these beds are made up almost entirely of analcite crystals. Several are re-
markably persistent. One of the analcite beds, about 0.5 foot thick, known locally as the Mahogany
marker, has been used throughout the district as the standard reference bed for the richest part of
the oil-shale sequence (which includes the Mahogany oil-shale bed and adjacent rich beds). The
Mahogany marker consists almost entirely of analcite crystals 0.1 to 2.0 mm. in diameter. It is
gray or brown, depending on the presence or absence of asphalt that locally coats the grains. The
Mahogany marker lles 10 to 14 feet above the Mahogany oil-shale bed and 40 to 110 feet above the
base of the upper or main oil-shale zone (see figs. 1 and 2).

A second analcitized tuff bed, 0.2 to 1.0 feet thick, lies 65 to 80 feet below the Mahogany
marker and near the base of the upper oil-shale zone; this key bed serves as an aid in correlating
beds in thle part of the stratigraphic column.

Several thin analcite and altered tuff beds, 0.05 to 0.5 feet thick, are distributed through-

out the upper part of the Parachute Creek member. One of these, & bed of analcite 0.5 to 1 inch
thick, occurs as a parting in a rich oll-shale bed that 1s in a sequence 40 feet’ thick, which in~
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cludes alternating rich and lean oil-shale beds and a bed of marlstone containing gypsum-anhydrite
cavities. The bed was used extensively as a key bed in mapping on the plateau. It lies 250 to
320 feet above the Mahogany marker and is indicated in figures 1 and 2. A unique bed in the main
oil-shale zone, lying about 80 feet stratigruphically above the Mahogany marker, consists of
analcitized tuff with wavy laminae of brown marlstone. This bed, which ranges in thickness from

1 to 3 feet and persists throughout the area, also served as a valuable key bed in mapping.

The key beds identified as chert nodules and chert layers, include marlstone beds having white
and gray chert nodules, up to 0.5 foot in diameter, and chert layers 0.1 to 0.3 feet thick. These
beds are present in the Parachute Creek member, north and east of Anvil Points, and were used
locally as guides to the correlation of the oil-shale beds.

The crinkly-bedded carbonate beds include distinctive thin microcrystalline carbonate (dolo-
mite and calcite) with crenulated paper-thin black organic partings. They are present in the lower
part of the Parachute Creek member and are labelled "crinkly beds®™ in figures 1 and 2.

The gypsum-anhydrite crystal cavity zones occur in several beds of marlstone, 0.1 to 5.0 feet
thick, in the upper part of the Parachutz Creek member. The,marlstone contains many needle-like
cavities and swallow-tailed tabular cavities that have been interpreted as molds of anhydirite and
gypsum crystals. The lowest and most persistent of these beds lies from 280 to 345 feet above the
Mahogany marker and was used extensively as a key bed in mapping.

Along Parachute Creek, cavities ranging from 0.5 to 5.0 feet in dilameter and formed by
leaching of a salt from the marlstone, are common throughout the upper 750 feet of the Parachute
Creek member. Although they are abundant in the richer parts of the oil-shale sequence on Para-
chute Creek, they are less cormmon in the eastsrn part of the Reserves; there, they are restricted
to the Mahogany oil-shale bed and to the uppermost part of the Parachute Creek member (see fig.1).
Although observation on the distribution of the salt cavities i1s not complete it 1s thought that
throughout most of the Naval Reserves they are restricted to stratigraphic zones a few feet thick.
In core drill hole C, in sec. 12, T. 6 S., R. 95 W., specimens of a salt-filled cavity were re-
covered from the Mahogany oil-shale bed, and in the mining of this bed in the Anvil Points mine
large cavity filling containing a rare, water soluble, sodium bicarbonate mineral, nahcolite, was
encountered.5/

0il-shale zones of Parachute Creek member.--The oil-shale-bearing part of the Parachute Creek
member 1s hereln divided into three oll-sha'e zones that are separated from each other by 50 to
150-foot zones of marlstone which is barrsn of oil shale. The oll-shale zones are designated in
figure 1, in ascending order, lower, middle, and upper oil-shale zones. The lower zone, which con-
tains the least valuable oil-shale beds, is present only in the western part of the area. The
thickness of the .lower zone ranges from 205 to 220 feet along Parachute Creek, and the zone thins
eastward and pinches out between Cottonwood Point and Anvil Points along the slopes below the Roan
Cliffs. The middle oil-shale zone, which is 230 to 270 feet thick along Parachute Creek, contains
thicker and richer oil-shale beds than the lower zone. lts greatest development is in the western
part of the area, and most of the rich beds are absent east of Allen Point; only a few of the beds
extend eastward across the area. The upper oil-shale zone, with a thickness ranging from 460 to
630 feet, contains the richest oil-shale beds in the Green River formation. These beds extend
throughout the area but diminish in richness from west to east. The basal 70 to 135 feet of the
zone forms the richest thick unit of oil shale. Within this unit the Mahogany bed, which is 6 to
B% feet thick, i1s the richest single oil-shale bed of minable thickmess in the entire formatfon.

The upper boundary of the upper oil-shale zone, which is also the boundary between the Para-
chute Cneek and Evacuation Creek members of the Green River formation, 1s drawn at different
stratigraphic positions in different parts of the area. On East {iddle Fork of Parachute Crezk
the boundary between the two members 1is sharply defined (see column 1, fig. 1). There, low-grade
01l shale at the top of the Parachute Creek member is overlain by a bed of sandstone 3C feet thick.
This basal sandstone of the Evacuation Creek member thins aic interfingers with marlstor= beds that
contain increasing smounts of organic matter southward toward Anvil Points, Cottonwocd Point, Allen
Point, and Glover Point. Accordingly, the boundary between the Parachute Creek and Evacuation
Creek members i1s drawn at higher stratigraphic positions south and ¢ast from the Eas® Middle Fork
section (see fig. 1).

Evacuation Creek member

The Evacuation Creek membsr is exposed along the rounded slopes and ridges that cap the Roarn
Flateau on ané near Naval 01l Shale Reserves 1 and 3. As mapped, the member attains a maximun
thickness of approximately 1,000 feet in the area north of East Middle Fork ~f Parschute Creek,
but the upper part of the member was not examined in detaill and there may te included in it some
sandstones that really belong in the overlying Bridger formation of Eocene age. The lower 800
feet of the Evacuation Creek member consists of alternating fine- to medium-grained yellowish-
brown sandstone and gray marlstone which contains a few thin beds of low-grade oil shale. The
sandstones in the lower part of the unit are lenticular and pinch and swell along their outcrops,
ziving the impression that they are channel sandstones. The Evacuation Creek member, as a whole,
weethers into yellowish-brown slopes, Interrupted by a few low discontinuous cliffs which lie above
the prominent light-gray ani white cliffs of the Parachute Creek member. In many vlaces, however,
the boundary between the Evacuation Creek member and the Psrachute Creek member is difficult to
identify because exposures near the boundary are poor and & brown staln from the overlying sand-
stones coats the marlstone and low-grade oil shale of the upper part of the Parachute Creek member.

STRUCTURE

The Grand Hogback monocline, a steep northwest-trendingz flexure along which the rocks are
folded downward several thousand feet to the southwest, is the dominant structural featur- of the
region, and lies a few miles east of the area mapped. Naval Reserves 1 and 3 are low cn the south-
west flank of the monocline where, except for the northeast corner, the regional dip of the rocks
1s only from 1° to 3° westward. The mapped area 1s also on the eastorn flank of a broad skallow
structural depression known as the Piceance Creek basin, whose axis may lie along the west edze of
the area mapped. The structure contours of the map show that the rocks form a broad synclinal
flexure trencing northwest across the western third of the area. Less confidence can be placed in
the pesition of the structure contours west of Parachute Creek in the northwestern part of the map
area than elsewhere, because very few control points were obtained there. Accordingly, the re-
lation of the synclinal nose, shown on the map, to the axis of the main Piceance Creek basin is
unknown. The increasing angle of dip of the rocks shown in the northeastsrn part of the area 1s
due to approach to the Grand Hogback; the dip increases from 6° at the northeast margin of the area
where contours are shown, to 60° at a point less than 3 miles east of this margin.

Although in general the dips are quite un!form, compaction folds as much as 100 to 400 feet
across are not uncommon in the basal part »f the Evacuation Creek member of the Green River forma-
tion. These folds involve 10 to 60 feet of marlstone and oil shale overlying channel =sandstones,
and in places show reversals of dip as great as 20°., The beds immediately underlying the channel
sandstones, however, have only gentle cCips which conform with the general cstructure of the area.

Although no faults were observed in the Green River formation, & wsli-developed system of
essentially vertical joints imparts a trellis pattern to the drainage. throughout most of the Roan
Plateau within the map area. The major streams generally follow joints that trend in the dirsction
of the dip of the beds, and the short tributary streams are zenerally controlled by Joints that
trend in the direction of the strike of the beds.

OIL SEALE

Subsurface extent of oil-shale zones

Beds in the upper part of the Wasatch formation ard in the lower part ¢f tne Greer River for-
mation become coarser northeastward across the area. This condition suggests that a land mass
existed not far east of the eastern margin of the area and furnished the sediments to the ancient
lake in which the beds that later became the upper part of the Wasatch arnd the Green River forma-
tions were deposited. Possibly the shore of the lake lay parallel to Grand Hogback, although the
lake shore may have been several miles east of the Hogback. It is thought that the general east-
ward decrease in content of organic matter, and eastward increase in sand and silt in the markstone
of the Parachute Creek member of the Green River formatlion reflects relatively near-shore concl-
tions of deposition in the ancient lake. Lines of equal richness of the oil-shale zones should
thus trend roughly parallel to Grand Hogback, and the oil-shale zones should become richer westward
away from the lake shore. Accordingly, the subsurface margins of the economically important oil-
shale zones in the Parachute Creek member have been interpreted to extend north and northwest from
their outcrop on the south rim of the Roan Plateau, as indicated on the Reserve mar, figure 3.

Character of the oil shale and associated marlstone 6/

The marlstone, including most of the oil shale, is an impure fine-grained cartonate rock that
contains varying amounts of organic matter, clay minerals, and small amounts of volcanic ash or
tuff and analcite. It i1s a tough rock with a tendency toward irregular fracture across bedding
planes. The fresh color grades from black and brown to light gray, depending on the amount of
organic matter present. The weathered color of marlstone that is rich in organic matter is
generally white or blue gray, but the leaner marlstone generally weathers to light brown or gray.
The richer beds commonly exhibit a fine-textured satiny luster and the leaner beds generally have
a coarser textured silty appearance.

The marlstone ranges from finely lsminated beds to beds 3 to 4 feet thick, in which the bedding
is obscure. The laminated beds predominate and individual laminae range from paper thin to about
% inch thick. The thinner laminae are commonly in the richer oil shale and the thicker laminee are
in the leaner or barren marlstone. Throughout most of the Parachute Creek member the richer, finely
laminated beds and the leaner, coarsely laminated beds alternate in more or less regular cyclic
order, generally grading from a unit of coarsely banded lean marlstone, 3 to 15 feet thick, upward
to a finely banded rich oil-shale unit ranging from & few inches to about 2 feet in thickness. A
few massive beds containing subangular and rounded fragments of marlstone are distributed irregu-
larly throughout the laminated beds. These are termed mossaic breccias, and they generally have
a high organic-matter content. Some beds, 1 to 5 feet thick, contain tight folds and contorted
laminae, and the overlying and underlying beds contain regular horizontal bedding. The contorted
beds possibly were deformed by slumping shortly after deposition and before the rocks were con-
solidated.

The richer marlstones are very resistant to weathering and form ledges in the cliffs, but the
leaner or barren marlstones commonly weather to platy narrow benches or recesses. A few rich beds,
such as the Mahogany oil-shale bed, break along bedding planes and in the cliffs weather to thin,
tough, flexible plates.

The specific gravity of marlstone of the Green River formation ranges from about 2.66 in some
essentially barren beds to about 1.46 in the richest o1l shale 7/ and is, in general, inversely
proportional to the content of organic matter.8/ The specific gravity of most beds yilelding 20 to

50 gallons of oil per ton ranges from 2.35 to about 1.90.

The colo¥, luster, texture, specific gravity, and weathering features of Whe marlstone beds
formed the basis for field estimates of the potential oil yield. A gauge to these estimates was
established by comparing rock samples and assay results of samples analysed by Mr. Pray, a local
assayer of DeBeque, Colo., and by examining the oil-shale section at Anvil Points and Cottonwood
Point which had been previously sampled and analysed by the Bureau of Mines.

Composition of the marlstone and oil shale

The inorganic matter of the marlstone comprises from about 50 to 100 percent of the rock. The
chief inorganic constituents of the rock are carbonates, mainly dolomite and calcite, which gen-
erally amount to from 50 to 75 percent; the average amount of clay minerals, perhaps of the beidel-
lite group, is about 20 percent; and the average amount of analcite ranges from about 1 percent to
16 percent. 1In addition to the clay minerals, the detrital minerals, which are present in small
amounts, are chiefly quartz, feldspar, mica, and apatite. Syngenetic minerals, normally present in
small amounts, are chiefly, pyrite, opal, chert, and apophyllite, in addition to the more abundant
analcite. The pyrite, which 1s undesirable in processing the marlestone for oil, occurs as small
nodules, paper-thin layers, and as disseminated crystals; some thin beds contain as much as 5 per-
cent iren sulfide.

The organic matter in the marlstone varies from essentially O to about 50 percent. It imparts
a brown or black color to the fresh rock surface, and 1s yellow, reddish brown, and black in thin
section. Most of the organic matter appears structureless under ordinary powers of the microscope,
but many forms of plant and animal remains in various conditions of preservation have been observed
in thin sections.g/ These remains of organisms represent chiefly primitive aqueous plants and ani-
mals, such as bacteria, algae, fungi, and protozoa, but also include pollens and spores of land
plants, and remains of insects and fish.

When the oil shales or marlstones are subjected to heat of 400°C or more in a closed system,
part of the contalned organic matter (generally more than half) is reconstituted from a solid form
to a gaseous form, part of which may be condensed on cooling to ordinary temperatures to form
shale oil. The remaining organic matter stays in solid form, but can be ignited by open flame.
The o1l yleld of the marlstone ranges from zero up to about 30 percent of the rock sample (76
gallons per ton) from selected beds, and averages 4 to 5 percent (10 to 15 gallons per ton) in
complete sections of the Parachute Creek member. After eduction of the gas and oil, the ignition
loss of the oil-shale samples ranges from 11 to 26 percent of the original rock sample. The ig-
nition loss 1s mostly carbon dioxide, derived in part from the combustion of residual or "fixed"
carbon of the organic matter, and in part from the decomposition of contained carbonate minerals.

The currently used laboratory assay retort (a modified Fischer retort 10/) provides a standard
for comparing the ylelds of retorts now in experimental use. Most of the analyses mentioned in
this report were determined by the Bureau of Mined, from assays run with the modified Fischer re-
tort. The oil yields mentioned herein are thought to be attainable from large retorts such as
might be used in commercial practice. Neither the analyses mentioned in this rerort nor the esti-~
mates of reserves represent, however, the total organic matter content as they do not include the
organic matter represented in the ignition loss of samples after eduction of the gas and oil.

011 yields of beds that were penetrated by core drill holes A, B and C which are located ap-
proximately 1,700 feet apart, show a remarkable uniformity (see fig. 2 and table 2), but a compari-
son of avallable analyses of individual beds sampled in different ways on the outcrop and under-
ground in the mine and core holes show much greater variation (see table 3). As the outcrop
samples were obtained under varied conditions, the differences in oil yileld probably reflect the
effect of weathering more than actual variation in oil content. Table 3 shows the oil yield ob-
tained from analyses of samples of the Mahogany oil-shale bed and of the rich unit in the lower
part of the upper oill-shale zone and the estimated oil yleld of zones represented by the outcrop
samples.

OIL RESERVES

An average yleld of 25 to 30 gallons of oil per ton has been obtained by retorting the shale
of the rich oil-shale unit in the lower part of the upper oil-shale zone; this unit includes the
Mahogany bed and ranges in thickness from 70 to 135 feet. The unit contains the richest oil shale,
in beds of minable thickness, of the entire oil-shale sequence. Moreover, it is probably the only
unit in the Naval 01l Shale Reserves that requires serious consideration as an economic source of
01l with existing mining and processing methods. An estimate of the available tonnage and yleld of
oil shale in this rich unit was made for the area where the average yield of the unit is 25 or more
gallons per ton (see table 4). The unit crops out along Parachute Creek and its interpreted
eastern boundary is along line 2, figure 3. Inasmuch as the Mahogany oil-shale bed is the richest
single bed of minable thickness in the area, a separate estimate (table 4) of tonnage and oil yield
of this bed was made for areas where its oil yield is 50 gallons or more per ton. The interpreted
eastern boundary of that part of the Mahogany bed that averages 50 gallons oil yield per ton or
more also is at line 2, figure 3. According to these calculations, the total oill reserve in the
thick rich unit including the Mahogany bed in Naval Reserves 1 and 3 1is 4,986,000,000 barrels; of
this total 704,000,000 barrels of oil are in the Mahogany bed. The estimate of the oil reserves in
the thick rich unit including the Mahogany bed in the area lying between the west boundary of the
Naval Reserves and Parachute Creek is placed at 4.83 billion barrels.

The total reserves of oil that might be obtained from all of the thick units of oil shale,
including those of low grade, in the area of the Naval Reserves are estimated to be 22 billion
barrels. The total reserves of oil between the west boundary of the Naval Reserves and Parachute
Creek are estimated to be about 21 billion barrels (see table 5).

The area of the lower, middle, and upper oil-shale zones, where their average oil yleld is
10 gallons or more per ton, is shown in figure 3. Each oil-shale zone extends eastward from its
richest outcrop along Parachute Creek to approximately the position of an interpreted subsurface
boundary which is indicated on figure 3 by a numbered broken line. Line 1 is the interpreted
eastern boundary of the part of the upper oill-shale zone that, as a whole, averages 10 gallons or
more per ton. Line 3 shows the interpreted eastern boundary of that part of the middle oil-shale
zone which, as a unit, }{s thought to have an o0il yleld of 10 gallons or more per ton; and line 4
shows the position of the interpreted eastern boundary of that part of the lower oil-shale zone
which is thought to have a potential o1l yield of 10 gallons or more per tone.

Naval 01l Shale Reserves 1 and 3 constitute only a small part of the extensive area of the
Green River formation that might have commercial importance as a source of shale oil in Colorado,
Uteh and Wyoming.

l/ Winchester, D. E., 0il Shale of the Rocky Mountain region: U. S. Geol. Survey Bull. 729,
1923.

2/ Bradley, W. H., Origin end microfosails of the oil shsle of the Green River formation of
Colorado and Utah, U. S. Geol. Survey, Prof. Peper 168, 1931.

g/ Dedication of the oil shale demonstration plent Rifle, Colorado: U. S. Bureau of Mines,
(pamphlet) 1947, reprinted in Qusrterly of the Colorado School of Mines, vol. 43, no. 2, pp.
152-172, 1948, Cardner, E. D., Mining program, Bureau of Mines oil-shale project, Rifle, Colo.:
U. S. Bureau of Mines, R. I. 4269, 1948,

4/ Bradley, W. H., op. cit., p. 8.

g/ Glass, J. J., Sodium bicarbonate (nahcolite) from Gerfield County, Coloredo; Am. Mineralo-
giat, vol. 32, p. 201, 1947; Ertl, Tel, Sodium bicarbonate (nahcolite) fram Colorado oil shale; aAm.
Mineralogist, vol. 32, pp. 117-120, 1947.

§/ For a more complete description of the oil shale, see Bradley, W. H., op. ¢it. pp. 22-37.

Z/ Report of the Secretary of the Interior on the Synthetic Lijuid Fuels Act from Jenuery 1,
1946 to Detember 31, 1946, fig. 3 opposits p. 44.

8/ Report of the Secretsry of the Interior on the Synthetic Liquid Fuele Act from Januery 1,
1947 to December 31, 1947, fig. 13 oppoeite p. 72.

$/ Bradley, W. H., op. cit., pp. 39-54.

10/ Stanfield, K. E. and Frost, I. C., Method of assaying oil shale by s modified Fiecher
retort: U. S. Buresu of Mines, R. I. 3977, 11 pp. 1946.
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