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ABSTRACT

The Cottonwood Canyon Member of the Madison Limestone was deposited mostly in a
narrow, northeast-trending fairway in northwest Wyoming and southern Montana during two
separate transgressions of the Madison seaway in the Late Devonian (Famennian) and Early
Mississippian (Kinderhookian). It consists of up to 80 ft of black and gray silty mudstones,
dolomitic siltstones, and silty dolostones deposited in a deep to shallow subtidal carbonate ramp

setting.

It is time-equivalent to the Englewood Formation of eastern Wyoming and South Dakota
and is partially time-equivalent and lithologically similar to several units in the Rocky Mountain
region including the Bakken Formation, Exshaw Formation, Sappington Member of the Three
Forks Formation, and Leatham Formation. It was deposited at a time of widespread source rock
deposition and displays some of the characteristics of the more well-known Devonian-

Mississippian source rocks.

Dark mudstones of the Cottonwood Canyon Member, although they are somewhat
diluted by dolomite and quartzofeldspathic silt, contain sufficient organic matter to be effective
source rocks. Lab results show that their TOC levels are good to very gogl 3. %) and
that they contain mixed Type Il and Type Ill kerogen with minor Type IV. Pyrolysis data from
previous work indicates a high generative potential (10.3 gal HC/ton, equivalent to a ~35 mg/g

S2 on source rock analysis) and corresponding high TGS (&t.%).

As evidenced by source rock analysis and regional burial history curves, the Cottonwood

Canyon Member did not reach thermal maturity before the Laramide orogeny. Samples from



outcrops, which were thrusted upward during Laramide deformation, have immature Tmax
levels of approximately 42830CHIn basins that were formed at this time, including the

Bighorn, Wind River, Green River, Fish Creek, Absaroka, and Younts, the Cottonwood Canyon
Member resides at depths sufficient for generation of hydrocarbons. Subject to further
investigations of fresh outcrop and/or subsurface samples, it is entirely possible that the

Cottonwood Canyon Member is an effective source rock in these basins.
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CHAPTER 1

INTRODUCTION

The Famennian-Kinderhookian Cottonwood Canyon Member is the basal, dominantly
siliciclastic unit of the Madison Limestone in western Wyoming (Figureand the equivalent
Lodgepole Formation in southern Montanas O+ ft thick at its depocenter in northwest
Wyoming (Sandberg and Klapper, 1967) and thins abruptly to the east and west (Figure 1.2).
Geographically, the member is not confined to any one of the Laramide-aged basins in the area.
In Wyoming, the Cottonwood Canyon Member is present across parts of the Green River, Wind
River, Bighorn, and Powder River basins, and crops out in the adjacent mountain ranges
(Sandberg and Klapper, 1967). Previous researchers (Sandberg, 1963; Benson, 1965, 1966
Sandberg and Klapper, 1967) identifieddWHUDO OLWKRORJLF IDFLHV FKDQJH
IDFLHV  LQ W Khhl¢dDd/\W OMR/ W R € H | D. A hisiStidyLferuseKphmatpwow

the shale and siltstone facies in the zone of maximum thickness.
1.1 Previous Work

There are five publications that incorporate original data and interpretations that directly
contribute to understanding of the Cottonwood Canyon Member of the Madison Limestone in
western Wyoming. Sandberg (1963) referred to the thép{ RUP D O X Quk \WhadleVUQW WWH 3
and was the first to establish its specific age, laterally-extensive nature, mappability, and
association with the overlying Madison Limestone. The conodont biostratigraphy established in
this publication was built upon in later work and has been cited by many. Sandberg (1967) added

detailed measured sections and regional cross sections, and also mentioned the pyrolysis yield of



10.3 gal/ton from an outcrop sample of the unit at the Hunter Peak locality. Sandberg and
.ODSSHU LOQWURGXFHG WKH IRUPDO QDPH 3&RWWRQZRRC
as a member of the Madison Limestone, and described the member in detail. This publication is

often cited in broader studies that incorporate the Cottonwood Canyon Member. Benson (1965,

1966) described the Devonian stratigraphy of western Wyoming and contributed several original
measured sections of the Cottonwood Canyon Member. Specht (1981) analyzed one outcrop of

the Cottonwood Canyon Member, located in the northern Bighorn Basin, and proposed that

much of the observed siliciclastic material is of eolian origin.

Many studies with a broader stratigraphic scope use the data and interpretations from
Sandberg and Klapper (1967) when referring to the Cottonwood Canyon Member. These larger-
scoped studies generally investigate the stratigraphy, petroleum potential, and paleogeographic
significance of Upper Devonian and Lower Mississippian strata in the Rocky Mountain region.
Selected publications include Gutschick and Moreman (1967), Baars (1972), Meissner et al.
(1984), Johnson and Sandberg (1988), Poole and Sandberg (1991), Sonnenfeld (1996), and Cole

et al. (2015).

1.2 Research Purpose & Objectives

The Cottonwood Canyon Member is partialipe-equivalent to the Bakken Formation,
Exshaw Formation, and several other known source rocks in North America (Sandberg and
Mapel, 1967 Meissner et al., 1984; Savoy, 1992). Previously known informally W& 3
ShaleUnWw~ 6DQGEHUJ ), theHZpttoRW@od Canyon Member contains layers
of black and dark gray silty mudstone that have shown evidence of petroleum source rock
potential in previous work (Sandberg, 1967). Hence, the primary objectives of this study were to

1) evaluate the source rock potential of the Cottonwood Canyon Member using modern methods,

2



and 2) expand upon previous work by chakatt L] LQJ WKH X QL WIFWIGIHHSRVLWLRQD
makeup at a finer scale. As the primary objective of this project was to evaluate source rock
potential, dark mudstone intervals were sampled and analyzed with much higher density and

with more detail than the dolomitic siltstone and silty dolostone intervals.

1.3 Study Area and Dataset

The general area of interest for this study is shown by the red outline in Figure 1.2. This
study area was chosen because it incorporates the thickest zone of preservation of mudstones in
the Cottonwood Canyon Member, contains many prospective outcrop locations, and contains or
is adjacent to areas where the Cottonwood Canyon Member is most likely at subsurface depths

sufficient for hydrocarbon generation.

Data in this study is sourced entirely from outcrop observations and outcrop samples.
Samples from outcrop were analyzed via laboratory methods at Colorado School of Mines and
Weatherford Laboratories. The author is not aware of any existing core of the Cottonwood
Canyon Member in western Wyoming, nor are any well cuttings available for sampling from the
USGS. A few publicly-available well logs in the region include the Cottonwood Canyon
Member, but these wells are not spaced close enough to capture the internal facies variations in
the Cottonwood Canyon Member and are not useful for fine-scale regional correlation. They also
do not have sufficient data for well-log source rock evaluation. Therefore, this study is solely

outcrop-based.
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CHAPTER 2

GEOLOGIC BACKGROUND

The Cottonwood Canyon Member was deposited in a shallow carbonate ramp setting
during two separate transgressions during the Late Devonian and Early Mississippian (Sandberg
and Klapper, 1963; Sandberg et al., 1988; Elrick and Read, 1991; Chen and Webster, 1994). Its
regional setting and extent, influences on deposition, depositional history, and subsequent

structural history are outlined in this chapter.

2.1 Regional Setting

The Cottonwood Canyon Member is one of six units of latest Devonian to earliest
Mississippian age in the northern Rocky Mountain region of the U.S. (Figure 2.1) (Sandberg and
Mapel, 1967). These units, including the Cottonwood Canyon Membemtiedquivalent
Englewood Formation, and the partially time-equivalent Bakken Formation, Exshaw Formation,
Sappington Member of the Three Forks Formation, and Leatham Formation were deposited in
six separate basins that were segregated by uplifts resulting from Antler orogenic activity
(Sandberg and Mapel, 1967). Depositional histories of the Cottonwood Canyon Member and
Englewood Formation differ from the rest of the listed units primarily because of differences in
local uplift and subsidence at the time of deposition (Sandberg and Mapel, 1967; Sandberg et al.,
1988). Chronostratigraphy of the Cottonwood Canyon Member, Bakken Formation, and

Sappington Member of the Three Forks Formation is displayed in Figure 2.2.
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Because of rapid temporal changes in conodont fossil characteristics during this time, and
because megafossils are generally sparse and/or poorly preserved in the predominantly dolomitic
Upper Devonian and Lower Mississippian rocks in the region (Sandberg and Klapper, 1967),
conodont biostratigraphy is the main tool for chronostratigraphic delineation and correlation of
the Cottonwood Canyon Member, its equivalents, and their stratigraphically-adjacent units.
Standard conodont zones for the Famennian and Kinderhookian stages are displayed in Figure

2.3. These will be referenced throughout the rest of the section.

The Cottonwood Canyon Member is segregated vertically into an upper and lower
tongue, both of which contain localized basal lag deposits (Sandberg, 1963; Benson, 1965, 1966
Sandberg and Klapper, 1967). Both tongues were deposited as a result of eastward transgressions
that punctuated a long-term sea-level fall in the Late Devonian and Early Mississippian
(Sandberg and Klapper, 1967; Johnson and Sandberg, 1988; Elrick and Read, 1991). Each of the
tongues exhibits a general lateral facies change from dolostone and silty dolostone in the east to

shale and dolomitic siltstone in the west (Figurg £&S&ndberg and Klapper, 1967).
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The dolomitic facies, which was primarily deposited in a proximal setting in the east but
also extends out as relatively thin beds to the west, was deposited in well-oxygenated, shallow to
moderately deep waters in a middle ramp setting (Sandberg et al., 1988; Elrick and Read, 1991).
The shale and siltstone facies, which was deposited primarily in a distal setting in the west and in
the area of maximum preservation of the Cottonwood Canyon Member, was deposited in
relatively deep, subtidal, oxic to anoxic waters in an outer ramp/ramp-slope setting (Sandberg et
al., 1988; Elrick and Read, 1991). The time-equivalent Englewood Formation in South Dakota,
which is composed primarily of cross-stratified siliciclastics with channel scours and flaser
bedding, was deposited as intertidal flats and tidal channels in an inner ramp setting (Elrick and
Read, 1991). In western Montana and Idaho, a time-equivalent bioclastic limestone at the base of
the Lodgepole Formation was most likely deposited as a wave-agitated skeletal-peloidal bank on
the Laurentian platform margin (Chen and Webster, 1994). This bank, which may have acted as
a barrier to circulation at times of low sea level, was reworked during subsequent transgressions
and now lies above the Cottonwood Canyon Member at its far western extent (Sandberg and

Klapper, 1967).

As a whole, the Cottonwood Canyon Member overlies a major regional unconformity
(Benson, 1956, 1966; Sandberg and Klapper, 1967). This unconformity truncates the Sappington
Member in southwest Montana and progressively older units, including the Three Forks and
Jefferson formations, to the southeast (Figure 2.5). A cross section (Figure 2.6) through southern

Montana and northern Wyoming further illustrates this unconformity.
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Figure 2.6 Cross section through southwest Montana and northern Wyoming. The Cottonwood Canyon Member (shaded gray and
orange) overlies a major regional unconformity that truncates progressively older units to the southeast. Study area is outlined in red.
Outcrop locations within the study area include (4) Hunter Peak and (5) Clarks Fork Canyon. Modified from Sandberg (1967).
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2.2 Influences on Deposition

The Cottonwood Canyon Member was deposited during a time of rapid sea level
fluctuations and relatively slow sedimentation (Elrick and Read, 1991). The main influences on
deposition were eustatic sea level and regional tectonics related to the Antler orogeny. These two

influences are outlined below.

2.2.1 Antler Tectonics

The Antler orogeny was an episode of contractional deformation that affected the entire
Cordilleran continental margin, from present-day Nevada to the Yukon, during the latest Middle
Devonian to Early Mississippian (Johnson and Pendergast, 1981; Smith et al., 1993; Poole and
Sandberg, 2015). Initiation of the Antler orogeny marked a change in western Laurentia from a
passive margin setting into an asymmetric foreland basin system (Dorobek et al., 1991; Chen and
Webster, 1994). Lower Paleozoic continental rise and continental slope deposits were thrusted
eastward onto shelf sediments of the same age, forming imbricated thrust sheets such as the
Roberts Mountains allochthon in Nevada (Roberts et al., 1958; Burchfiel and Royden, 1991
Noble and Finney, 1999). Elastic response to crustal loading resulted in the formation of an
Antler foredeep, a carbonate-capped forebulge adidad backbulge basin (Goebel, 1991
Chen and Webster, 1994). Although details of the Antler orogeny and related structures are
poorly understood outside of an area of good preservation and exposure in Nevada (Dorobek et
al., 1991), it is thought that the structural setting in western Wyoming during the Late Devonian
and Early Mississippian was that of a backbulge basin bordered by the Antler forebulge to the

west and the Laurentian craton to the east (Figure 2.7).
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Figure 2.7 Paleotectonic cross section of Lower Mississippian strata from central Idaho to central
Wyoming. Western Wyoming was part of the backbulge basin, labelled here as the secondary
foreland basin. Modified from Chen and Webster (1994).

Figure 2.8 shows a paleogeographic map from8565 Ma (latest Devonian to earliest
Mississippian). At this time, the Cottonwood Canyon Member was being deposited on the
shallow Laurentian continental shelf. Its sediment was likely sourced from the nearby exposed
craton, sometimes referred to as the Transcontinental Arch, to the east. iRerggjuivalent
units such as the Sappington Member of the Three Forks Formation and the Exshaw and Bakken

Formations were deposited during this time in similar paleogeographic settings (Savoy, 1992).

SHULRGLF HSLVRGHV RU 3S X Oily HffécteR teltQé\s€aHeel RMIR JH QL F
sedimentation along the Laurentian continental shelf, including in the area of Cottonwood
Canyon Member sedimentation (Sandberg and Klapper, 1967). It is likely that Antler tectonic
activity had a major influence on topographical variations in the Sappington Member and
Cottonwood Canyon Member areas, thereby affecting local sedimentation (Sandberg et al.,

1988).

2.2.2 Eustatic Sea Level
Eustatic sea level had a major effect on the deposition of the Cottonwood Canyon
Member. The broad, shallow nature of the Laurentian continental shelf made it vulnerable to the

effects of rapid sea-level fluctuations of the Late Devonian and Early Mississippian (Specht,
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Devonian to earliest Mississippian), during the time of Cottonwood Canyon Member deposition.
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Laurentian continental shelf, bounded to the west by the Antler forebulge and to the east by

exposed landmass in central Wyoming. Map is modified from Blakey (2014) and Lockwood

(2016). Cross section is modified from Lockwood (2016).
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1981). Transgressive-regressive cycles may have been caused by a combination of glaciation in
the Southern Hemisphere, regional flexural tectonics related to the Antler orogeny, submarine
volcanism, epeirogenic uplift, and localized structural movements @fale 2015; Johnson et

al., 1985). These eustatic and localized sea-level controls have not yet been completely

differentiated in the rock record (Cole et al., 2015).
2.3 Depositional History

The lower tongue of the Cottonwood Canyon Member was deposited during the first
transgression of the Madison seaway (Figure 2.9). This was the fifth transgression that
punctuated general sea-level fall in the Famennian (Sandberg et al., 1988). The lower tongue is
found only in western and central Wyoming and is much less widespread than the upper tongue.
It contains conodonts of the MiddéxpansaZone, which indicatavery late Devonian age
(Sandberg and Klapper, 1967; Sandberg et al., 1988). The lower tongue may have been
connected to the Leatham, Fitchville, and Pilot shales, which contain conodonts from the same
zone, via the narrow, northeast-trending Madison sea (Sandberg and Poole, 1977). Upper
expansaZone sediments may have been regionally deposited and subsequently eroded, but have
not been found in the study area (Sandberg et al., 1988). The transgression that initiated
deposition of the lower tongue was localizédrelative sea level in the area of Sappington and

Bakken deposition was falling at this time (Sandberg et al., 1988).

After deposition of the lower tongue, Antler orogenic activity caused regional uplift and a
westward regression of the Madison sea that resulted in significant erosion of Devonian and
older units (Sandberg and Klapper, 1967; Sandberg and Poole, 1977; Chen and Webster, 1994).

For this reason, no conodonts of the latest Famepméesulcatazone have been found in the
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Figure 2.9 Paleogeography and area of deposition during the MixioansaZone of the
Famennian. Note that the areas containing lithofacies 1 were deposited later, during the Upper
expansaZone. Modified from Sandberg et al. (1988).

Cottonwood Canyon Member (Sandberg et al., 1988). Although the major regional Devonian
Mississippian unconformity in this region is generally attributed to this specific uplift event, it is
likely that the unconformity is attributable to multiple episodes of uplift (Sandberg and Klapper,

1967).
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A brief but major eastward transgression of the Madison seaway during the Early
Mississippian resulted in deposition of the upper tongue of the Cottonwood Canyon Member
(Sandberg and Klapper, 1967). The upper tongue, which contains localized basal pebble lag
deposits and conodonts of thidcata, duplicata, sandbergi, ah@wer crenulatazones
(Sandberg and Klapper, 1967), covers much more area than the lower tongue and defines the
lateral extent of the Cottonwood Canyon Member (Sandberg, 1963; Sandberg and Klapper,
1967). It is conformable with the overlying Madison Limestone, which was deposited as sea
level continued to rise (Sandberg and Klapper, 1967). A map illustrating the paleogeography and
areas of deposition during the initial part of the transgressigdogtaZzone) is shown in Figure

2.10.

2.4 Laramide Tectonics

The onset of Laramide thick-skinned compressional tectonics and resulting basin
segmentation began at approximately the Cretaceous-Paleogene boundary and continued into the
Eocene in the area of northwest Wyoming (Fanshawe, 1971; May et al., 2013). More
specifically, deformation began in the Campanian in the southwestern Wyoming and migrated
northeastward through the Paleocene and into the Eocene (Figure 2.11) (Brown, 1988). The
Bighorn, Wind River, and Green River basins were formed at this time (Fanshawe, 1971). Other,
less well-known basins in the area, including the Absaroka and Fish Creek basins and Younts
Sub-Basin (Figure 2.12) formed contemporaneously (Sundell, 1990). The Cottonwood Canyon
Member is present in the subsurface in these Laramide-aged basins and is present at the surface
in the intervening uplifts (Sandberg et al., 1967). Outcrops of the Cottonwood Canyon Member
are commonly exposed along Laramide thrust fronts that overlie the same strata in the

subsurface.
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Figure 2.11 Timing of the onset of Laramide tectonics in Wyoming. The deformation front
moved from southwest to northeast Wyoming during the Cretaceous and Tertiary. Modified from
Brown (1988).
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22



CHAPTER 3

RESEARCH METHODS

Research methods for this study include field work, petrographic analysis, source rock
analysis (SRA), LECO total organic carbon (TOC) analysis, organic petrography, X-ray
diffraction (XRD), X-ray fluorescence (XRF), and field emission-scanning electron microscopy

(FE-SEM). These methods are outlined in this chapter.

3.1 Field Work

Field work was conducted at three outcrops in the Absaroka and Beartooth ranges of
northwest Wyoming in the fall of 2016. Two of these locations were revisited in August 2017.
Tasks completed at each outcrop, to the extent allowable by physical accessibility, included bed
measurement, lithologic description, sample collection, and photographic documentation. The
outcrops that were described and sampled are referred to in this study and others (see citations in
the following sections and in Table 3.1) as Clarks Fork Canyon (the type section for the shale
and siltstone facies), Horse Creek, and East Fork Du Noir. The locations of these outcrops, along

with other locations considered for this study, are listed in Table 3.1.

3.1.1 Clarks Fork Canyon

The Clarks Fork Canyon outcrop, the type section for the shale and siltstone facies of the
Cottonwood Canyon Member, is located north of the Clarks Fork of the Yellowstone River in
Park County, WY. The unit is covered at its intersection with County Hwy 8VC, but an excellent
exposure can be reached by making a northward climb of 1,500 vertical feet up a scree slope

(Figure 3.1). This ~120 ft-wide slope overlies the Cottonwood Canyon Member and part of the
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Table 3.1 Location of outcrops described in this study (Clarks Fork Canyon, Horse Creek, East
Fork Du Noir), visited but not described (Benbow Mine Road, Warm Spring Canyon, Hunter
Peak), and considered but not visited (Taylor Mountain). GPS coordinates were obtained on
Google Earth version 7.1.7.2606, which uses the WGS84 datum. Outcrop locations marked with
an asterisk (*) have less-precise GPS locations since the Cottonwood Canyon section was not
identified at those locations.

Outcrop Name Location (lat/long) Notes

Previously described by Sandberg

(1963, 1967)conodont data
Clarks Fork Canyon | 44.855554°N, 109.306864°V published by Klapper (1966). Type

section for the shale and siltstone

facies of the Cottonwood Canyon

Member.

Full description not published, but &

Horse Creek 43.670476°N, 109.629498°V description of the phosphatic lag

deposit is included in Sandberg anc
Klapper (1967).
No published description, but a
stratigraphic column is included &
cross section by Benson (1966
Madison clearly visible on N side of
road; Cottonwood Canyon Member
has been deeply buried along road:
since description by C.A. Sandberg
in 1956 & 1970 (unpublished).
Description not possible without
trenching.
In steep canyon of Warm Spring
Creek west of Dubois, WY. Vehicle
access is difficult+4X4 needed.
Access on foot also difficult; did not
have time to reach the outcrop.
Would need to wade/swim across t
creek. Descriptions by Keefer (195¢
1975) and Reeves (1958). Partial
description by Sandberg and Klapp
(1967); conodont ages by Klapper
(1966).

East Fork Du Noir | 43.742027°N, 109.821032°V

Benbow Mine Road | 45.376676°N, 109.771049°V

Warm Spring Canyon* 43.552°N, 109.751°W

24



Table 3.1 Continued.

On north side of mountain, 1 mile
south of Rd XuX. Multiple wildfires
have resulted in thick downed timbe
that is difficult to cross. Cottonwooc
Hunter Peak* 44.873°N, 109.685°W Canyon Member was not located; t
section was covered (potentially
because of the fires). Published
description by Sandberg (1967);
pyrolysis results mentioned in
Sandberg and Klapper (1967).
Section was not accessible due to
snow on Teton Pass. Included in
cross section by Benson (1966).

Taylor Mountain* 43.52°N, 110.98°W

Figure 3.1 Location of the Clarks Fork Canyon outcrop, north of the Clarks Fork River where it
enters the Bighorn Basin in Park County, WY. Image from Google Earth.
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Figure 3.2 Scree slope on the hike to the Cottonwood Canyon Member exposure at Clarks Fork
Canyon. The resistant ledge on the left side of the image is the Birdbear Member of the Jefferson
Formation; the cliff to the right is part of the Madison Limestone.
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Three Forks Formation, and is bordered to the west by an east-dipping resistant wall formed by
the Birdbear Member of the Jefferson Formation and to the east by a cliff formed by the Madison
Limestone (Figure 3.2). Initial description, measurement, and sample collection at this outcrop
was conducted in August 2016. A follow-up visit in August 2017 allowed for additional

observations and deeper digging for source rock analysis sample collection.

3.1.2 East Fork Du Noir

The East Fork Du Noir outcrop, located in northwest Fremont County, WY on the East
Fork of the Du Noir River, is exposed at two separate locations on opposing limbs ofSENW
trending anticline. Both of these exposures are located along high bluffs on the east side of the
river (Figure 3.3). The southern exposure, identified by Sandberg in 1965 (2016, pers. comm.),
contains a complete section of the Cottonwood Canyon Member but is inaccessible due to its
position on the bluff. The northern exposure, located and described by Benson (1965; 1966), is
partially accessible but does not display the complete section as the top has been completely
eroded (Figure 3.4). These exposures can be reached via an approximately 6-mile eastward hike

from the dead end of FR-513 northwest of the town of Dubois.

The northern location was visited and described in October 2016. Although it is only
partially accessible, several samples were collected and general measurements, observations, and

descriptions were recorded.
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Figure 3.3 Locations of the two exposures of the Cottonwood Canyon Member along the East Fork of the Du Noir River. The northern
exposure is described in this study.
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Figure 3.4 Exposure of the Cottonwood Canyon Member along the East Fork of the Du Noir
River. The base of the unit is indicated by the white dashed line. Note that the top of the unit has
been eroded at the top of the bluff.

3.1.3 Horse Creek

An exposure of the Cottonwood Canyon Member exists on the wall of an abandoned
excavation pit near Horse Creek in Fremont County, WY. The outcrop can be accessed north of
the town of Dubois via N Horsecreek Road, less than a mile from Horse Creek Campground

(Figure 3.5). This outcrop was visited in September 2016 and re-visited in August 2017.
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Figure 3.5 Location of the Horse Creek outcrop in Fremont County, WY.

3.2 Petrographic Analysis

A total of 26 petrographic thin sections were made from outcrop samples of the
Cottonwood Canyon Member, including 16 from Clarks Fork Canyon, six from Horse Creek,
and five from East Fork Du Noir. Fine-grained samples were cut to ultrathin thickness (20 pum)
and larger-grained samples were cut to standard thickness (30 um). Blue epoxy was applied to
highlight porosity, and stains for calcite, ankerite, and k-feldspar were applied. The finished thin

sections were analyzed using a Leica DM 2500-P petrographic microscope with ug to 400
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magnification, reflected-light and epifluorescent capability, and an attached digital camera
integrated with imaging software. Thin-section photographs are displayed both under plane-

polarized light (PPL) and cross-polarized light (XPL), and are indicated as such on the figures.

3.3  Source Rock Analysis (SRA)

Initial source rock analysis was conducted for 14 outcrop sarhil@grom Clarks Fork
Canyon, three from East Fork Du Noir, and one from Horse Creek. Three additional samples

were analyzed in September 2017 after a follow-up trip to Clarks Fork Canyon.

Samples were ground to a powder using a mortar and pestle, weighed and measured to
approximately 75 mg, and analyzed in a Weatherford Laboratories SRA-TPH/TOC source rock
analyzer. SRA results include S1 (milligrams of hydrocarbons (mg HC) that can be thermally
distilled from one gram of rock sample), S2 (mg HC produced by pyrolytic degradation of
kerogen in one gram of rock sample), S3 (mg Génerated per gram of rock sample), and
Tmax (the temperature at which the maximum amount of HC is being produced from the
sample). Tmax is represented by the S2 peak on the example pyrogram shown in Figure 3.6
(Peters, 1986). From these measurements, the analyzer software calculates wt.% TOC, hydrogen

index (HI), oxygen index (Ol), and more. Thermal maturity can be estimated from Tmax values.

3.4 LECO TOC Analysis

To verify TOC values obtained via source rock analysis, selected samples from the same
collection locations used in SRA were sent to Weatherford Labs for LECO TOC analysis. In the
LECO method, the samples are chemically treated prior to analysis to remove inorganic carbon
(Law, 1999). The resulting GQroduced during combustion is entirely formed from organic

carbon. Since inorganic carbon (carbonate) was determined by other analyses to constitute a
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Figure 3.6 Example pyrogram from Peters (1986) showing the progression of what occurs
through time, from left to right, as the sample is heated during pyrolysis. Calculations for HI and
Ol are shown.

significant portion of the samples collected, this method of TOC determination served to
eliminate the possibility that Groduced from inorganic carbon during the pyrolysis process

was affecting the TOC results.
3.5 Organic Petrography

One mudstone sample from the Clarks Fork Canyon outcrop (CFC-39) was sent to
Weatherford Labs for organic petrographic analysis. The organic material from this sample was
chemically isolated, mounted in epoxy, and polished. Visual observations and descriptions of the
kerogen, solid hydrocarbons, pyrite, and plant spores were recorded. Vitrinite reflectance
measurements were taken from available kerogen particles, and thermal alteration index (TAI)
values were estimated.
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This analysis served as an independent determination of kerogen type, thermal maturity,
and degree of organic matter degradation. This allowed for comparison with pyrolysis maturity
and kerogen type results, which should not be fully trusted without supporting petrographic
analysis (Dembicki, 2009). Most importantly, this analysis provided a sense of the degree of
degradation the organic matter has undergone due to exposure at outcrop. Degradation of organic

matter must be taken into account when interpreting the pyrolysis data.

3.6 X-Ray Diffraction (XRD)

XRD data was obtained from selected outcrop samples in order to quantify the
mineralogy of the Cottonwood Canyon Member and validate what was observed in petrographic
analysis. Four samples were sent to Weatherford for XRD analgsis from Clarks Fork

Canyon, two from East Fork Du Noir, and one from Horse Creek.

3.7 X-Ray Fluorescence (XRF)

A Thermo Scientific Niton XL3 Analyzer was used to collect XRF data from hand
samples of a gray and black mudstone interval of the Clarks Fork Canyon outcrop. Data was
imported into Microsoft Excel, where certain elements (e.g., Si, Al, and Ti) were cross-plotted in

order to investigate the detrital nature of Cottonwood Canyon Member deposition.

3.8 Field Emission-Scanning Electron MicroscopyFE-SEM)

A TESCAN MIRA3 LMH Schottky field emission-scanning electron microscope was
used to obtain topographical and elemental information for key outcrop samples. A single-crystal
YAG backscatter electron (BSE) detector allowed the capture of high-resolution images of the
broken, gold-coated outcrop samples. A Bruker XFlash® 6/30 silicon drift detector was used to
obtain chemical data via energy-dispersive X-ray spectrometry (EDS). EDS point collection and
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mapping allowed for the investigation of the mineralogical and elemental makeup of rock
components viewed in the BSE images. Images and elemental data collected were used to better

identify and classify the quartz, feldspar, dolomite, and clays seen in thin section.
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CHAPTER 4

OUTCROP RESULTS AND STRATIGRAPHIC INTERPRETATIONS

Stratigraphic results include measured sections, outcrop descriptions, and lab data
acquired from outcrop samples. Lab results, except those related to source rock potential, are
presented in stratigraphic order ach outcrop location. Source rock data from SRA, LECO

TOC analysis, and organic petrography are included separately in the following chapter.

4.1 Lithofacies

Lithologically-distinct intervals from outcrop are grouped here into lithofacies. The
groupings are based on mineralogy, predominant grain size, color, and depositional geometries.

One lithofacies is present at all three outcrops; many are present at only one.

4.1.1 Multicolored Silty Mudstone

Multicolored silty mudstones were observed at Clarks Fork Canyon and Horse Creek at
the top of the Cottonwood Canyon Member. These mudstones are green, gray, yellow, and
purple in outcrop and have a layered appearance at Clarks Fork Canyon. XRD results from Horse
Creek indicate that the mineralogy of these mudstones consists of approximately 50% quartz and

feldspar, 30% clays, and 20% dolomite.

4.1.2 Massive Gray Silty Mudstone
The massive gray silty mudstone lithofacies is present only at the Clarks Fork Canyon
outcrop. It consists of silt- to very fine sand-sized quartz and feldspar with a dolomitic matrix

containing minor clay, pyrite, and OM.
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4.1.3 Massive Black Silty Mudstone
The massive black silty mudstone, like the gray massive silty mudstone, is only present at
Clarks Fork Canyon. It consists of silt- to very fine sand-sized quartz and feldspar and a clay-

and OM-rich matrix with less dolomite than the massive gray silty mudstone.

4.1.4 Dark Gray to Black Mudstone with Siltstone Interbeds

The dark-gray to black mudstone with siltstone interbeds is present at East Fork Du Noir,
where it comprises the upper and lower parts of the section. XRD results show that the mudstone
component of this lithofacies contains approximately 55% quartz and k-feldspgh9%45
dolomite with trace amounts of calcite, and®23% clays. The siltstones arelin.-thick,

homogeneous, and contain #0% quartz, 380% k-feldspar, <5% dolomite, and minor clay.

4.1.5 Argillaceous Siltstone
The argillaceous siltstone facies is present at Clarks Fork Canyon. It contains gradational,
inch-scale interbedding of siltstones with varying argillaceous components. Ripple laminations

are present at its transitional base at Clarks Fork Canyon.

4.1.6 Massive Siltstone
The massive siltstone lithofacies is present at Clarks Fork Canyon, where it is the most
resistant bed in the section. No sedimentary structures or skeletal fossils were observed.

Horizontal burrows are present and are apparent only along exposed bedding planes.

4.1.7 Dolostone
Almost all petrographically-observed intervals at the three outcrops have a dolomitic

component, but some are dominated by dolomite. These intervals are present at Clarks Fork
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Canyon, East Fork Du Noir, and Horse Creek. Variations include silt abundance, presence of

parallel wavy laminations, fossil content, and the presence of layering as seen at Horse Creek.

4.1.8 Channelized Mudstone with Sandstone Interbeds

The channelized mudstone with sandstone interbeds is present at the base of the
Cottonwood Canyon Member at Horse Creek. It contains a greenish-gray shale with ripple-
laminated, isolated sandstone lamina. Internal erosional surfaces and contorted bedding are

observed.

4.1.9 Channelized Sandstone
The channelized sandstone lithofacies is also present only at the base of the Cottonwood
Canyon Member at Horse Creek. It containg-81. beds of fine sandstone that form lateral

accretion sets.

4.1.10 Phosphatic Pebble Lag

The phosphatic pebble lag lithofacies is present only at Horse Creek. It contains
phosphatic pebbles, fish bones, conodonts, phosphatic ooids, and glauconite. These relatively
large grains float in a matrix of quartzofeldspathic silt to very fine sand and zoned rhombs of

dolomite.

4.2  Outcrop Descriptions

Three exposures of the Cottonwood Canyon Member are described in this section.
Associated petrographic descriptions, XRD and XRF data, and SEM observations are included
with outcrop observations and measurements in stratigraphic order. Two of the outcrops
described (Horse Creek and East Fork Du Noir) are located in the southern Absaroka Mountains

on the far northwestern margin of the Wind River Basin. One outcrop, Clarks Fork Canyon, is
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located in the southern Beartooth Mountains on the western edge of the Bighorn Basin. Detailed

location information is included in Section 3.1.

4.2.1 Clarks Fork Canyon

The Clarks Fork Canyon exposure (Figure) 4s1he type section for theestern
geographic area of the Cottonwood Canyon Member, where it is predominantly composed of
mudstone and siltstone (the shale and siltstone facies as described by Sandberg and Klapper
(1967)). Here, the member consists of 49 ft of black, gray, and multicolored silty dolomitic
mudstones interbedded with dolomitic siltstone and silty dolostone (Figure 4.2). Conodont age
data published by Klapper (1966), along with descriptions and measured sections by Sandberg
(1963, 1967) and Sandberg and Klapper (1967) allowed for the identification of formation

boundaries and major regional surfaces.

The Famennian-Kinderhookian (Devonian-Mississippian) boundary displayed in Figure
4.2 is based on unpublished conodont biostratigraphy work by Sandberg (2016, pers. comm.).
The contact between the Cottonwood Canyon Member and underlying Logan Gulch Member of
the Three Forks Formation was determined in previous work (e.g., Sandberg and Klapper, 1967)
by regional correlation and conodont age dating. A closer view of this contact is shown in Figure
4.4. Although this surface has been identified as a major regional unconformity (Sandberg and
Klapper, 1967; Benson, 1966), it is a sharp, planar contact at outcrop scale with no apparent

angularity.
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Figure 4.1 View of the Clarks Fork Canyon exposure from the site of measurement.
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Figure 4.2 Measured section of the Cottonwood Canyon Member at Clarks Fork Canyon
(44.8556°N, 109.3069°W). Section is approximately 49 ft thick.
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Figure 4.3 Birds-eye view of the Clarks Fork Canyon exposure. Photograph was taken using a drone. Footages that correspond to the
measured section are displayed on the right side of the image.




Figure 4.4 Lower part of the Cottonwood Canyon Member and contact with the underlying
Logan Gulch Member of the Three Forks Formation, indicated by the red arrow. Stratigraphic up
is to the right. Footages that correspond to the measured section are displayed.

4.2.1.1 Basal Mudstone and Siltstone

The basal interval above the Cottonwood Canyon Mefleee Forks contact is af@-
coarsening-upward dolomitic mudstone and siltstone (Figure 4.5). The lowermoat®
covered and extremely weathered at the site of description. A fresh exposure, shown in Figure
4.4 at an inaccessible location on the outcrop, contains what appears to be a laminated black

mudstone in this basal 6 in.
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Figure 4.5 Basal mudstone and siltstone of the Cottonwood Canyon Member at Clarks Fork
Canyon. The sharp contact between the Cottonwood Canyon Member and underlying Logan
Gulch Member of the Three Forks Formation is signified by the red arrow. Lens cap is diameter
~2.2in.

The basal, thin-bedded black mudstone grades upward into a light gray, more-resistant
siltstone with 12-in. bedding at the top. Petrographic observations indicate that the siltstone
consists of ~35% angular quartz grains, 25% k-feldspar (stained yellow for identification), 25%
dolomite, and 15% clay and/or figecrystalline dolomitic matrix (Figure 4.6). The quartz and
feldspar grains are mostly silt-sized with some grains reaching very fine sand size (up to ~100

pm). Sedimentary structures and lamination were not observed at outcrop, but faint laminations
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and horizontal burrows are seen in thin section (Figure 4.7). Discrete, bedding-parallel

concentrations dDM are also apparent in thin section (Figure 4.8

Figure 4.6 Thin-section photographs from the basal 2-ft siltstone bed of the Cottonwood Canyon
Member at Clarks Fork Canyon. K-feldspar grains are yellow in the PPL image (A). Dolomite
rhombs are multicolored in XPL image (B). This bed contains approximately 35% angular quartz
grains, 25% k-feldspar, 25% dolomite, and 15% clay and/or finely-crystalline dolomitic matrix.
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Figure 4.7 Filled horizontal burrow, outlined by the white dashed line, in the basal siltstone bed
of the Cottonwood Canyon Member at Clarks Fork Canyon.

Figure 4.8 Examples of bedding-parallel disceté in the basal siltstone of the Cottonwood
Canyon Member at Clarks Fork Canyon.

4.2.1.2 Vuggy Dolostone
The basal siltstone interval has a sharp contact with a 4.5-ft resistant bed of tan-orange

vuggy dolostone (Figure 4.9). Bedding mostly appears massive but faint wavy laminations were
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identified in some areas (Figure 4.10). At the exposed surface between the siltstone and
dolostone beds, brachiopod fragments and other fossils are present (Figure 4.11). Calcite-filled
fractures were observed both at outcrop and in thin section (Figure 4.12). At the thin-section
scale, this interval appears to contain approximately 80% dolomite with 10-20% quartz and

feldspar silt grains.

Figure 4.9 Vuggy dolostone interval at the Clarks Fork Canyon outcrop. Notebook length is 7.5
in.
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Figure 4.10 (A) Faint wavy laminations in the vuggy dolostone interval at Clarks Fork Canyon. (B) Laminations expressed in thin
section as dark bands. Lens cap diameter is ~2.2 in.
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Figure 4.11 Brachiopod fragments and other skeletal fossils (indicated by arrows) along the exposed bedding plane of the base of the
vuggy dolostone interval at Clarks Fork Canyon. Lens cap diameter is ~2.2 in.
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Figure 4.12 (A) Outcrop photo of the vuggy dolostone interval at Clarks Fork Canyon. Arrows indicate examples of horizontal calcite-
filled fractures that are predominantly parallel to bedding. Lens cap diameter is ~2.2 in. (B) fOk#difeactures in thin section.
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4.2.1.3 Black and Gray Silty Mudstone

The least-resistant unit at Clarks Fork Canyon is & b&ck and gray silty mudstone
(Figure 4.13). The gray mudsto(teft thick) has a sharp, planar contact with the overlying black
mudstone (8 ft thick). These beds appear identical at outcrop except for their color. Both have a
blocky texture and are extremely brittle. No burrows, fossils, or large-scale sedimentary features
were observed at the outcrop. Silt-rich starved ripples in the black mudstone are shown in Figure

4.14.

Figure 4.13 Black and gray mudstone interval at Clarks Fork Canyon. Footages that correspond
to the measured section are displayed.
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Figure 4.14 Silt-rich starved ripples (yellow streaks) in the black and gray mudstone interval at
Clarks Fork Canyon. Lens cap diameter is ~2.2 in.

Thin sections of the black and gray mudstones, respectively, are shoviny-sidie-in
Figure 4.15. Both contain approximately the same proportions of quartzofeldspathic silt and very
fine sand, with the matrix differing in the two intervals. The black mudstone matrix is comprised
mostly of clays and OM with a dolomitic component (see XRD results in Table 4.1), while the
gray mudstone matrix contains mostly finely-crystalline dolomite. Both intervals contain dark,
isotropic, disseminated silt-sized grains of OM and pyrite. These are most easily seen in Figure

4.15-B. Pyrite can be distinguished from OM by its appearance under reflected light.
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Figure 4.15 Thin section photographs from the black (A) and gray (B) mudstone intervals at
Clarks Fork Canyon.

Table 4.1 XRD results for a sample from the black mudstone interval at Clarks Fork Canyon.

Trace fossils, although not identified at outcrop, were observed in thin section. Figure
4.16 shows two examples of horizontal burrows in the black mudstone bed that are filled mostly
with silt. These burrows were observed in the same thin section, from a sample taken

approximately four feet above the gealack mudstone contact.

4.2.1.3.1 SEM Analysis

One sample, located approximately 1 ft below the top of the black mudstone, was
analyzed using SEM. The sample was broken parallel to bedding and gold coated before
analysis. Secondary electron (SE) imaging, combined with and EDS chemical mapping and point
collection, allowed for mineral identification of some of the larger grains and surrounding clay

(Figure 4.17.
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Figure 4.16 Horizontal burrows in the black mudstone interval at Clarks Fork Canyon.

Figure 4.17SEimages of a sample from the black mudstone interval at Clarks Fork Canyon.
Minerals identified include quartz (Qtz), dolomite (Dol), potassium feldspar (Ksp), and clay.
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4.2.1.3.2 XRF Analysis

XRF analysis was conducted for the black and gray mudstone interval. The purpose was
to identify any major elemental changes that occur throughout the interval, especially at the
black/gray mudstone contact, and also to plot concentration of silicon (Si) vs titanium (Ti) and
aluminum (Al) to provide evidence for or against the presumed predominantly detrital deposition
of the interval. No major elemental concentration changes were found across the black/gray
mudstone contact except for uranium, which is plotted, along with TOC values, vs depth in
Figure 4.18. Si vs Ti and Si vs Al scatter plots are shown in Figure 4.19. These positive

correlations indicate that the interval was deposited in a predominantly detrital setting.

Figure 4.18 Uranium and TOC vs depth for the black and gray mudstones at Clarks Fork
Canyon.
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Figure 4.19 Elemental scatter plots of Si vs Ti and Si vs Al in the black and gray mudstone
interval at Clarks Fork Canyon.

4.2.1.4 Argillaceous Interbedded Siltstone

The 8-ft argillaceous siltstone, pictured in Figure 4.20, is moderately resistant and
weathers orange and gray. This interval fines upward overall, and weathered surfaces show inch-
scale gradational interbedding of layers of siltstone and mudstone. The base of this interval is
transitional with the underlying black mudstone and displays ripple lamination (Figure 4.21). No

burrows or skeletal fossils were observed.

4.2.1.5 Middle Resistant Siltstone

The 8-ft middle resistant interval at Clarks Fork Canyon is a massive, dolomitic siltstone
that weathers tan to brown. Trace fossils are not evident on surfaces perpendicular to bedding,
but exposed surfaces along bedding planes contain abundant horizontal burrowing (Figure 4.22).
The interval can be subdivided into two bedsa 15-in. massive, resistant siltstone at the base
has a sharp upper contact with a 6-in. gray mudstone that transitions upward into another

massive siltstone (Figure 422
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Figure 4.20 Outcrop photograph of the argillaceous interbedded siltstone at Clarks Fork Canyon,
bounded by white dashed lines. Footages that correspond to the measured section are displayed.
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Figure 4.21 Ripple lamination at the transitional contact betweenfthgl@:k mudstone and the
argillaceous interbedded siltstone. Lens cap diameter is ~2.2 in.
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Figure 4.22 (A) Contact, indicated by the red arrow, between a 15-in. siltstone and a 6-in. gray mudstone that transitions upward into
siltstone. Exposed bedding planes with observable horizontal burrows are indicated by the white arRieusolfsburrows on an
exposed bedding plane in the middle resistant siltstone interval, as indicated by the lower white arrow in (A). Rock hammer diameter

is1.4in.
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Thin-section photographs of the upper bed (Figure 4.24) show a homogenous siltstone
with approximately 60% subrounded to angular quartz and feldspar silt and very fine sand

grains. The rest of the matrix is composed of zoned euhedral dolomite and minor clay.

One thin section taken from the upper part of the interval, shown in Figure 4.23, was
taken through a vug with a diameter of approximately ¥z in. This vug is lined with quartz crystals
that contain tabular, porous inclusions, perhaps remnants from dissolved anhydrite. The

remaining space is filled with sparry calcite cement.

Figure 4.23 Thin-section photograph of a quartz- and calcite-filled vug in the upper portion of
the middle resistant siltstone interval at Clarks Fork Canyon.

59



Figure 4.24 Thin-section photographs of the middle resistant siltstone bed at Clarks Fork
Canyon. This interval contains approximately 60% subrounded to angular quartz and feldspar silt
and very fine sand grains. The remaining 40% consists of dolomite rhombs and minor clay.
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4.2.1.6 Bioturbated Siltstone

Above the highly resistant siltstone is 9 ft of argillaceous, bioturbated, gray to purple
siltstone that is moderately resistant and weathers yellow, orange, and purple. Vertical and
horizontal burrows are readily apparent at outcrop (Figure 4.25). They often have a purplish
color that contrasts with the yellowish-orange surroundings. A thin-section example of calcite fill
in a probable burrow is shown in Figure 4.26. This interval contains approximately 25-30%
angular, coarse silt and very fine sand-sized quartz and feldspar with the remainder composed of
finely-crystalline dolomite and clays. Lamination was observedimstction, as seen in Figure

4.27.

Figure 4.25 Burrows in the bioturbated siltstone bed at Clarks Fork Canyon. Lens cap diameter is
~2.21n.
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Figure 4.26 Sparry calcite cement in what appears to be a burrow. Sample is from the bioturbated
siltstone interval at Clarks Fork Canyon.

Figure 4.27 Faint lamination in the bioturbated siltstone interval at Clarks Fork Canyon.
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4.2.1.7 Upper Multicolored Mudstone and Siltstone

The uppermost section of the Cottonwood Canyon Member at Clarks Fork Canyon
consist @ 6 ft of orange and white siltstone and dark gray, purple, yellow and orange silty
mudstone. The bottom part of this interval contains 2 ft of dark-gray to purple silty mudstone
that grades upward into 13 in. of orange and purple siltstone (Figure 4.28-A). This is overlain by
an approximately 3-ft bed that grades upward from a gray and purple banded mudstone into a
yellow silty mudstone and white-tan siltstone (Figure 4.28-B). It contains abundant calcite-filled
vugs that are 8B in. in diameter. Thin-section photographs from the uppermost, white-tan layer
in Figure 4.28-B exhibit a laminated dolomitic siltstone with some grains as large as medium
sand (Figure 4.29). A distinct OM-filled fracture oriented #Bbedding was observed in this
thin section. The contact between the Cottonwood Canyon Member and overlying Madison

Limestone is very sharp, often forming large overhangs, and is shown up-close in Figure 4.30.

Figure 4.28 (A) Lower 3 ft of the upper multicolored mudstone and siltstone at Clarks Fork
Canyon. Notebook length is 7.5 in. (B) Upper 3 ft of the same interval, with the contact between
the Cottonwood Canyon Member and the overlying Madison Limestone forming a ledge at the
top. Lens cap diameter is ~2.2 in. Footages that correspond to the measured section are
displayed.
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Figure 4.29 Thin section from the uppermost part of the Cottonwood Canyon Member at Clarks
Fork Canyon. Note the OM-filled fracture oriented oblique to bedding, indicated by white arrow.

Figure 4.30 Upper contact of the Cottonwood Canyon Member (gray siltstone) with overlying
Madison Limestone (tan-orange carbonate) at Clarks Fork Canyon. Rock hammer length is 13 in.
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4.2.2 East Fork Du Noir
At East Fork Du Noir, the Cottonwood Canyon Member consists of a lower mudstone
with siltstone interbeds, a middle resistant dolomitic unit, and an upper mudstone with siltstone

interbeds (Figure 4.31). A stratigraphic measured section of the southern exposure is displayed in

Figure 4.32.

Figure 4.31 Side view of the southern exposure of the Cottonwood Canyon Member at East Fork
Du Noir. Intervals described in the following sections are labeled. Note that the top of the
Cottonwood Canyon Member is eroded at this location.
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Figure 4.32 Measured section of the Cottonwood Canyon Member at East Fork Du Noir. Due to
limited accessibility to the outcrop, bed thicknesses are approximate.

4.2.2.1 Lower Interbedded Mudstone and Siltstone

The lower part of the Cottonwood Canyon Member at East Fork Du Noir consists of an
approximately 10-ft interval of interbedded mudstone and siltstone. The interval conaists of
black to dark-gray mudstone with#lin. siltstone interbeds spaced approximatety26in.

apart. The exposed surface of this intersaloticeably very weathered and covered in loose

66



mudstone chips, topsoil, and roots. One sample was collected from this interval after digging ~8

in. into the surface.

Thin-section photograptsom this sample (Figure 4.33) show a fine-grained mudstone
with ~15% floating quartz and feldspar silt to very fine sand grains. Faint laminations and
horizontal, OMfilled fractures are apparent in the figure. Disseminated pyrite is seen under
reflected light. XRD results (Table 4.2) show greater than 50% quartz and k-feldspar, the

majority of whichis too small to identify petrographicgll

Figure 4.33 Thin-section photographs from a muddy part of the lower siltstone and mudstone
interval at East Fork Du Noir. (A) faint lamination and variable distribution of silt grains. (B)
Individual quartz and feldspar silt and very fine sand grains, appearing white and yellow
respectively. Horizontal OM-filled fractures are apparent.

Table 4.2 XRD results for the sample collected in the lower mudstone and siltstone interval at
East Fork Du Noir.
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4.2.2.1.1 SEM Analysis

One mudstone sample from this interval was analyzed using SEM. The sample was
broken parallel to bedding and gold coated before ana§fisnaging, combined with EDS
chemical mapping and point collection, allowed for mineral identification of some of the larger
grains and surrounding clays (Figure 4.34). Compared to the sample analyzed from Clarks Fork
Canyon, this sample appears to contain much more clay. While XRD results from these samples
do show more clay at East Fork Du Noir (30%, vs. 23% at Clarks Fork Canyon), much of this

visual difference is probably due to grain plucking in the East Fork Du Noir sample.

Figure 4.34SEimage from a mudstone in the lower interbedded mudstone and siltstone interval
at East Fork Du Noir.
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4.2.2.2 Massive silty dolostone

The light-tan resistant unit in Figure 4.31 is an approximately 5 ft-thick silty dologtone.
side view of this interval is shown in Figure 4.35. Thin-section photographs display an
argillaceous, dolomitic matrix with minor calcite replacement (Figure 4.36-A), approximately 5-

10% floating silt and very fine sand grains, and minor pyrite (Figure 4)36-B

Figure 4.35 Massive silty dolostone interval of the Cottonwood Canyon Member at East Fork Du
Noir, outlined by white dashed lines.
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Figure 4.36 Thin-section photographs from the massive silty dolostone interval at East Fork Du
Noir. (A) Dolomitic matrix with sparry, void-filling calcite cement (stained pink). (B) Examples
of floating grains of quartz (Qtz) and potassium feldgldafsp), which are coarse silt to very

fine sand-sized.

4.2.2.3 Upper Interbedded Mudstone and Siltstone

The upper interbedded mudstone and siltstone interval at East Fork Du Noir is very
similar to the lower mudstone and siltstone interval. It consists of approximately 15 ft of dark-
gray to black mudstone alternating with wite1in. siltstone interbeds. These interbeds are
much more resistant than the surrounding mudstone and form overhangs that can be observed

from ground level (Figure 4.37).

The shaly part of this interval appears in thin section (Figure 4.38) as a laminated, silty,
argillaceous mudstone with occasional burrows. Discrete, horizontally-elongated concentrations
of OM are common and are often pyritized (Figure 4.39). The thin sections contain ~25-30%
guartz and feldspar grains that are silt to very-fine sand size, but XRD results show >50% quartz
and k-feldspar (Table 4.3). Similar to the lower mudstone and siltstone interval, a significant

portion of the quartz and feldspar must be too small to clearly identify petrographically.
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Figure 4.37 Highly-resistant siltstone interbeds jutting out of the upper interbedded mudstone
and siltstone interval at East Fork Du Noir, viewed from below.

Figure 4.38 Muddy part of the upper interbedded mudstone and siltstone interval at East Fork Du
Noir. (A) Representative thin-section photograph showing laminations and conce@ik&t¢d)
Silt-filled burrows with concentrated OM.
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Figure 4.39 Concentrat€dM from the muddy part of the upper interbedded mudstone and
siltstone interval at East Fork Du Noir. Left image (A) is under PPL, where OM is identified by
the yellow arrow; right image (B) is the same view under reflected light. Notice the pyrite, which
shines under reflected light, associated withQive

Table 4.3 XRD results from the muddy part of the upper interbedded mudstone and siltstone at
East Fork Du Noir.

One of the siltstone interbeds was sampled for petrographic analysis. This interbed is a
completely homogeneous siltstone consisting ab89 quartz, 3840% k-feldspar, <5%
dolomite, and minor clays. The quartz and feldspar grains, which range in size from coarse silt to
fine sand (5@&.50 um), are among the largest observed from all three outcrops. Dark, isotropic,
angular, disseminated pyrite grains are distributed throughout the rock and can be clearly

identified under reflected light (Figure 4.40).
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Figure 4.40 Thin-section photographs from a siltstone interbed in the interbedded mudstone and
siltstone interval at East Fork Du Noir. Images are of the same view, with the left image (A)
under PPL and the right image (B) under only reflected light. The pyrite grains appear in (A) as
isotropic and (B) as highly reflective.

4.2.3 Horse Creek

The Cottonwood Canyon Member at Horse Creek (Figure 4atisists of 39 ft of
dolostone, sandstone, and mudstone. The dolostone interval at this outcrop comprises 32 of the
39 ft 2 a much higher proportion that at the other outcrops described. The stratigraphic
measured section (Figure 4.42) contains a lower 3-ft channelized siltstone and mudstone, the
aforementioned 32-ft dolostone, an overlying 6-in. fossiliferous, phosphatic pebble lag deposit

with a 1-in. claystone at its base, and an upf3€t multicolored mudstone.

4.2.3.1 Interbedded Sandstone and Shale

The base of the Cottonwood Canyon Member at Horse Creek is an interbedded lenticular
sandstone and shale with internal channelized geometries (Figure 4.43). The basal ~1 ft of this
interval is a fine-grained sandstone with what appears at the site of description to be south-
dipping lateral accretion sets. This sandstone bed is overlain by a greenish-gray shale with

isolated, ripple-laminated sandstone interbeds. The shale bed thickens to the south, as seen in
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Figure 4.43 where the bed thickness is 4 in. on the left side of the image and 8 in. on the right.
The upper part of the interval is composed of a sandstone of variable thickness, approximately 1
ft at the site of measurement. Overall, and especially in the shaly section, this interval appears to
have been affected by ductile deformation associated with thrust faulting. It is also possible that

soft-sediment deformation occurred shortly after deposition.

Figure 4.41 Overview photograph of the exposure of the Cottonwood Canyon Member at Horse
Creek. Here, the section is dominated by dolostone. The Cottonwood Canyon Member is
bounded by white dashed lines. Stratigraphic up is to the right.
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Figure 4.42 Stratigraphic measured section of the Cottonwood Canyon Member at the Horse
Creek northern exposure (43.6705°N, 109.6295°W). The boundary between the upper and lower
tongues is based on conodont species identification in the pebble lag deposit (see Figure 4.47
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Figure 4.43 Basal interval of the Cottonwood Canyon Member at Horse Creek. This interval
displays channelized geometries, as seen in the photograph and associated sketch. Lateral
accretion sets are denoted by red arrows. Sand-dominated and mud-dominated sections of this
interval are shaded gold and gray, respectively, on the sketch.

4.2.3.2 Wavy-Laminated Dolostone

The majority of the section at Horse Creek is a resistant interval of tan to gray dolostone
that weathers tan to orange and displays ~1-in. layering and wavy lamination on some of the
weathered surfaces (Figure 4.44). The uppermost 2 ft contains faults gouge and associated
diagenetic alteration. Crinoids were found near the contact with the overlying bed, but otherwise
this interval appears to be non-fossiliferous. One thin section was made from this interval,
located near the upper contact. Thin-section photographs show a crystalline, ferroan dolomite
with calcite cement and abundant calcite-filled fractures (Figure 4.45). No detrital silt grains

were observed in thin section.
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Figure 4.44 Outcrop photographs from the dolostone interval at Horse Creek. (A) and (B) show
inch-scale layering. The darker-gray layers are composed of porous, finely-crystalline dolomite,
and the lighter-gray layers are harder and much less porous. (C) and (D) show wavy lamination
observed on weathered surfaces. (D) shows the lamination where the layering is readily apparent.
Where both the lamination and bedding are apparent, the lamination is parallel to bedding. Lens
cap diameter is ~2.2 in.
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Figure 4.45 Thin-section photographs from the uppermost part of the dolomitic interval at Horse
Creek. (A) Ferroan dolomite rhombs (stained blue for identification) surrounded by calcite
cement, stained pink. (B) Calcite-filled fractures.

4.2.3.3 Phosphatic Pebble Lag

The 6-in. phosphatic pebble lag deposit (Figure 4.46) overlies a 1-in. green claystone and
the dolomitic interval. It contains phosphatic pebbles and ooids, fish bones, conodonts, and
glauconite. Surrounding these larger grains is a matrix of quartz and feldspar silt grains infilled
with dolomitic cement (Figure 47). One of the conodonts visible in thin section (Figure 4.47-
A) was identified by Sandberg (2017, pers. comm.) aPthwgnathodus kocketif thesulcata
Zone (basal Mississippian). This implies that the lag deposit was deposited at the base of the
lower tongue of the Cottonwood Canyon Member and directly overlies the regional Dexonian

Mississippian unconformity.
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Figure 4.46 Phosphatic lag deposit at Horse Creek. Stratigraphic-up is to the right. Below the lag
deposit is a 1-in. green claystone, which overlies the resistant dolomitic interval. White dashed
lines illustrate the boundaries between these beds. Lens cap diameter is ~2.2 in.
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Figure 4.47 Thin-section photographs from the phosphatic pebble lag deposit at Horse Creek.
(A) Protognathodus kocketionodont from theulcataZone of basal Mississippian age.

Identification by Sandberg (2017, pers. comifB) Fish bones that have been nearly fully
dissolved. (C) Phosphatic pebble. (D) Superficial phosphatic ooid and glauconite. (E) and (F) are
representative photographs of the silty, dolomitic matrix. (E) is under PPL; (F) is under XPL.
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4.2.3.4 Multicolored Mudstone

A green, brown, and gray mudstone makes up approximately the upper 3 ft of the
Cottonwood Canyon Member at Horse Creek (Figure 4.48). Localized medium- and small-scale
thrust faulting has deformed this interval and obscured its overall thickness. Thin sections from
this interval show a faintly-laminated argillaceous mudstone with quartz and feldspar silt,
dolomite rhombs, OM-filled horizontal fractures and radiolarians (Figure 4.49). XRD results

show 25% quartz, 24% feldspar, 18% dolomite and 33% clays (Table 4.4).

Figure 4.48 Multicolored mudstone at the top of the Cottonwood Canyon Member at Horse
Creek. Unit is bounded by white dashed lines; red dashed line represents a thrust fault. Rock
hammer length is 13 in.
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Figure 4.49 Thin-section photographs from the multicolored mudstone at Horse Creek. (A) faint
lamination in a relatively silty part of the section. (B) Radiolarians and horizontal OM-filled
fractures.

Table 4.4 XRD results for the multicolored mudstone at Horse Creek.
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4.3 Depositional Environments

Five general depositional environments are interpreted for the Cottonwood Canyon
Member within the study area. These are, from deepest to shallowest: 1) restricted, anoxic deep
subtidal 2) oxic deep subtidal 3) moderately deep to shallow subtidal, 4) shallow subtidal, and 5)

tidal flat. The facies associated with these environments are listed in Table 4.5.

4.3.1 Restricted, Anoxic Deep Subtidal

The massive black silty mudstone of Clarks Fork Canyon and dark-gray to black
mudstone with siltstone interbeds at East Fork Du Noir are interpreted to be deposited in a
restricted, anoxic deep subtidal setting. Evidence for this interpretation includes the dark gray to
black color of the rock, elevated TOC values, sparse to absent burrowing, and abundant pyrite
(especially at East Fork Du Noir). It is possible that the anoxic setting at the time of deposition
was related to localized bottom-water restriction due to Antler tectonism. Another possibility is
that anoxia was related to worldwide climactic instability. It is likely that a combination of these
two factors played a role in the deposition of dark mudstones of the Cottonwood Canyon

Member.

Table 4.5 Interpreted depositional environments and their associated facies. Environments are
listed from deep to shallow.

Depositional Environments Lithofacies

Massive black silty mudstone

Dark-gray to black interbedded mudstone
Massive gray silty mudstone

Multicolored silty mudstone

Massive siltstone

Argillaceous siltstone

Shallow subtidal Dolostone

Channelized mudstone
Channelized sandstone

Restricted, anoxic deep subtidal

Oxic deep subtidal

Moderately deep subtidal

Tidal channel
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4.3.2 Oxic Deep Subtidal

The massive gray silty mudstone of Clarks Fork Canyon and multicolored silty
mudstones of Clarks Fork Canyon and Horse Creek are interpreted to be deposited in an oxic,
deep subtidal setting. As evidenced by the abrupt vertical change from gray to black mudstones
that are very lithologically similar at Clarks Fork Canyon, it is likely that bottom waters in the
area of Cottonwood Canyon Member deposition were subject to abrupt changes in the degree of
restriction. At times when bottom waters in the area were able to circulate, mudstones with little

to no preserved organic matter were deposited.

4.3.3 Moderately Deep Subtidal

The massive, bioturbated and argillaceous siltstones of Clarks Fork Canyon are
interpreted to be deposited in a moderately deep subtidal setting. In previous work on the
Cottonwood Canyon Member and time-equivalent units in the region, some interpret these facies
to be deposited in a deep setting (Sandberg and Klapper, 1967; Elrick and Read, 1991) while
others interpret a shallow setting (Gutschick et al., 1962; Gutschick, 1964). Regardless of
ZKHWKHU WKHVH IDFLHV DUH F O B ¥pparentdr@n paleogéostrapBi§f RU pVKI
maps and the distribution of facies of the Cottonwood Canyon Member that they were not likely
deposited in as shallow a setting as the dolomitic facies. Sandberg and Klapper (1967) illustrate
clearly that the dolomitic facies of the Cottonwood Canyon Member transitions to the west
(offshore) into siltstones and shales. This implies a deeper setting of the siltstones relative to the

dolomitic facies.

4.3.4 Shallow Subtidal
Dolomitic intervals at Clarks Fork Canyon, East Fork Du Noir, and Horse Creek are

interpreted to have been deposited in a shallow subtidal setting. Elrick and Read (1991) place
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this facies on the middle ramp, and Sandberg and Klapper (1967) interpret that it was deposited

in shallow, turbulent water.

4.3.5 Tidal Channel

The basal, channelized mudstone and sandstones of the Horse Creek section are
interpreted to have been deposited in a tidal channel setting. These facies can be compared with
the dominant facies in the time-equivalent Englewood Formation to the east, more proximal to
the shore. Here, the Englewood Formation consists of quartz sand and siltstone with cross-
stratification, channel scours, and flaser bedding and is interpreted to be deposited as tidal
channels and tidal flats (Elrick and Read, 1991). It is possible that the basal, channelized bed at
Horse Creek represents deposition along the shoreline during the initial, rapid transgression that

allowed for deposition of the lower tongue of the Cottonwood Canyon Member.

4.4  Sequence Stratigraphy and Outcrop Correlations

From the outcrop sections, vertical facies changes and associated changes in depositional
environments through time can be used to interpret changes in relative sea level and identify
sequence-stratigraphic trends and surfaces. As discussed below, the scale of identification of
these trends and surfaces varies significantly between the three outcrops. Outcrop conditions that
affect the scale of these interpretations include quality of exposure, physical accessibility, and

frequency and subtlety of the facies changes.

4.4.1 Clarks Fork Canyon
Of the three outcrops, Clarks Fork Canyon is by far the easiest to observe and interpret
with respect to grain-size trends and small-scale facies changes. This is due to excellent

exposure, rapid finseale vertical facies changes that are apparent at outcrop, and moderate
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accessibility. Outcrop photographs with interpreted relative sea-level trends are displayed in
Figure 4.50. These relatively small-scale trends are shown along with interpreted larger-scale
trends in Figure 4.52. At the larger scale, it appears that deposition of the lower tongue of the
Cottonwood Canyon Member at this location began with a westward-prograding package of
siltstone and dolostone following initial transgression onto the shelf. This package is capped by a
flooding surface and overlain by an overall fining-upward gray and black mudstone. An

interpreted maximum flooding surface (MFS) is placed where the black mudstone appears
darkest at outcrop (Figure 4.50) and has the highest TOC values (Figure 4.2, page 40). Above the
MFS is an overall coarsening-upward interbedded to massive siltstone package that is most
resistant at the top. The relatively inconspicuous flooding surface that caps this unit (Figure 4.52
represents a sequence boundary that separates Devonian and Mississippian rocks of the region
(unpublished conodont age dating by Sandberg, 2016, pers. comm.), and separates the upper and
lower tongues of the Cottonwood Canyon Member (Sandberg, 1963; Sandberg and Klapper,
1967). The unconformity associated with this sequence boundary contains a basal pebble lag at
locations where the upper tongue is thinner, such as at Horse Creek (Sandberg, 1963; Sandberg
and Klapper, 1967). Above the sequence boundary, the upper tongue consists of a series of
coarsening-upward siltstones and mudstones that constitute an overall fining-upward package
(Figure 4.52). The upper tongue may represent the transgressive systems tract of a sequence that
is capped by prograding shelfal dolostones of the Madison Limestone (Figure 4.51; Sonnenfeld,

1996).
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Figure 4.50 Interpreted relative sea-level changes at Clarks Fork Canyon, based on grain-size trends and verticaldesieshe
photographs move stratigraphically-upward from left to right. The sequence boundary (SB) referenced in the text and in Figure 4.52 is
at the stratigraphic top of the middle photograph and at the base of the right photograph. Blue triangles are fining-upward packages;
red triangles are coarsening upward. Footages corresponding to the measured section are labelled.
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Figure 4.51 Time stratigraphic chart of lower Mississippian strata in northwest Wyoming and
southern Montana. Note that the upper tongue of the Cottonwood Canyon Member (highlighted
in yellow) represents the transgression of 3rd-order depositional sequence |. Modified from

Sonnenfeld (1996).
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4.4.2 East Fork Du Noir

Sequence-stratigraphic interpretation at East Fork Du Noir is not possible at the same
scale as at Clarks Fork Canyon. The outcrop is very weathered, partially covered, mostly
inaccessible, and eroded at the top. Conodont age dates are not available from this outcrop, but
contextual evidence and regional facies trends lead to an interpretation that the Devonian-
Mississippian sequence boundary is located at the top of the overall coarsening-upward trend

capped by the massive silty dolostone in the middle of the section (Figuye 4.52

4.4.3 Horse Creek

The Horse Creek exposure, while well-exposed and accessible, does not have the rapid
vertical facies changes observed at Clarks Fork Canyon. Sequence stratigraphic interpretations,
except for the sequence boundary, are very general and rely on regional context. It may be the
case that heavy dolomitization of sediment assigned to the interpreted shallow subtidal setting
obscured what may have otherwise been an observable record of sea-level fluctuations. Although
the rock record in the lower tongue is relatively ambiguous with respect to sequence stratigraphy,
evidence for the location of the sequence boundary is not. A sandy siltstone bed containing
pebble-sized phosphate grains, glauconite, fish bones, and conodonts is interpreted as a
transgressive lag deposit (Klapper, 1966; Sandberg and Klapper, 1967) at the base of the upper
tongue. While an overall grain-size variation was not observed in the overlying mudstone, it is

interpreted that this is a transgressive interval.

4.4.4  Outcrop Correlations
As seen in Figure 4.52, the Cottonwood Canyon Member is a complex unit that is not
easily correlatable between outcrops. Even East Fork Du Noir and Horse Creek, which are only

11 miles apart, have very different lithologies and were most likely deposited in very different

90



environments. This illustrates the localized and possibly dynamic, Antler-related nature of the

deposition of the Cottonwood Canyon Member.
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Figure 4.52 Sequence stratigraphic interpretations and correlations of the three outcrops described in this study. The end-Devonian
sequence boundary, which separates the upper and lower tongues of the Cottonwood Canyon Member, is a regional unconformity
underlying localized lag deposits in the base of the upper tongue (Benson, 1965, 1966; Klapper, 1966; Sandberg and Klapper, 1967).
Placement of this sequence boundary is confirmed by conodont age dating at Clarks Fork Canyon and Horse Creek (Sandberg, 2016
and 2017, pers. comm.) and inferred at East Fork Du Noir. Locations of the outcrops are shown along with an isopach map of the
Cottonwood Canyon Member in the reference map. Flooding surfaces (FS) and the interpreted maximum flooding surface (MFS) at
Clarks Fork Canyon are labeled.
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CHAPTER 5

SOURCE ROCK RESULTS AND INTERPRETATIONS

This chapter includes a presentation of source rock results (including SRA, LECO TOC,
and organic petrography), interpretation of these results, and a discussion on source rock

potential and probable areas of hydrocarbon generation.

5.1 Source Rock Results

Samples from the three outcrops were analyzed for source rock potential by conducting
SRA, LECO TOC analysis, and organic petrography. Details of the methodologies used are in

Chapter 3. This section described the results from the three analyses.

5.1.1 Source Rock Analysis

Source rock quality can be classified from poor to excellent based on the geochemical
parameters TOC, S1, and S2 (Table 5.1) (Peters, 1986). SRA results show that samples of the
Cottonwood Canyon Member contain poor to very good levels of wt. % TOC, ranging from O
2.3 (Figure 5.1). The highest TOC values, which range from=2.82%, are from the black
mudstone interval at Clarks Fork Canyon. Samples collected on a second visit to the Clarks Fork
Canyon location, which were taken from deeper into the face of the outcrop of the black
mudstone interval, show approximately the same results, with TOC ranging frof2.1(0%.
Samples collected from other beds at Clarks Fork Canyon and at other outcrops all contain less

than 1.3% TOC, with all but one of these samples containing approximately 0.5% or lower.
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Table 5.1 Source rock quality classification based on TOC, S1, and S2 values. Modified from

Peters (1986).

Quality TOC (wt. %) S1(mg HC/g rock) S2(mg HC/g rock)
Poor <0.5 <0.5 <2.5
Fair 0.54 0.54 2556
Good 12 12 540
Very Good >2 >2 >10

Figure 5.1 Kerogen quality plot of all samples collected from outcrop. Categories include the
black mudstone interval from Clarks Fork Canyon (CFC Black Mst), samples from deeper in the
same interval on a second visit (CFC Black Mst v2), samples collected from CFC in intervals
other than the black mudstone, and samples from East Fork Du Noir and Horse Cteek. Plo
format is modified from a template provided by Weatherford Laboratories.
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Figure 5.1 shows that all samples collected have poor S2 values, ranging frah .03
mg HC/g rock. With the exception of one sample from East Fork Du Noir, these plot in the Type

IV (inert) kerogen category. One East Fork Du Noir sample plots as Type Il kerogen.

Tmax values range from 43933 G5lwith most of the samples ranging from 4289 G
Reported Tmax values are from samples with S2 values greater than 0.2. Tmax values from
samples with an S2 less than 0.2 yield unreliable Tmax results (Peters, 1986) and were discarded.
Figure 5.2 shows a plot of HI vs. Tmax, and indicates kerogen type and thermal maturity. As in
the kerogen quality plot (Figure 5.1), all but one sample plots along the Type IV kerogen line.
This plot suggests that the Cottonwood Canyon Member is thermally immature at the sampled

outcrops.

5.1.2 LECO TOC Analysis

Selected samples from mudstones of the Cottonwood Canyon Member at Clarks Fork
Canyon and East Fork Du Noir were sent to Weatherford for LECO TOC analysis. This analysis
removes carbonate from the sample before TOC determination, thereby eliminating the
possibility that the C@produced by carbonate grains during pyrolysis has an effect on the TOC

values. A more detailed description of the LECO method can be found in Section 3.4.

The LECO results are compared with SRA results in Table 5.2. Samples used for these
analyses are from the same collection sites on the outcrop, but are not from the same exact
contiguous mudstone chips. While considerable variation in TOC values can occur in samples
from the same collection location (for example, the three TOC values of 2.10, 2.17, and 1.79 wt.
% are from the same sample collection location at Clarks Fork Canyon), no consistent trend

exists for the difference between LECO and SRA TOC values.
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Figure 5.2 HI vs. Tmax, showing kerogen type and thermal maturity. Only samples with an S2
value greater than 0.2 are plotted. Plot format is modified from a template provided by
Weatherford Laboratories.
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Table 5.2 Comparison of SRA and LECO TOC values. CFC samples are from the black
mudstone interval at Clarks Fork Canyon; EFDN samples are from the upper and lower
mudstones at East Fork Du Noir.

Sample SRATOC LECO TOC Abs_olute Relqtive %
(wt. %) (wt. %) diff. diff.
CFC-36_5 1.58 1.35 -0.23 -15 %
CFQ39 2.29 2.43 0.14 +6 %
CFC-42 5 1.62 1.34 -0.28 -17 %
EFDN-3 0.16 0.204 0.04 +28 %
EFDN-5 0.52 0.235 -0.29 -559%

5.1.3 Organic Petrography

One sample (CFC-39) from the black mudstone interval at Clarks Fork Canyon was
analyzed by Weatherford for kerogen type and thermal maturity via organic petrography. The
organic matter in the sample was chemically isolated and inspected petrographically. A more
detailed description of the methodology is included in Section 3.5. Results from Weatherford are

summarized below.

The OM in this sample was highly degraded from outcrop weathering. OM consisted of
very fine, degraded amorphous material (Figure 5.3-A), occasional plant debris, and oxidized,
degraded humic particles (Figure 5%8- ,W Z DV W K hpiritbhDhRt.tlq liddiphoRs
material may be extremely degraded humic debris (Jackie Holt, Weatherford Laboratories, 2017,
pers. comm.). Visual kerogen analysis estimates are that the sample contained 0% Type |
kerogen, 32% Type II, 55% Type lll, and 12% Type IV. Trace to minor amounts of solid

hydrocarbon were also found.
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Figure 5.3 (A) Transmitted-light photograph of very fine, degraded amorphous OM. (B)
Reflected-light photograph of a small humic particle in poor condition, with uneven texture and
pitting. Images provided by Weatherford Laboratories.

Vitrinite reflectance results are displayed in Figure 5.4. After excluding values derived
from degraded and oxidized particles, 14 data points (shown in red) were included in the vitrinite
reflectance analysis. These data points were acquired from the better-preserved, lower-reflecting
humic material. Rvalues range from 0.66.85%, with a mean of 0.78% and a standard
GHYLDWLRQ RI W LV RI WKH Hid3uts should H&/taReB WL RQ W KDV
caution given the limited number of data points, and that there appears to be multiple populations
of vitrinite that can be interpreted differently if supported by other independent analysis (Jackie

Holt, Weatherford Laboratories, 2017, pers. comm.).

Thermal alteration index (TAI; Chevron Scale) values, estimated from the color of the
amorphous material, range from 263. These values are generally consistent with the vitrinite
reflectance values and suggest that the Cottonwood Canyon Member at Clarks Fork Canyon is
moderately to fully thermally mature (Figure 5.5) and reached the oil generation window before

tectonic uplift.
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Figure 5.4 Vitrinite reflectance results (YRom the organic petrography analysis conducted
by Weatherford Laboratories. Data points indicated as degraded (green) and oxidized (blue) were
omitted by the examiner when estimating thermal maturity.
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Figure 5.5 Vitrinite reflectance and TAI data from the black mudstone interval at Clarks Fork

Canyon, displayed on a chart that compares TmgxarRl various alteration indices. Ro is
displayed as the mean (red square) bracketed by one standard deviation (red bars, red shading).
TAl is displayed as a range (blue shading). Chart complied by Weatherford Laboratories; used

with permission.
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5.1.4 Data from Previous Work: Hunter Peak

Sandberg (1967) included a written description of his measured section of an outcrop
locality known as Hunter Peak, located 18 miles to the west of Clarks Fork Canyon (Figure 5.6).
Hunter Peak was visited during the course of this study but the Cottonwood Canyon Member

was not identified under the snow and downed trees (Figure 5.7).

6DQGEHUJYY GHVFULSWLRQ LQFOXGHYV IW RI VHFWLRQ
to the Madison Limestone and features the 45-ft Cottonwood Canyon Member. The basal
interval of the Cottonwood Canyon Member, 14 ft of dark gray shale, was sampled and tested for
RLO VKDOH UHVRXUFH SRWHQWLDO 6DQ6GEFWREDHONMOG QRWL
characteristic of the whole IW @ WRdiske/3tiRgyrolysis yielded 10.3 gal HC/tén
equivalent to low-grade oil shale (wiki.aapg.org/Oil_shale). Assuming an API gravityHbfet
equivalent calculated S2 is approximately 35 mg/g, indicating a much higher generative potential

than SRA results for outcrop samples from this study would suggest.

Assuming the Hunter Peak sample contains mostly Type Il kerogen, the S2 value of 35
mg/g indicates that the basal bed of the Cottonwood Canyon Member at Hunter Peak contains at
least 5 wt.% TOC (Figure 5.8). If it composed of mixed Type Il and lll kerogen, such as at

Clarks Fork Canyon, it is more likely that it containsfl® wt.% TOC (or more).

Several possibilities arise from the pyrolysis yield at Hunter Peak. It is possible that the
collected sample was much less degraded than the samples collected in this study; it is also
possible that there is a facies change between Clarks Fork Canyon and Hunter Peak and that the
Hunter Peak mudstone has much more generative potential. It could be a combination of both.
Eitherway, KH +XQWHU 3HDN \LHOG VHUdirecVe\uidend2 thatEhR NLQJ JX Q™ 2

Cottonwood Canyon Member has a high source rock potential at at least one location.
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Figure 5.6 Location of Hunter Peak relative to the outcrops analyzed in this study. Hunter Peak is
located 18 mi to the west of Clarks Fork Canyon. The study area is outlined by the red line.

Figure 5.7 Southwest-facing view of the Hunter Peak locality. Location approximation from
Sandberg (1967).
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Figure 5.8 Kerogen quality plot that includes estimated S2 and potential TOC values for Hunter
Peak (red star) along with outcrop SRA data from this study (purple triangles). If 2 wt.% TOC is
assumed (based on Clarks Fork Canyon data) and the 35 mg/g estimated S2 is applied, the
Hunter Peak sample would plot as Type | kerogen. Under the assumption that the Cottonwood
Canyon Member at Hunter Peak does not contain a significant amount of Type | kerogen, it may
be inferred that the sample contains at least 5 wt.% TOC (see location of red star). If, based on
results from Clarks Fork Canyon, an assumption of mixed Type Il and Ill kerogen is applied, it
follows that the sample from Hunter Peak would contaitl 50vt.% TOC.

5.2 Discussion of Source Rock Potential

Based on SRA results, organic petrography results, pyrolysis yield data from Sandberg
(1967), and analysis of modeled burial curves in the Bighorn and Green River basins, it can be

inferred that the Cottonwood Canyon Member is an effective source rock in the study area of
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northwestern Wyoming. This conclusion was reshlising kerogen-type results from organic
petrography, thermal maturity and TOC data from SRA, and verification of thermal maturity

from burial history curves.

5.2.1 Kerogen Type

Results from organic petrography indicate that the Cottonwood Canyon Member contains
mostly mixed Type Il and 11l kerogen witominor amount (~10%) of Type IV. SRA results, on
the other hand, suggest mainly Type IV. Type IV kerogen, or intertinite, is composed of
terrestrial OM (often charcoal, certain types of plant cell walls, and fungal remains) that was
severely altered and/or oxidized at the time of deposition (Tissot and Welte, 1984; Scott and
Glasspool, 2007; Dembicki, 2009). Kerogen type does not change after deposition, but apparent
kerogen type in SRA may. This change in apparent kerogen type is usually associated with
hydrogen being lost during thermal maturity (Dembicki, 2009), but outcrop weathering can also
alter source rock properties (Clayton and Swetland, 1978). In this case, the Type IV designation
from SRA is due to low S2 values, which in turn yield low HI values that are most likely related
to outcrop degradation. Petrographic identification of kerogen type is more reliable than
estimation based on SRA (Dembicki, 2009); therefore, it is concluded that the Cottonwood

Canyon Member consists of mixed Type Il and Ill kerogen with a minor component of Type IV.

5.2.2  Thermal Maturity
Similar to kerogen type, there are conflicting results regarding thermal maturity. Organic
petrography suggests that the Cottonwood Canyon Member is thermally matige. .85
% at Clarks Fork Canyon), while SRA results suggest thermal immaturity (Tma%28Cat
Clarks Fork Canyon and 4%B#at East Fork Du Noir). The organic petrographer who analyzed

the Clarks Fork Canyon sample stated that, due to severe outcrop degradation, the thermal
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maturity results from organic petrography should be taken with caution and that significant
evidence for relatively low thermal maturity was present (Jackie Holt, Weatherford Laboratories,

2017, pers. comm.).

Tmax errors from SRA often occur when very low and/or bimodal S2 peaks are
produced, but Tmax values from samples with clear, unimodal S2 peaks and S2 values greater
than 0.2 can generally be trusted (Peters, 1986). Figure 5.9 shows examples of pyrograms from
the Cottonwood Canyon Member at Clarks Fork Canyon and East Fork Du Noir that have clear,
unimodal S2 peaks. This was the case for all samples analyzed that had S2 values above 0.2. It is
therefore concluded that the Cottonwood Canyon Member is most likely thermally immature at

these locations.

Figure 5.9 Pyrograms for samples from Clarks Fork Canyon and East Fork Du Noir. They
display clear, unimodal S2 peaks.

Burial history charts from 1-D models support the interpretation of a thermally-immature
Cottonwood Canyon Member within the study area prior to Laramide uplift. Reports on burial
history and thermal maturity in the Bighorn and Green River basins incorporate the Permian
Phosphoria Formation as the oldest unit of study (Roberts et al., 200%, 206&s from wells
located closest to Clarks Fork Canyon and East Fork Du Noir can be used to estimate the thermal

maturity of the Cottonwood Canyon Member before the outcrop locations were uplifted during
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the Laramide orogeny. This is accomplished by: 1) adding a representative Cottonwood Canyon
Member line below the Phosphoria Formation, using the nearest well that penetrates the
Cottonwood Canyon Member to estimate the thickness between the two units; 2) identifying the
point on the curve where Laramide basement thrusting and uplift occurred and the outcrops were
uplifted while the basins continued to subside; and 3) recording the depth and estimated thermal
maturity of the representative Cottonwood Canyon Member line at the time of uplift. The timing
of Laramide thrusting in the area of the Bighorn B#sBb Ma, at the Cretaceous-Paleogene
boundary, which coincides with an unconformity at the base of the Fort Union Formation) was
determined by a detailed detrital zircon study conducted by May et al. (2013). Uplift in the area
of the Green River Basin is estimated to have begun in the late Campanian (~70 Ma), based on

estimates from Brown (1988; Figure 2)11

Burial history charts that are modified to include the Cottonwood Canyon Member are
shown in Figure 5.10, Figure 5.11, and Figue25A map of the locations for these burial
histories, estimated pre-Laramide Cottonwood Canyon Member maturity levels, and maturity
data from outcrop is displayed in Figure 5.13. This map shows an increasing Cottonwood
Canyon Member pre-Laramide maturity (as estimated from burial history curves) to the south,
and exhibits a general agreement between the outcrop data and subsurface estimates. It is
apparent that within the study area (the area between and including Clarks Fork Canyon and East
Fork Du Noir), the Cottonwood Canyon Member was thermally immature before Laramide basin
segmentation. The Green River Basin maturity estimate suggests that the Cottonwood Canyon

Member south of the study area was likely thermally mature before this time.
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Figure 5.10 Burial history curve for the Doctor Ditch location of Roberts et al. (2008), located in the northwestern Bighorn Basin near
the Wyoming-Montana border. This is the closest burial history curve to Clarks Fork Canyon. The Cottonwood Canyon Member is
estimated to be 1300 ft below the Phosphoria Fm.; this estimate is based on well-log data in nearby Silver Tip Field. Timing of
Laramide uplift is from May et al. (2013). Estimated maturity of the Cottonwood Canyon Member (here noted as CCM) at the time of
Laramide uplift is based on extrapolation of the existing, @#or bands.
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Figure 5.11 Burial history curve for the Sellers Draw location of Roberts et al. (2008), located in the southwestern Bighorn Basin. The
well used for this curve is located approximately midway between Clarks Fork Canyon and East Fork Du Noir. The Cottonwood
Canyon Member is estimated to be 1400 ft below the Phosphoria Fm.; this estimate is based on the closest available well-log data.
Timing of Laramide uplift is from May et al. (2013). Estimated maturity of the Cottonwood Canyon Member (here noted as CCM) at
the time of Laramide uplift is based on extrapolation of the existing®&aldr bands.
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Figure 5.12 Burial history curve for the Wagon Wheel location of Roberts et al. (2005), located in the northern Green River Basin

along the Pinedale Anticline. The well used for this curve is located approximately 60 mi southwest of East Fork Du Noir. The
Cottonwood Canyon Member is estimated to be 2000 ft below the Phosphoria Fm.; this estimate is based on the closest available well-
log data from LaBarge Field. Timing of Laramide uplift is estimated from Brown (1988). Estimated maturity of the Cottonwood

Canyon Member (here noted as CCM) at the time of Laramide uplift is based on extrapolation of the existiolg®bRands.
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Figure 5.13 Map of estimated pre-Laramide Cottonwood Canyon Member maturities from burial history curves (green) and SRA
maturity data from outcrop (red). Base map modified from May et al. (2013).
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5.2.3 Areas of Possible Hydrocarbon Generation

Although the Cottonwood Canyon Member was likely thermally immature in the study
area prior to Laramide basin segmentation, it is likely thermally mature to overmature at its
present locations in the subsurface of the Bighorn, Absaroka, Younts, and Fish Creek basins
(Figure 5.14). The latter three basins, while they are not well known, are Laramide-age and
formed at the same time as the Bighorn Basin (Sundell, 1990). The Absaroka Basin has since
been covered by Eocene volcanics and now underlies the Absaroka Mountains. The Younts Sub-
Basin underlies the Washakie Range thrust system (Figure 5.15) (Sundell, 1990). Paleozoic
strata in these basins reach depths of up to 35,000 ft and are mostly present at 10-15,000 ft
(Figure 5.15) (Sundell, 1990). Although the depth of burial required for the Cottonwood Canyon
Member to reach thermal maturity is not known, maturity would almost certainly be attained at
these depths. Therefore, it is entirely possible that the Cottonwood Canyon Member is an

actively-generating hydrocarbon source rock in the study area of northwestern Wyoming.
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Figure 5.14 Laramide basins in northwest Wyoming, along with the approximate area where the Cottonwood Canyon Member is
greater than 20 ft thick. Areas of overlap between the two are considered zones of potential Cottonwood Canyon Member hydrocarbon
generation. Red lines mark cross sections that are shown in Figure 5.14. Modified from Sundell (1990).
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Figure 5.15 Cross sections through the Fish Creek, Absaroka, and Bighorn Basins (A-B-C) and through the Fish Creek Basin, Younts
Sub-Basin, and Absaroka Basin (D-B). The interval of Paleozoic strata, which includes the Cottonwood Canyon Member, is labeled
ZLWK &ndldghlighted in green. Modified from Sundell (1990).
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CHAPTER 6

CONCLUSIONS

The Cottonwood Canyon Member was deposited in a mixed silicicleatlmonate
system and contains abundant quartz and k-feldspar silt and very fine sand along with dolomite,
clays, and organic matter. These mineralogic components are almost always all present
throughout the section, and lithofacies are defined by relative amounts of these constituents
along with outcrop characteristics. Lithofacies include multicolored mudstone, massive gray silty
mudstone, massive black silty mudstone, dark-gray to black mudstone with siltstone interbeds,
argillaceous siltstone, massive siltstone, dolostone, channelized mudstone with sandstone

interbeds, channelized sandstone, and phosphatic pebble lag.

Interpreted depositional environments include restricted, anoxic deep subtidal; oxic deep
subtidal; moderately deep subtidal; shallow subtidal; and tidal channel. Some of these

environments are represented at all outcrops studied while some are present at only one.

Dark mudstones of the Cottonwood Canyon Member, although they are somewhat
diluted by dolomite and quartzofeldspathic siltstone, contain sufficient organic matter to be
effective source rocks. At Clarks Fork Canyon, where samples from this lithofacies are very
degraded from outcrop weathering but may be in the best condition of the three outcrops, TOC
levels are good to very good (H53 wt. %). LECO TOC results showed that the carbonate
content of these samples did not have a measurable upward effect on the TOC values. This
lithofacies contains mixed Type Il and Type Il kerogen with minor Type IV. Pyrolysis data

from Sandberg (1967) at Hunter Peak suggest that TOC values in this facies could be at least 5
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wt.% and are possibly as high asA18 wt.%. The high pyrolysis yield (10.3 gal/ton, equating to

35 mg/g S2 on SRA) suggests a high generative potential.

As evidenced by SRA and regional burial history curves, the Cottonwood Canyon
Member probably did not reach thermal maturity before the Laramide orogeny. Samples from
outcrops, which were thrusted upward during Laramide deformation, have Tmax levels of
approximately 423430 CH In basins that were formed at this time, including the Bighorn, Wind
River, Green River, Fish Creek, Absaroka, and Younts, the Cottonwood Canyon Member resides
at depths sufficient for generation of hydrocarbons. It is entirely possible that the Cottonwood

Canyon Member is an effective source rock in these basins.

Future work that could further the regional understanding of the Cottonwood Canyon
Member and its source rock potential includes description and measurement of more outcrops
(these are abundant but are difficult to accesse Benson (1965), Sandberg (1967), and
Sandberg and Klapper (1967)); source rock sample collection and analysis of Hunter Peak and
other, potentially less-weathered outcrops; more detailed sampling and petrographic analysis of
the silty dolostone intervals that were not the primary focus of this study; continuation of
conodont biostratigraphy work; and thermal maturity analysis of outcroppings of the Phosphoria
Formation, known Mesozoic and Cenozoic source rocks, and coals in order to place an additional

upper bound on the thermal maturity of outcrop samples of the Cottonwood Canyon Member.
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APPENDIX A

LIST OF OUTCROP SAMPLES

Table A.1 List of samples collected at outcrops visited for this study, sorted by outcrop name and
interval. Sample CFC-39 was also analyzed using organic petrography.

Outcrop Interval Sample[# Sample Najne Thin Segtion = XRD BRA  LEICOXRF SEM
1 CFC-0 9
Upper multicolored mudsto 2 CFC-15 9
: 3 CFC-3
and siltstone
4 CFC-5
5 CFC-7 9
Bioturbated siltstone 6 CFC-15 9
Middle resistant siltstone 7 |CFC-20 9
- 8 CFC-26
o _
2 Argillaceous interbedded 9 CFC-27
< . 10 |CFC-31 9 9
S siltstone
< 11 |CFC-35
5 12 [CFC-36.5 9 9 9 9 9 9
‘-(1,-) 13 |CFC-37.5 9 9
x 14 |CFC-38.5 9 9
8 Black silty mudstone 15 |CFC-39 9 9 9
16 |CFC-40 9 9
17 CFC-41 9 9
18 [CFC-42.5 9 9 9 9
19 |CFC-44 9 9 9
Gray silty mudstone 20 |CFC-45 9
21 |CFC-46 9
Vuggy dolostone 22 |CFC-52 9
. 23 |CFC-53
Basal mudstone and siltstor] >4 |CFC545 5
‘é « |Upperinterbedded mudsto 25 |EFDN-3 9 9 9
L S . 26 EFDN-2 9
= and siltstone
3 s 27 |EFDN-1 9 9 9
& a Massive silty dolostone 28 |EFDN-4 9
Lwr interbedded mst & slts 29 |EFDN-5 9 9 9 9 9
o Madison Lst (above CCM 30 |HRC-SA
@ 31 |HRC-0 9
S Multicolored mudstone 32 |HRC-1 9 9 9 9
o 33 |HRC-2 9
o Phosphatic pebble lag 34 |HRC-3 9
T Claystone at base of lag 35 |HRC-4
Wavy-laminated dolostonqg 36 |HRC-SB 9
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APPENDIX B

ORGANIC PETROGRAPHY RESULTS REPORT

Figure B.1 Organic petrography report provided by Weatherford Laboratories.
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