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GEOLOGICAL CHARACTERISTICS OF LOW-PERMEABILITY UPPER CRETACEOUS AND LOWER

TERTIARY ROCKS IN THE PINEDALE ANTICLINE AREA, SUBLETTE COUNTY, WYOMING
By Ben E. Law

INTRODUCTION

In 1977 the Greater Green River Basin of Wyoming, Colorado, and Utah
(fig. 1) was identified by the U.S. Department of Energy as one of four areas
in the Rocky Mountain region to be included in their Weste5n Tight GaSZSands
Program. The basin encompasses an area of about 19,700 mi“ (51,000 km“) and
contains large gas resources in Upper Cretaceous and lower Tertiary low-
permeability reservoir sequences, that in places are more than 10,000 ft
(>3,048 m) thick. The National Petroleum Council (1980) estimated the total
gas resources in the basin at about 136 trillion cubic feet (tcf) and the
recoverable gas resource at about 86.5 tcf.

Because of the large areal extent and great thickness of these low-
permeability rocks, U.S. Geological Survey research efforts have focused on
individual wells or small areas containing several wells in which there are
relatively large amounts of data available. The research approach has been
multidisciplinary. The reports of investigations include structure,
stratigraphy, petrography, x-ray mineralogy, source-rock evaluation,
abnormally high formation pressure, application of borehole geophysical logs
to stratigraphy, thermal maturity mapping, fission-track age dating, fluid
inclusions, and isotopic geochemistry. These investigations are in various
stages of completion and are, therefore, reports of ongoing studies. The
objectives of these focused investigations are to provide data and
interpretations related to the geology of gas-bearing low-permeability
reservoirs.

The Pinedale anticline, the subject of this report, is one of these
intensely studied areas. This large anticline is located in the northern part
of the Green River Basin (figs. 1 and 2). The first well drilled on the
Pinedale anticline was completed in 1939 to a depth of 10,000 ft (3,048 m) by
The California Company. Since that time, there have been 19 additional wells
drilled in the area. Figure 2 shows the location of wells drilled on the
Pinedale anticline. Specific locations and other pertinent data are shown in
table 1. Most of the wells have been drilled to depths of 10,000 to 12,000 ft
(3,048 to 3,658 m) in the Upper Cretaceous Lance Formation. The deepest well
is the El1 Paso Natural Gas, Wagon Wheel No. 1 well, which was drilled to
19,000 ft (5,791 m) into the Upper Cretaceous Baxter Shale. All the wells
have indicated the existence of large gas accumulations. In particular, data
obtained from the Wagon Wheel well have conclusively demonstrated the
occurrence of a thick gas-bearing interval below a depth of about 8,000 ft
(2,438 m).
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Figure l.~~Map of Greater Green River Basin showing major structural
features, including the Pinedale anticline.

The Wagon Wheel well, completed in 1970, was proposed as part of a
nuclear stimulation project. It was intended to be the fourth nuclear
experiment following the Gasbuggy, Rulison, and Rio Blanco detonations in the
San Juan Basin, New Mexico, and the Piceance Creek Basin, Colorado. However,
due to environmental considerations and disappointing test results obtained in
these wells, plans for detonation of a nuclear device in the Wagon Wheel well
were abandoned. A report of the project, including the drilling and testing
results, are discussed by Martin and Shaughnessy (1969) and Shaughnessy and

Butcher (1973, 1974).
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Figure 2.--Map of the northern part of the Green River Basin and the Pinedale
anticline with location of wells. Specific locations of wells are shown in

table 1,

As a consequence of the extensive testing and coring conducted in the
Wagon Wheel well, most of the geological interpretations in the Pinedale area
are derived from data obtained from this well. Within the depth interval of
5,000 and 18,000 ft (1,524-5,486 m), approximately 900 ft (274 m) of rock was
cored. The cored intervals are shown on figure 4 of Law (p. 11, this
volume). Data derived from cores in the Wexpro and American Hunter wells
(table 1) have also been incorporated into these investigations.
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There are currently five producing wells in the Pinedale anticline area
and several other wells are shut-in (fig. 2 and table 1). Gas production,
with minor amounts of condensate, is from low-permeability lenticular
sandstones in the Lance Formation below a depth of about 8,000 ft (2,438 m).
The reservoirs require stimulation for sustained economic production rates.
Initial gas production rates are highly variable. Maximum rates of 1.5
million cubic feet per day (mmcfd) from single reservoirs and about 2.5 mmcfd
from multiple reservoirs have been reported.
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Structure and Stratigraphy of the
Pinedale Anticline, Wyoming

By Ben E. Law

INTRODUCTION

Structural and stratigraphic data are essential components of many
geological studies. The significance of highly specialized geological
investigations may be lost or misleading if not placed in the correct
structural and stratigraphic framework. To some degree, this has been the
case in previous investigations of the Pinedale anticline, where structural
and stratigraphic relationships are not well known. The main obstacles
encountered in attempting to establish a more accurate framework in the
Pinedale area are (1) the absence of Upper Cretaceous and lower Tertiary
outcrops in the vicinity of the Pinedale anticline, (2) the insufficient
number of stratigraphically deep wells, (3) the absence of reliable
stratigraphic markers due to the discontinuous nature of the lithologic units,
and (4) the paucity of biostratigraphic data.

The most significant previously published structural and stratigraphic
studies in the Pinedale anticline are those related to Project Wagon Wheel by
Martin and Shaughnessy (1969) and Shaughnessy and Butcher (1973, 1974). Other
structural and stratigraphic studies that have been conducted in the Pinedale
anticline area include subsurface correlations by Law (1979), a discussion of
Upper Cretaceous and lower Tertiary rocks by Law and Nichols (1982), and an
investigation of the origin and development of the northern Green River Basin
by Shuster and Steidtmann (1983).

During the course of U.S. Geological Survey investigations in the
Pinedale area, data have been obtained from well logs and cores that
necessitates modification of the existing geological framework. Thus, the
primary purpose of this report is to modify the structural and eratigraphic
framework in the Pinedale anticline area.

STRUCTURE

The Pinedale anticline is located in the Rocky Mountains foreland in the
northern part of the Green River Basin (fig. 1) between the Idaho-Wyoming
thrust belt to the west and the Wind River Mountains to the east. The basin
formed in response to loading by thrusting events in the Idaho-Wyoming thrust
belt (Jordan, 1981) and by uplift of the Wind River Mountains. Structural
deformation in these tectonically unstable areas has provided source terranes
for some of the Upper Cretaceous and lower Tertiary rocks.

The axis of the Pinedale anticline trends southeastward, parallel to the
southwest flank of the Wind River Mountains and associated Wind River thrust
fault. The anticline is about 35 miles (56 km) long and about 6 miles (10 km)
wide. Figure 2 is a structure contour map of the Pinedale anticline,
constructed on the base of the Tertiary. A structural cross section extending
from the Wyoming thrust belt, northeast across the Pinedale anticline to the
Wind River Mountains is shown on figure 3. The fold is asymmetrical with the
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west flank steeper than the east flank. Total structural relief on the
anticline is about 2,000 ft (610 m) with two areas of closure (fig. 2).
According to Shaughnessy and Butcher (1973, 1974), the west flank of the
anticline is bounded by a buried reverse fault (fig. 3), that at depth curves
toward the Wind River Mountains. They indicate about 600 ft (182 m) of
displacement across the fault and that the fault intersects the Wagon Wheel
borehole at about 18,000 ft (5,486 m). Examination of the two deepest cores
from the Wagon Wheel well (17,163 to 17,193 ft and 17,959 to 17,996 ft on
figure 4) show increasingly steeper dips and increasing fracture frequency,

indicating proximity to ~a fault.
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Figure 1.--Map of the Greater Green River Basin showing the location of the
Pinedale anticline and cross sections A-A’ and B-B’
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Figure 2.--Structure contour map of the Pinedale anticline.

Structural datum

is the Cretaceous-Tertiary boundary. Well names and other data are

listed in table 1 of Law (p. 4, this volume).
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Shaughnessy and Butcher (1973, 1974). Line of section shown on figure 1.

The structural evolution of the Pinedale anticline appears to be related
to movement on the Wind River thrust fault. The parallel trend of the fold
axis, the asymmetry, the geometric similarity of the west bounding anticlinal
fault, and proximity of the anticline to the Wind River thrust fault are
consistent with this interpretation. The initiation of structural growth may
have occurred during the Laramide Orogeny, although evidence such as thinning
of Upper Cretaceous or lower Tertiary rocks over the structure is lacking.
Ongoing thermal maturation and related studies (Naeser, this volume; Pollastro
and Barker, this volume; Lickus and others, this volume; Law and Spencer,
1981; Law, 1984) indicate that the latest and most gsignificant structural
deformation was post-Eocene; possibly as recent as Pliocene.



STRATIGRAPHY

The focus of stratigraphic studies conducted in the Pinedale anticline
area has been determined by the occurrence of gas—bearing reservoirs, the
constraint of deep drilling, and the availability of cores. Consequently, the
following discussion includes the upper part of the Upper Cretaceous and lower
part of the lower Tertiary. Most of the stratigraphic data from the Pinedale
anticline are from the El Paso Natural Gas, Wagon Wheel no. 1 well.

Therefore, the Wagon Wheel well is presented here as the stratigraphic
reference well for this area. Figure 4 shows the stratigraphic sequence
penetrated in the Wagon Wheel well. The stratigraphic nomenclature used in the
Pinedale anticline area is from the Rock Springs uplift area and is based on
the stratigraphic correlations shown on figure 5.

Cretaceous Rocks

About 11,500 £t (3,505 m) of Upper Cretaceous rocks were penetrated in
the Wagon Wheel well. With the exception of the lower 2,800 ft (853 m), the
entire rock sequence was deposited in nonmarine environments. In response to
thrusting events in the Wyoming thrust belt, these rocks were deposited as a
prograding wedge of dominantly clastic debris derived from source terranes
farther west and northwest. East and southeast of the Pinedale anticline,
these rocks grade into and intertongue with marine, marginal marine, and
nonmarine rocks. Figure 6 is a diagrammatic cross section extending from the
northern part of the Green River Basin to the Sand Wash Basin showing these
relationships. In ascending order, the Upper Cretaceous rocks include the
Baxter Shale, Rock Springs Formation and older rocks, Ericson Sandstone, and
Lance Formation and older rocks.

The Baxter Shale is composed chiefly of gray shale, grading upward to
silty and sandy shale. Only about 1,300 ft (396 m) of the Baxter Shale was
penetrated in the Wagon Wheel well. The total thickness of the Baxter Shale
is estimated to be about 3,500 ft (1,067 m), as indicated by wells on the east
flank of the LaBarge platform. The upper part of the Baxter Shale was
deposited in a shallow water marine environment.

The Rock Springs Formation and older rocks are composed of tan to light-
gray, fine- to medium—grained sandstone, siltstone, shale, carbounaceous
mudstone, and coal. The lower contact is conformable with the underlying
Baxter Shale. In well logs, the contact is placed at the base of
predominantly sandstone-bearing rocks. The Rock Springs Formation and older
rocks are about 4,200 ft (1,280 m) thick and can be subdivided into three
parts. The lower part is about 1,500 ft (457 m) thick and consists of
intertonguing sandstone and shales deposited in shallow-water marine and
marginal marine environments. The middle part is about 1,200 ft (366 m) thick
and consists of lower delta plain deposits that include a coal-bearing zone.
The upper part is about 1,500 ft (457 m) thick and consists of interbedded
sandstone, siltstone, and mudstone deposited in alluvial plain environments.

10
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shown on figure 1.

The Ericson Sandstone is chiefly composed of sandstone with lesser
amounts of siltstone and mudstone. The lower contact is interpreted to be
conformable with the underlying Rock Springs Formation. The Ericson can be
subdivided into two parts. The lower part is about 260 ft (79 m) thick and
consists of fine-grained sandstone deposited in braided-stream environments.
The upper part is about 100 ft (30 m) thick and consists of conglomeratic
sandstone, with lesser amounts of siltstone and mudstone deposited in
braided-stream environments. Based on regional stratigraphic correlations
(Law, 1979; Law and Nichols, 1982; Law and others, 1983; Bucurel-White, 1983),
there is reason to suspect that the contact between the lower and upper parts
of the Ericson Sandstone is unconformable.

The Lance Formation and older rocks are composed of tan to brown, fine-
to medium-grained sandstone, siltstone, shale, and carbonaceous mudstone. The
lower contact is conformable with the underlying Ericson Sandstone. In the
Pinedale anticline area the lower part of the Lance Formation is a temporal
equivalent of the Almond Formation, Lewis Shale, and Fox Hills Sandstone in
the Rock Springs area (fig. 5). The Lance Formation is about 5,550 ft (1,692

m) thick in the Wagon Wheel well and was deposited in an alluvial plain
environment.

Tertiary Rocks

lower Tertiary rocks were deposited in fluvial-dominated environments.
Depositional patterns in these rocks are more complex than the older
Cretaceous rocks because of the emergence of adjacent highlands, multiple
source terranes, and the trend to internal basin drainage during the Tertiary.
The discussion of Tertiary rocks is restricted to the lower Tertiary inasmuch
as younger Tertiary rocks are not deeply buried and generally have better
reservoir characteristics than the older rocks.
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Probably the most significant departure from previous stratigraphic
studies in the Pinedale anticline area is the identification of the
Cretaceous—-Tertiary boundary. The base of the Tertiary in southwestern
Wyoming is marked by a regional unconformity (Ritzma, 1965; Roehler, 1961,
Dorr and others, 1977; Beaumont, 1979). Throughout most of the region the
oldest Tertiary unit is the Paleocene Fort Union Formation or equivalent
rocks. However, in the subsurface of the northern Green River and Great
Divide Basins an older unnamed Tertiary interval has been identified on the
basis of well-log correlations and palynology (Law, 1979; Law and Nichols,
1982; Bucurel-White, 1983). In the Pinedale anticline area, Martin and
Shaughnessy (1969) and Shaughnessy and Butcher (1973, 1974) indicated that the
Cretaceous-Tertiary boundary in the Wagon Wheel well is at a depth of about
10,000 ft (3,048 m). However, more recent work by Law (1979) and Law and
Nichols (1982) has shown that the contact is at a depth of 7,520 ft (2,302 m).

The unnamed Tertiary sandstone beds consist of interbedded conglomerate,
sandstone, siltstone, and mudstone. The unnamed Tertiary sandstone beds
unconformably overlie the Cretaceous Lance Formation. In the Pinedale
anticline area the unit ranges from 1,285 to 1,510 ft (391 to 460 m ) thick.
The unit is interpreted to have been deposited in alluvial plain environments.

The Fort Union Formation in the Pinedale anticline area consists of
interbedded conglomerate, sandstone, siltstone, mudstone, and carbonaceous
mudstone. Coal beds, which are commonly associated with the lower part of the
Fort Union Formation in the Rock Springs area and elsewhere, are not present
in the Pinedale area, presumably because of facies changes related to the
proximity of source terranes in the nearby Wind River Mountains. The Fort
Union unconformably overlies the unnamed Tertiary sandstone beds in the
northern Green River Basin, but in the Rock Springs uplift, the Fort Union
unconformably overlies Cretaceous rocks due to truncation of the unnamed
Tertiary Sandstone beds (fig. 5). No attempt has been made to determine the
upper contact of the Fort Union. The Fort Union Formation was deposited in
fluvial-dominated environments.
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Petrographic and Selected Reservoir Characteristics of Some Tertiary
and Cretaceous Sandstones, Pinedale Anticline, Sublette County, Wyoming

By C. William Keighin

INTRODUCTION

Petrographic and limited petrophysical studies of core samples of
sandstones from the Mountain Fuel Supply Company (Wexpro) Mesa Unit No. 1
well, and the American Hunter Exploration Company wells New Fork Nos. 1, 2,
and 4, indicate that the sandstones are similar in composition and behavior to
other low-permeability sandstones of the Rocky Mountains. Locations of the
wells are given in Law (this volume, fig. 2, p. 3, and table 1, p. 4).
Studies of rocks from the Pinedale Anticline are reported on by Butcher
(1971), Gas Research Institute (1981), Pollastro and Bader (1983), Quong and
LaGuardia (1971), and Thomas (1978). General properties of low-permeability
sandstones of the Rocky Mountains are discussed by Spencer (1983). The
purpose of the studies was to relate observed petrographic and petrophysical
properties to gas—free and gas-bearing zones.

PETROGRAPHY

Samples of sandstones from cores from the wells noted above were examined
in thin section by scanning electron microscopy (SEM) and X-ray diffraction.
Although samples were collected through a depth range below surface 8,711~
11,956 ft (2,655-3,644 m) for the Mesa No. 1 well, and 8,260-10,570 ft (2,518~
3,222 m) for the New Fork 1, 2, and 4 wells, the number of samples is limited,
and the petrographic characteristics should be considered to be general rather
than definitive. Only the Upper Cretaceous Lance Formation was sampled in the
Mesa No. 1 well, whereas the unnamed lower Tertiary and Lance were sampled in
the New Fork wells. The modal characteristics of the Wexpro samples are
summarized on figure 1; those for the New Fork wells are shown on figure 2.
Although the modal characteristics of many samples from the two areas are
similar, there is significantly more mineralogical variation in the samples
from the New Fork area. Feldspar is often markedly higher in the unnamed
Tertiary from the New Fork samples; it was often not detected in the Lance
Formation.

The sandstones examined in the Wexpro Unit No. 1 well are generally fine
grained with moderate sorting. Porosity has been reduced moderately through
compaction and deformation of labile rock fragments (fig. 3). Some
intergranular pores remain, but many pores are partially to completely filled
with authigenic clays (figs. 3 and 4). Much of the porosity in the low-
permeability sands is due to partial leaching of rock fragments. Porosity is
sometimes reduced by intergranular carbonate (more calcite than dolomite)
cement, but the distribution of carbonate cement is highly variable. The
distribution of this cement does not follow any recognized pattern.
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Even though the composition of sandstones in the New Fork wells is more
variable than in the Wexpro No. 1 well, many of the same comments apply. The
most variable mineralogical difference noted between the two areas is the
variation in feldspar content. Feldspar content varies not only between the
two areas but also through the interval penetrated in the New Fork wells.
Plagioclase and potassium feldspars, identified in thin section and by X-ray
diffraction, are present in variable quantities in the lower Tertiary strata
cored in the New Fork 1, 2, and 4 wells. Little or no feldspar was identified
in samples from the zone between the unnamed Tertiary and the Lance
Formation. Only trace amounts of plagioclase and no potassium feldspar were
identified in the Lance Formation cored in New Fork wells 2 and 4.

PETROPHYSICAL PROPERTIES

Results of porosity and permeability determinations on four samples
from the Wexpro Mesa Unit No. 1 well are listed in table 1.

Table l.--Porosity and permeability for selected Wexpro Unit No. 1 well samples

[A and B, values determined by two laboratories; k!, permeability determined
under essentially ambient conditions; k2, permeability determined under
confining stress of 1,000 psia; k?® permeability determined under confining
stress of n psia.]

Depth
below Permeability
Sample surface Porosity (ud)
no. (feet) Laboratory (percent) k! k2 k® n (psia)
7 8,270.2 A 7.7 35
8,270.1 B 8.7 11. 3.5 3660
8 9,140.1 A 3.9 2
9,140.2 B 6.0 4,58 1.46 3840
9 - 11,265 A 10.8 140
11,265 B 11.4 88.3 58.4 4730
10 11,570 A 4.6 18
11,570 B 3.3 0.805 0.46 5000

Permeability was determined under essentially ambient conditions, as well as
under confining stress similar to that expected at the depth from which the
sample was taken. The results are similar to those of numerous investigators
who have found that permeability in low-permeability sandstones typically is
reduced significantly by increasing confining stress (for example, Walls and
others, 1982). For the samples examined, which ranged in depth from 8,270 to
11,570 £t (2,520 to 3,527 m), porosity varied between 3.9 and 10.8 percent;
permeability (under ambient conditions) varied between 2 and 140 microdarcies
(pd). Studies reported by the Gas Research Institute (1981), based on data
from drill stem tests, core tests, and well flowing, show that permeability of
the low-permeability sandstones varied between 3 and 50 pd. There were not
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enough samples examined in this study to attempt to relate porosity variations
to increasing depth; however, examination of porosity data for samples from
the Mesa Unit No. 1 well, ranging in depth from 8,600 to 11,900 ft (2,621 to
3,627 m), gave a correlation coefficient of only 0.5 for porosity versus depth
(W. W. Dickinson, oral commun., 1984).

Results of mercury injection tests on the same four samples (fig. 5)
indicate that most pore throats are small. At 2,000 psia, the maximum
pressure attained, pore throats, with a calculated size of 0.05 ym, permitted
penetration of only 18 to 63 percent of the pores available. Typically, the
small pore throats, in conjunction with numerous small pores, create a
tortuous pathway for fluid flow, and low permeability is one result.

2000

100 T I 7
No Depth  Porosity Perm / ’ ] | B
it L] pm A ’I K l 1
7 87202 77 35 "I S 7 "’
80 8
z 8 8.t40 1 39 2 .. 1500 A / ]
= 9 12850 08 140 s / ; h
i s 0 9570 46 8 a / / K ]
: é ’ /7 / '
o / L / i )
& w0 / g / - /
2 / 2 100 |1 J /
2 I/ & / 7 l,
> / / /
° c f . /
° 9 o / /
& Y E A /
/[ g I - /
i I = s00 | I.» //
1 i 4 ,
1 i 16 71 e
20 ! ; / -
! .’ /1 / ,r’
" 1l -
;! o4 ] T N TR SR NN SR N N
o P o 20 40 60 80 100
100 10 10 0.1 0.01

Pore Entry Radn (pm) Pore Volume Occupied (%)

Figure 5.--Response of selected samples from Wexpro Unit No. 1 well to mercury
injection at pressures up to a maximum of 2,000 psia. A, Calculated
minimum size of pore throats penetrated at 2,000 psia is 0.05 ym. Pore
volume occupied at 2,000 psia ranges from 18 percent (No. 8) to 63
percent (No. 9). B, Variations in pore volume occupied at various
injection pressures of mercury.

SUMMARY

Samples examined in this study are similar to other samples of low-
permeability sandstones from the Rocky Mountain region, although some samples
from the unnamed Tertiary, cored in the New Fork wells, contain significant
quantities of feldspar. Porosity is typically secondary, and often due to
partial leaching of rock fragments. Micropores are formed by the growth of
authigenic clays; pore throats comnecting these pores are usually less than 1
um across. Because of the small pore throats, the permeability of the
sandstones--usually low--is very semsitive to changes in confining pressure,
and may be reduced substantially by increased confining stress.
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A Gamma-ray Log Anomaly Associated With the Cretaceous-Tertiary
Boundary in the Northern Green River Basin, Wyoming

By Stephen E. Prensky
INTRODUCTION

Identification and regional correlation of the Cretaceous-Tertiary (K/T)
boundary in the subsurface of Rocky Mountain Basins is a long-standing
stratigraphic problem (Robinson, 1970). This difficulty is due primarily to a
lack of distinguishing physical characteristics between the Upper Cretaceous
and lower Tertiary rocks, which are products of similar non-marine origins.
Both vertebrate paleontological and palynological indicators have been used
for defining and identifying the T/K boundary; however, many of these non-
marine rocks do not contain fossils.

In the Wind River Basin of central Wyoming, where the K/T boundary is
exposed around the periphery of the basin, vertebrate evidence has supported
physical evidence for placement of the boundary (Keefer, 1965). In the
northern Green River Basin the K/T boundary is not exposed, except possibly
along the northwest margin.

Well log correlations of subsurface formation boundaries near the K/T
boundary, particularly in the northern Green River Basin, are often imprecise
due to: a) rapid changes in facies and thickness within short distances, b)
an absence of consistent marker beds, and c) lithologic similarity and
resultant similarity in well log response. Modern seismic processing and
interpretation suggest that in the Wind River Basin, the K/T boundary is a
mappable seismic reflector (Ray, 1982).

Recent work by Law (1979 and this volume) and Law and Nichols (1982)
employs a combination of well logs and palynological evidence to define the
K/T boundary.

GAMMA-RAY ANOMALY

Plots of gamma-ray log data at highly compressed depth scales for wells
in the Pinedale area of the northern Green River Basin have revealed the
presence of a strong anomaly in the lower Tertiary (Prensky and Dickinson,
1984). The depth plot of gamma-ray log data from the Mountain Fuel Supply Co.
(Wexpro) no. 1 Mesa well shown on figure 1 represents a continuous open hole
log run. The gamma-ray anomaly is indicated by offset of data at
approximately 8,000 feet. Plots of gamma-ray log data from other wells in the
area (fig. 2) of the Pinedale anticline generally show a similar shift (fig.
3). Petrographic examination of core from wells in the Pinedale area
(Butcher, 1971; Greenfield, 1981; Keighin, this volume) have shown that the
potassium feldspar content abruptly changes from as much as 25 percent in
Tertiary rock samples to essentially zero in Cretaceous samples. Data from
natural gamma-ray spectroscopy logs (fig. 4) indicate that the gamma anomaly
present in wells in the Pinedale area is due primarily to a change in
potassium content and secondarily to a change in thorium content. X-ray
diffraction studies of data from the E1 Paso Natural Gas Wagon Wheel no. 1
well support the petrographic data (R. M. Pollastro, oral commun., 1983).
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Figure l.--Compressed-scale depth plot of the gamma-ray log from the Mountain
Fuel Supply Co. (Wexpro) No. 1 Mesa well, sec 7, T. 32 N., R. 109 W.,
Sublette County, Wyoming. Gamma anomaly is indicated by the shift in API
values at approximately 8,000 ft.

The gamma anomaly is most evident in wells on the Pinedale anticline
(figs. 2 and 3). The magnitude of the anomaly (shift) diminishes in all
directions from the Pinedale area (figs. 5A-C). The plotted gamma data of the
Mesa well (fig. 1) form an arc-like pattern with the data shift at its base.
This pattern, which is present in wells throughout the basin, can be used for
locating the depth of the gamma anomaly in other parts of the basin, where the
anomaly is subdued (figs. 5B and 5C).

The Wind River Mountains are surrounded by a lower Tertiary arkosic
sandstone and conglomeratic facies. The proximity and areal distribution of
this facies relative to these mountains indicate that the Precambrian core was
the source of the arkose. By Eocene time, deposition of arkose in Rocky
Mountain Basins was widespread (Love, 1960; Vine and Tourtelot, 1970).

Arkosic sandstones are present throughout the northern Green River Basin and
have been reported in wells in the Pinedale, La Barge and Big Sandy areas
(Berg, 1961, 1962; Asquith, 1966; Martin and Shaughnessy, 1969). Regional
variations in gamma-ray intensity may provide insight into lower Tertiary
drainage patterns.
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Figure 2.--Index map showing location of wells used in cross sections. Well
abbreviations: (BW) Merged Inexco A-1 WASP (28-36N-112W) and Belco 0Oil
3-28 Merna; Mtn. Fuel Supply Co. (Wexpro) No. 1 Mesa (7-32N-109W); (WW)
El Paso Natural Gas Co. 1 Wagon Wheel (5-30N-108W); (QUAD) Quadrant 0il
Co. 14-16 State (16-29N-106W); (CALCO) California Co. 1 Government (34-
28N-106W); (PC) Merged Rainbow Resources 1-34 Pacific Creek (34-27N-103W)
and Rainbow Resources 1=-3 Pacific Creek well (3-26N-103W); (DWP) Davis
0i1 1 West Pinedale (33-30N-109w); (DGW) Davis 0il 1 Granite Wash (16-
29W-110W); (PFV) Primary Fuels Van Buren 24-20 Federal (20-29N-111W);
(DW) Davis 0il 1 Wardell Federal (9-28N-108W); (APM) Merged American
Hunter 1 Aspirin (13-26N-109W) and Davis 0il 1 Parrish Mark (12-26N-
109W); (GPB) General Petroleum Co. 62-A-9 Buckhorn (9-24N-109W).

On the Pinedale anticline, the gamma anomaly occurs at depths which are
very close to the K/T boundary as correlated by Law (1979) (table 1). Since

this gamma event appears to be.present throughout the northern Green River
Basin it may serve as a local stratigraphic marker for this boundary.
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Figure 4.--Natural gamma-ray spectral log for the Mountain Fuel Supply Co.
(Wexpro) 1 Mesa (7-32N-109W). The depth of the gamma anomaly is marked
by the horizontal line. Note the abrupt increase in total gamma

"intensity above this line as well as the increase in potassium and
thorium content.
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Figure 5.--Sections of compressed-scale gamma depth plots. Datum is kelly
bushing elevation for each well. See figure 2 for location of
corresponding line of section. The horizontal line marks the depth of
the gamma anomaly and the curved line highlights the arcuate pattern
discussed in the text. Well abbreviations A: (BW) Merged Inexco A-l
WASP (28-36N-112W) and the Belco 0il 3-28 Merna; (MESA) Mtn. Fuel Supply
Co. (Wexpro) 1 Mesa (7-32N-109W); (WW) E1 Paso Natural Gas Co. 1 Wagon
Wheel (5-30N-108W); (PC) Merged Rainbow Resources 1-34 Pacific Creek (34-
27N-103W) and R.R 1-3 well (3-26N-103W). B: (DWP) Davis 0il 1 West
Pinedale (33-30N-109w); (DGW) Davis 0il 1 Granite Wash (16-29W-110W);
(PFV) Primary Fuels Van Buren 24-20 Federal (20-29N-111W). C: (DW) Davis
011 1 Wardell Federal (9-28N-108W); (APM) Merged American Hunter 1
Aspirin (13-26N-109W) and Davis 0il 1 Parrish Mark (12-26N-109W); (GPB)
General Petroleum Co. 62-A-9 Buckhorn (9-24N-109W).
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TIME OF ONSET OF ARKOSE DEPOSITION

As discussed above, gamma-ray log data reflect the presence of arkosic
rocks in the Tertiary. The magnitude of the gamma value appears to be
proportional to the percentage of arkose present. The volume of arkose at a
locality is a function of proximity to source terrane and stream gradient.
Gamma intensity (percentage of arkose) may be an indication of relative stream
gradients, which in turn reflect tectonic uplift or subsidence. In the
arcuate pattern, seen on several of the plots (figs. 3 and 5), gamma intensity
rises rapidly to a maximum value and then gradually decreases. This pattern
parallels the major Laramide activity which began in latest Cretaceous time
(Love, 1960). This coincides with uplift of the Wind River Mountains. By
middle to late Paleocene, breaching of the crystalline core of the Wind River
Mountains had occurred (Berg, 1961; Keefer, 1965). The period of most intense
deformation, continued to increase through the early Eocene (Love, 1960) and
began to diminish by middle and late Eocene (Love, 1960; Dorr and others,
1977).

In central and western Wyoming the Cretaceous-Tertiary boundary, seen
both in outcrop and in the shallow subsurface at basin margins, is generally
marked by an unconformity. However, there is disagreement as to whether
deposition across the K/T boundary in the central portions of the various
basins has been continuous (Berg, 1961; Keefer, 1965) or is also marked by an
unconformity or disconformity (McDonald, 1972; Law, 1979; Law and Nichols,
1982; Law, this volume).

The arkosic facies in the northern Green River Basin is generally
assigned to the Eocene Wasatch Formation or equivalents (Martin and
Shaughnessy, 1969; West, 1969; Dorr and others, 1977). However, there is
evidence for an earlier onset of arkose deposition. The oldest Tertiary rocks
exposed in the vicinity of the northern Green River Basin are the lower part
of the Hoback Formation in the Hoback Basin. These middle Paleocene rocks
(Dorr, 1952, 1958; Guennel and others, 1973; Dorr and others, 1977) are
composed of recycled Mesozoic rocks derived from the Hoback Range and are non-
arkosic (Spearing, 1969). The Fort Union Formation, which is present in most
of this area, is also assigned a middle Paleocene age based on vertebrate
fossils in the vicinity of the Rock Springs uplift. Berg (1961) described
Fort Union sandstones as having minor coarse-grained feldspars and an unnamed
pre-Fort Union Tertiary sequence correlated by Law (1979 and this volume)
northward from the Rock Springs area to the Merna area as arkosic (B. E. Law,
oral commun., 1984), It is possible that in many parts of the northern Green
River Basin, the earliest preserved Tertiary rocks are arkosic. If so, the
gamma anomaly may mark the K/T boundary.

GAMMA ANOMALY AND THE CRETACEOUS-TERTIARY BOUNDARY

Biostratigraphic evidence for timing the gamma event is provided by
unpublished palynological studies of core and sample cuttings from six wells
located around the periphery of the northern Green River Basin (B. E. Law,
oral commun., 1984). While sampling for palynological analysis was not
sufficient to permit an accurate placement of the K/T boundary in most wells,
the depth of the gamma anomaly is below the last sample assigned a definite
Tertiary age. In the General Petroleum 62-A-9 Buckhorn well (sec. 9, T. 24
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N., R. 109 W.) the gamma anomaly falls within a relatively narrow (400 ft
thick) biostratigraphic bracket for the K/T boundary.

Depths for the gamma anomaly as well as the well log picks for the K/T
boundary by Law (1979) are provided in table 1. 1In all wells (except the
Inexco WASP) where both data are available, the gamma anomaly is shallower.
This discrepancy may be due to: a) inaccuracies in biostratigraphic
determination of the K/T boundary resulting from large gaps in sampling, or b)
the gamma anomaly may represent an event above the K/T boundary. If the
latter situation is the case, this anomaly may still be useful for
approximating the depth of the K/T boundary as the difference is relatively
small.

The lowest reported depth of arkose or feldspar obtained from sample logs
(mud logs or Amstrat logs) are also provided (table 1) to assist in
identifying the depth of the gamma anomaly either in combination with, or in
place of, gamma-ray log data. However, since the lithologic descriptions on
these logs are generally not uniform nor sufficiently detailed to report the
presence of arkose or feldspar, caution is advised. 1In cases where this
information is available and a gamma-ray log is not available, the lowest
reported depth of arkose or feldspar can be used as an approximation for the
gamma anomaly (K/T boundary).

SUMMARY

A strong anomaly seen in gamma-ray logs from wells in the Pinedale area
of the northern Green River Basin is present throughout most of this area.
This anomaly is in response to the abrupt appearance of arkosic material in
lower Tertiary rocks and marks the onset of arkose deposition subsequent to
breaching of the Precambrian core of the Wind River Mountains. The gamma
anomaly occurs very close to the Cretaceous-Tertiary boundary as presently
defined by palynology and well log correlations. Additional biostratigraphic
data are needed to accurately assess the stratigraphic implications of these
gamma-~ray log data.
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