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CONVERSION FACTORS FOR SOME SI METRIC AND U.S. UNITS OF MEASURE

To convert from To Multiply by
Feet (ft) Meters (m) 0.3048
Miles (mi) Kilometers (km) 1.609
Pounds (Ib) Kilograms (kg) 0.4536
Degrees Fahrenheit (°F) Degrees Celsius (°C) Temp °C=(temp °F-32)/1.8

v Conversion Table
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Introduction
By B.E. Law and C.W. Spencer

Low-permeability (tight) gas reservoirs are rocks
that have an estimated in situ permeability to gas of 0.1
millidarcy (mD) or less. Within the United States, these
reservoirs contain major resources of gas. The National
Petroleum Council (NPC) (1980) estimated the in-place
gas resource for tight reservoirs in the United States at
about 924.0 trillion cubic feet (TCF). More recent
estimates of the gas resource in the Greater Green River
basin of Wyoming, Colorado, and Utah, and in the Pi-
ceance basin of Colorado indicate that the NPC estimates
for these basins are very conservative. In the Greater
Green River basin, estimates of the in-place gas resource
for tight reservoirs range from 3,600 to 6,800 TCF, and
the mean estimate is 5,063 TCF (Law and others, 1989);
in the Piceance basin, estimates of the in-place gas
resource range from 274.5 to 605.0 TCF, and the mean
estimate is 419.5 TCF (Johnson and others, 1987).

In 1977, the U.S. Geological Survey, in coopera-
tion with the U.S. Department of Energy, initiated
geologic investigations of low-permeability (tight) gas
reservoirs in the Rocky Mountain region. The overall ob-
jectives of these efforts are to geologically characterize
tight sandstone reservoirs and to estimate gas resources
in selected basins. In order to accomplish these objectives,
our efforts focused on small areas containing several wells
or on individual wells containing large amounts of high-
quality data. Two such areas that have been extensively
studied are the Pinedale anticline in the northern part of
the Green River basin of Wyoming and the Multiwell Ex-
periment site in the Piceance basin of Colorado (fig. 1).

Results of the geologic investigations indicate that
the tight gas-bearing reservoirs in these areas have ex-
perienced similar depositional, structural, burial, and
thermal histories. Some of the relationships between the
occurrences of gas and geologic characteristics are
dissimilar, however, because of slight differences in the
timing, intensity, and duration of geologic processes in
each area. Thus, the purpose of this publication is to pro-
vide both geologic data and interpretations of tight gas
reservoirs for two well-studied areas that will contribute
to an improved understanding of unconventional reser-
voirs in other areas.

Manuscript approved for publication March 15, 1989

PINEDALE ANTICLINE

The Pinedale anticline is in the northern part of the
Green River basin of Wyoming (figs. 1, 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, 19 additional wells have been drilled on
the anticline (fig. 2). Specific locations and pertinent well
data are shown in table 1. Most of the wells have been
drilled to depths of 10,000-12,000 ft (3,058-3,658 m) in the
Upper Cretaceous Lance Formation. The deepest well is
the El Paso Natural Gas Company Wagon Wheel No. 1
well, which was drilled to 19,000 ft (5,791 m) into the Up-
per Cretaceous Baxter Shale. All the wells have encountered
extensive thicknesses of gas-saturated rocks, and data ob-
tained from the Wagon Wheel well conclusively demon-
strate the occurrence of a thick gas-bearing interval below
a depth of about 8,000 ft (2,438 m). The indicated in-place
gas resource contained in low-permeability reservoirs in the
Pinedale anticline area is about 159.0 TCF (Charpentier
and others, 1987; this volume).

As a consequence of the extensive testing and coring
conducted in the Wagon Wheel well, most of the geologi-
cal interpretations in the Pinedale area are derived from
data obtained from this well. Within the depth interval of
5,000 to 18,000 ft (1,524-5,486 m), approximately 900 ft
(274 m) of rock was cored. The cored intervals are shown
on figure 3 of Law and Johnson (this volume). Data de-
rived from cores in the Wexpro and American Hunter wells
(table 1) were also incorporated into these investigations.

The Wagon Wheel well, completed in 1970, was pro-
posed as part of a nuclear stimulation project. It was in-
tended to be the fourth nuclear experiment following the
Gasbuggy, Rulison, and Rio Blanco detonations in the
San Juan basin of New Mexico and the Piceance basin
of Colorado. Plans for detonation of a nuclear device in
the Wagon Wheel well were abandoned, however, due to
environmental considerations and disappointing test
results obtained from the previous three experiments. This
project, including drilling and testing results, is discussed
by Martin and Shaughnessy (1969) and Shaughnessy and
Butcher (1973, 1974). Several other geologic studies con-
ducted in the Wagon Wheel area are discussed in Law
(1984).

Introduction Al



109° 108° 107° 108°

43°—

PINEDALEX

ANTICLINE

GREAT DIVIDE

I
|

WYOMING SR
COLORADO

SAND WASH
BASIN

I

|

|

|

|
ol L_

DOUGLAS CREEK ARCH

UTAH

COLORADO

g9—=

0 25 50 75 MILES
| | |

I

0

f ] I
25 50 75 KILOMETERS

Figure 1. Central Rocky Mountain region of Utah, Wyoming, and Colorado showing location of Pinedale anticline

and Multiwell Experiment (MWX) site.
Five wells currently are producing in the Pinedale densate, is from low-permeability lenticular sandstones
anticline area and several other wells are shut-in (fig. 2, in the Lance Formation below a depth of about 8,000 ft
table 1). Gas production, with minor amounts of con- (2,438 m). The reservoirs require hydraulic-fracture
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Figure 2. Wells drilled in the Pinedale anticline area of the northern part of the Green River basin, Wyoming.
Detailed location information for wells shown in table 1.

stimulation for sustained economic production rates. Ini-
tial 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.

MULTIWELL EXPERIMENT

The U.S. Department of Energy (DOE) conducted
a field-oriented, enhanced gas recovery research experi-
ment in the southern part of the Piceance basin of

Colorado. This project is called the Multiwell Experiment
(MWX) and was undertaken as a major part of the
Department’s Fossil Energy Western Gas Sands Sub-
program. The main purpose of the research is to provide
new and improved technology for the identification of
natural gas in tight-gas reservoirs and to develop
economically viable and reliable methods to recover the
gas (Northrop and others, 1984; Spencer, 1984). The
MWX site is on the south side of the valley of the Colo-
rado River (fig. 1) at a surface kelly-bushing elevation
of about 5,355 ft (1,630 m). Three closely spaced
(115-215 ft, 35-66 m), extensively cored and logged wells

Introduction A3
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Table 1. Wells drilled in Pinedale anticline area, Sublette County, Wyoming
[Locations of wells shown on figure 2. Kelly bushing and total depth in feet. Status: D&A, drilled and abandoned; Prod., producing well; SI, shut-in well. Leaders (---) indicate no

data]
Map . Kelly  Total Formation
no. Well name Operator Location bushing depth at total depth Status
1 Umtl Texaco NE1/4SW1/4 sec. 25, T.29 N., R. 107 W. 7,134 11,008 Lance D&A
2 NewPFork 1 American Hunter SW1/4NE1/4 sec. 25, T.30N., R. 108 W. 7,338 10,989 Lance Prod.
3  Pinedale 6 El Paso Natural Gas SE1/4ANW1/4 sec. 21, T.30 N., R. 108 W. 7294 11,057 Lance D&A
4  Pinedale 7 El Paso Natural Gas SE1/4NE1/4 sec. 15, T.30N,, R. 108 W. 7,369 10,270 Lance S1
5 Pinedale 1 El Paso Natural Gas NE1/4SE1/4 sec. 6, T.30 N., R. 108 W. 7,196 10,550 Lance D&A
6 Wagon Wheel 1 El Paso Natural Gas SE1/4NW1/4 sec. 5, T.30N., R. 108 W. 7,089 19,000  Baxter SI
7  Pinedale § El Paso Natural Gas C SEl/4 sec.5, T.30N., R. 108 W. 7,056 15,018 Rock Springs D&A
8 New Fork 2 American Hunter SW1/4NE1/4 sec. 2, T.30N., R. 108 W. 7,282 11,986 Lance D&A
9 Pinedale 2 El Paso Natural Gas SE1/4 sec. 29, T.31 N,,R. 108 W. 7,034 10,694 Lance SI
10 New Fork4 American Hunter NW1/4SE1/4 sec. 35, T.31 N.,R. 109 W. 6,957 11,550 Lance D&A
11  Govemment 1 California Company SW1/4NE1/4 sec. 14, T.31 N,, R. 109 W, --- 10,000 Lance D&A
12 Pinedale 3 El1 Paso Natural Gas CNW1/4sec. 13, T.31 N,,R. 109 W. 6,982 11,009 Lance D&A
13 Jensen1 Leonard Hay SW1/ANW1/4 sec. 11, T.31 N, R. 109 W. 6,932 10,320 Lance Prod.
14  Jensen2 Leonard Hay SE1/4SE1/4 sec. 11, T.31N.,R. 109 W. - 10,310 Lance Prod.
15 Pinedale 4 El Paso Natural Gas CNW1/4 sec. 34, T.32 N, R. 109 W. 7,204 11,123 Lance SI
16 Mesa2 Wexpro SE1/4ANW1/4 sec. 16, T.32N., R. 109 W. 7.474 12,190 Lance Prod.
17 Mesal Wexpro NE1/4NE1/4 sec. 7, T.32N., R. 109 W. 7,525 12,050 Lance Prod.
18  Pinedale 8 Mountain Fuel NE1/4SW1/4 sec. 20, T.33 N, R. 109 W. 7,448 10,500 Lance SI
19 Unitl Stanolind NW1/4SE1/4 sec. 17, T.33 N.,R. 109 W. - 1,797 Unnamed Tertiary D&A
20 Baumgartner Fed. 21-24  Black Hawk Resources  NE1/4ANW1/4 sec. 24, T. 33 N, R. 110 W. 7,344 11,238 Lance D&A
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Figure 3. Relative location of MWX wells in the Piceance basin of Colorado. Large circles adjacent to
well labels represent surface locations; small circles represent locations of well bore at depth (in feet)
indicated. Modified from Mann (1984, fig. 7).
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were drilled. They are designated CER Nos. 1, 2, and 3
MWX and are all located in the northwest quarter of sec.
34, T. 6 S., R. 94 W., Garfield County, Colorado. The
wells were spudded in the upper part of the Tertiary
Wasatch Formation and reached total depths of from
7,565 to 8,350 ft (2,306-2,545 m), at or near the base of
the Upper Cretaceous Mesaverde Group. Figure 3 shows
the location of the three wells relative to each other at
the surface and at various depths. As can be seen in this
figure, the well bores deviate only slightly from vertical
and have only minor lateral drift with depth. In the
discussions and chapters that follow, these wells will be
referred to as MWX-1, MWX-2, and MWX-3. Many
of the geologic studies conducted at the MWX site are
discussed in Spencer and Keighin (1984).

One of the main reasons the MWX wells were
drilled so close together was to facilitate well-interference
production testing in tight sandstone reservoirs. The basic
approach was to perforate and produce gas from one of
the three wells and then observe the pressure response or
pressure interference in the two adjacent (observation)
wells. The close spacing and extensive well coring also
provide data on the lateral and vertical variations of reser-
voir characteristics and on the distribution of natural frac-
tures in ‘‘blanket” marine sandstone and lenticular fluvial
reservoirs. The primary-objective reservoirs studied,
however, are the lenticular sandstones in the fluvial part
of the Mesaverde Group because:

1. Low-permeability, gas-bearing reservoirs in Up-
per Cretaceous fluvial sandstone occur in sequences, often
thicker than 5,000 ft (1,524 m), in the Piceance basin and
many other Tertiary basins in the Rocky Mountain
region. Furthermore, some Rocky Mountain basins, such
as the Greater Green River basin, have more than 14,000
ft (4,270 m) of strata containing mostly tight gas sand-
stones.

2. Artificial stimulation (hydraulic fracturing) has
been relatively unsuccessful in lenticular rock sequences
and somewhat more successful in the so-called ‘‘blanket’’
marine reservoirs of Cretaceous age in the Rockies.

Studies at MWX can be generally grouped into five
disciplines: (1) geology, (2) geophysics, (3) rock mechan-
ics, (4) borehole geophysical-log interpretation, and (5)
well-testing and well-data diagnostics (Clark, 1983; Searls
and others, 1983; Branagan and others, 1984; Northrup
and others, 1984; Sattler, 1984; Spencer, 1984; Warpinski
and others, 1984). There is considerable interrelationship
and interaction among the various disciplines. The
distribution of natural fractures vertically and areally, for
example, is a very important aspect of the recovery of
gas from tight reservoirs. Natural fracture analysis and
the prediction of orientation of induced hydraulic frac-
tures at the MWX site involves integration of regional
tectonic information, surface fracture mapping, thermal
and pressure history, rock mechanics, geophysics, core

A6 Geology of Tight Gas Reservoirs, Wyoming and Colorado

study, borehole well-log analysis, well-testing, and frac-
ture diagnostics. Interpretation of porosity and water
saturation values from borehole geophysical logs requires
integration of laboratory-measured core porosity, grain
density, and water saturation data and petrographic,
petrologic, and stratigraphic data.
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Structural and Stratigraphic Framework of the
Pinedale Anticline, Wyoming, and the
Multiwell Experiment Site, Colorado

By B.E. Law and R.C. Johnson

Abstract

Both the Pinedale anticline and the U.S. Department of
Energy Multiwell Experiment site are located in Rocky Moun-
tain foreland basins that have experienced similar styles of
deformation during the Laramide orogeny but have significantly
different structural complexity. The Pinedale anticline is a large,
thrust-rooted fold that formed in response to structural defor-
mation associated with the evolution of the adjacent Wind River
Mountains. The Multiwell site, by contrast, is in a structurally
simple area near the synclinal axis of the Piceance basin.

Gas-bearing reservoirs occur in marine and nonmarine
clastic sequences that are about 4,200 ft (1,280 m) thick at the
Multiwell site and more than 10,000 ft (3,000 m) thick in the
Pinedale anticline area. These rocks were deposited in and ad-
jacent to the western margin of the Western Interior seaway
during early Campanian to late Maestrichtian time.

INTRODUCTION

The structural and stratigraphic framework of the
Pinedale anticline area and U.S. Department of Energy
Multiwell Experiment (MWX) site is known with vary-
ing degrees of certainty. The structural and stratigraphic
setting of the MWX area is fairly well known (Lorenz,
1983, 1984; Johnson and Nuccio, 1984, 1986; Johnson,
1987, 1989), but considerably less is known about the
Pinedale area. The most significant previously published
structural and stratigraphic studies relevant to the Pine-
dale area are by Martin and Shaughnessy (1969),
Shaughnessy and Butcher (1973, 1974), Law and Nichols
(1982), Shuster and Steidtmann (1983), Law (1984), and
Hagen and others (1985).

During the course of recent investigations in the
Pinedale and MWX areas, data were obtained from well
logs and cores, particularly from the Pinedale area, that
necessitate modification of the existing geologic frame-
work. For this reason and in order to place the other
reports in this volume in the proper geologic setting, we
will describe the structural and stratigraphic framework
of each area.

PINEDALE ANTICLINE

Structure

The Pinedale anticline is in the Rocky Mountain
foreland in the northern part of the Green River basin,
between the Idaho-Utah-Wyoming thrust belt to the west
and the Wind River Mountains to the northeast (Law and
Spencer, this volume, fig. 1). The northern part of the
Green River basin formed during the Laramide orogeny
in response to tectonic loading by thrusting events in the
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Figure 1. Structure contours of the top of Cretaceous rocks,
northern Green River basin, Wyoming. Contour interval, 100
and 500 ft. Line of section A-A’ (fig. 2) also shown.
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Idaho-Utah-Wyoming thrust belt and by uplift of the
Wind River Mountains (Jordan, 1981; Hagen and others,
1985).

The Pinedale anticline is the largest structural
feature in the northern Green River basin. It is about
35 mi (56 km) long and 6 mi (10 km) wide. Its structural
configuration is shown in the structure contour map of
the northern Green River basin (fig. 1) and in cross sec-
tion A-A’(fig. 2), which extends from the Wyoming
thrust belt northeastward to the Wind River Mountains.
The anticline is asymmetric in that its west flank is steeper
than its east flank. Structural relief at the top of Creta-
ceous rocks is about 2,000 ft (610 m), with two areas of
local closure. According to Shaughnessy and Butcher
(1973, 1974), the west flank of the anticline is bounded
by a buried, high-angle, east-dipping reverse or thrust
fault (fig. 2) that flattens out at depth. Shaughnessy and
Butcher indicated about 600 ft (182 m) of displacement
across the fault and believe the fault intersects the El Paso
Natural Gas Wagon Wheel No. 1 borehole at a depth of
about 18,000 ft (5,486 m). Examination of the two deep-
est cores from the well (17,163-17,193, 17,959-17,996 ft)
shows increasingly steeper dips and increasing fracture
frequency, both of which indicate proximity to a fault.
Surface expression of the anticline in the Eocene Wasatch
Formation is subtle, and, dips of 1°-2° are locally pres-
ent on the flanks of the structure.

The Pinedale anticline is a thrust-rooted detach-
ment structure that probably formed in response to

southwest-directed compression associated with structural
deformation of the Wind River Mountains. The parallel
trend of the fold axis, the asymmetry of the anticline,
and the geometric similarities between the west-bounding
fault and the Wind River thrust are consistent with this
interpretation. Based on this interpretation, the structural
evolution of the Pinedale anticline is inferred from struc-
tural and stratigraphic data to be related to uplift and
erosion of the Wind River Mountains.

Structural growth of the Wind River Mountains
probably was episodic and may have begun as long ago
as 90 Ma (Shuster, 1986; Shuster and Steidtmann, 1988),
prior to the Laramide orogeny. Love (1960) and Berg
(1961) both concluded that uplift of the Wind River
Mountains began during Late Cretaceous time. Keefer
(1965) observed that the Wind River Mountains probably
began to rise at the beginning of Paleocene time and that,
by middle to late Paleocene time, the Precambrian core
of the range had been breached. These conclusions are
supported by Shuster and Steidtmann (1988). Independ-
ent investigations by Prensky (1984, this volume) of a
unique, regionally occurring gamma-ray response in
Paleocene rocks of the northern Green River basin in-
dicate that, by early to middle Paleocene time, the
Precambrian crystalline core of the Wind River Moun-
tains was exposed and shedding arkosic debris into the
adjacent basin.

Definitive evidence of the earliest syntectonic
sedimentation related to uplift and erosion of the Wind
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River Mountains is lacking in the Pinedale anticline area,
but mineralogical compositions of the Upper Cretaceous
Lance Formation as determined by Pollastro (this
volume) indicate that the Wind River Mountains probably
began to supply sediments to the adjacent basin during
deposition of the Lance Formation. Core-derived miner-
alogical data from wells in the Pinedale anticline show
that the Lance contains detrital limestone and dolomite
grains (Law and others, 1986; Pollastro, this volume).
Although the source of the Lance cannot conclusively be
demonstrated, its composition is compatible with a Wind
River Mountains source. Thus, structural growth of the
Pinedale anticline, which is assumed to be genetically
linked to deformation associated with the Wind River
Mountains, probably began during Late Cretaceous and
continued through Eocene time.

Stratigraphy

Most of the stratigraphic data for the Pinedale an-
ticline area are from the El Paso Natural Gas Company
Wagon Wheel No. 1 well. This well was drilled to a total
depth of 19,000 ft (5,791 m) and was extensively cored
and logged; it is presented in this report as the strati-
graphic reference well for the Pinedale area (fig. 3). The
stratigraphic nomenclature used in the Pinedale anticline
area for Cretaceous rocks is mostly from the area of the
Rock Springs uplift and is based on stratigraphic correla-
tions shown in figure 4. Stratigraphic correlations of
Upper Cretaceous rocks in the Pinedale area, at Oak
Creek in the southeastern part of the Sand Wash basin
of Colorado, and at the MWX site in the Piceance basin
of Colorado are also shown.

Cretaceous Rocks

About 11,500 ft (3,505 m) of Upper Cretaceous
rocks was penetrated in the Wagon Wheel well and in-
cludes, in ascending order, the Hilliard Shale, Rock
Springs Formation, Ericson Sandstone, and Lance For-
mation. With the exception of the Hilliard Shale and the
lower 800-1,000 ft (244-305 m) of the Rock Springs For-
mation, the entire sequence was deposited in nonmarine
environments adjacent to the western margin of the
Western Interior seaway (fig. 5) in response to thrusting
events in the Wyoming thrust belt and uplift of the adja-
cent Wind River Mountains (fig. 1). East and southeast
of the Pinedale anticline, these rocks grade into and in-
tertongue with marine, marginal-marine, and nonmarine
rocks.

Hilliard Shale.—The Hilliard Shale is composed
mostly of gray shale that grades upward to silty and sandy
shale. About 700 ft (213 m) of Hilliard Shale was
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Figure 3. Stratigraphic sequence and cored intervals,
El Paso Natural Gas Company Wagon Wheel No. 1
well, northern Green River basin, Wyoming. Location
of well shown in figure 2.

penetrated in the Wagon Wheel well, but wells west of
the Pinedale anticline indicate that the total thickness of
the Hilliard Shale is about 3,500 ft (1,067 m). The upper
part of the Hilliard Shale was deposited in a shallow-water
marine environment. The Hilliard Shale is, in part,
equivalent to the Baxter Shale in the Rock Springs uplift
and to the Mancos Shale in the Oak Creek and MWX
areas (fig. 4). In the Wagon Wheel well, the top of the
Hilliard is at a depth of about 18,270 ft (5,569) (fig. 3).
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Rock Springs Formation.—In surface exposures in
the Rock Springs uplift and in core from the Wagon
Wheel well, the Rock Springs Formation is composed of
tan to light-gray, fine- to medium-grained sandstone,
siltstone, shale, carbonaceous mudstone, and coal. Its
lower contact intertongues with the underlying Hilliard
Shale, and in well logs this contact is placed at the base
of predominantly sandstone bearing rocks. The Rock
Springs Formation is about 4,800 ft (1,463 m) thick and
can be subdivided into three parts. The lower part is
800-1,000 ft (244-305 m) thick and consists of intertongu-
ing sandstone and shale deposited in shallow-water
marine and marginal-marine environments. The middle
part is about 2,450 ft (747 m) thick and consists of sand-
stone, siltstone, shale, and coal deposited in middle- to
lower-delta-plain environments. The upper part is about
1,550 ft (472 m) thick and consists of interbedded sand-
stone, siltstone, and mudstone deposited in alluvial-plain
environments. The Rock Springs Formation in the Pine-
dale anticline area is equivalent to the upper part of the
Baxter Shale, Blair Formation and Rock Springs Forma-
tion in the Rock Springs uplift area and to the middle
part of the Mancos Shale in the Oak Creek and MWX
areas (fig. 4). In the Wagon Wheel well, the depth to the
top of the Rock Springs is about 13,465 ft (4,104 m)
(fig. 3).

Ericson Sandstone.—The Ericson Sandstone is
composed mostly of sandstone and lesser amounts of
siltstone and mudstone. In the Pinedale area, the Eric-
son is divided into two parts. The lower part is 290 ft
(88 m) thick and is a sandstone that has interbeds of
siltstone and shale deposited in meandering- and braided-
stream systems. The nature of the contact with the
underlying Rock Springs Formation is uncertain; in the
western part of the Green River basin, the contact prob-
ably is unconformable; farther to the east, it probably
is conformable. The lower part of the Ericson is
equivalent to the Rusty zone and Trail Member of the
Ericson Sandstone in the Rock Springs uplift area, to the
intertonguing sandstones and shales in the upper part of
the Mancos Shale in the Oak Creek area, and to the up-
per part of the Mancos Shale in the MWX area. In the
Wagon Wheel well, the depth to the top of the lower
Ericson is about 13,165 ft (4,013 m) (fig. 3).

The upper part of the Ericson is about 100 ft (30 m)
thick and is a conglomeratic sandstone. It is more quartz
rich and contains less siltstone and shale than the lower
part. The upper part is predominantly light to medium
gray and consists of very fine to coarse grained quartz-
ose sandstone that contains granules of chert, quartzite,
and siltstone. Sedimentological characteristics of the
upper part, as determined from both cores and outcrops,
indicate deposition in a braided-stream system. Regional
stratigraphic relationships (Law, 1979; Law and Nichols,
1982; Law and others, 1983; Bucurel-White, 1983)
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Figure 5. Location of Greater Green River basin and Piceance
basin and Western Interior epeiric seaway during Late
Cretaceous time. Modified from Gill and Cobban (1973).

suggest that the contact between the lower and upper
parts is unconformable. The upper part of the Ericson
is equivalent to the Canyon Creek zone of the Ericson
Sandstone in the Rock Springs uplift area, to the lower
part of the Williams Fork Formation in the Oak Creek
area, and to part of the Cameo-Fairfield coal zone of the
Williams Fork Formation in the MWX area (fig. 4). In
the Wagon Wheel well, the depth to the top of the upper
Ericson is about 13,065 ft (3,982 m) (fig. 3).

Lance Formation.—In the Wagon Wheel well, the
Lance Formation is about 5,500 ft (1,692 m) thick and
is composed of tan to brown, fine- to medium-grained
sandstone, siltstone, shale, and carbonaceous mud-
stone. The Lance is interpreted to have been deposited
in an alluvial-plain environment. Its lower contact is
conformable with the underlying Ericson Sandstone,
and its upper contact is unconformable with overlying
Tertiary rocks. The lower part of the Lance in the
Pinedale area is temporally equivalent to the Almond For-
mation, Lewis Shale and Fox Hills Sandstone in the Rock
Springs uplift area, to the upper part of the Williams Fork
Formation, Lewis Shale, Fox Hills Sandstone and Lance
Formation in the Oak Creek area, and to the Williams
Fork Formation above the Cameo-Fairfield coal zone at
the MWX site (fig. 4). In the Wagon Wheel well, the
depth to the top of the Lance is about 7,520 ft (2,292 m)

(fig. 3).
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Tertiary Rocks

Lower Tertiary rocks in the Pinedale anticline area
were deposited in dominantly fluvial environments. Deposi-
tional patterns in these rocks are more complex than those
in Cretaceous rocks because of multiple source terranes,
the emergence of adjacent highlands, and the development
of internal basin drainage during the Tertiary. Our discus-
sion of Tertiary rocks is restricted to the lower Tertiary in-
asmuch as younger Tertiary rocks are not gas bearing.

Probably the most significant departure from
previous stratigraphic studies in the Pinedale area is the
identification of the Cretaceous-Tertiary boundary. In
southwestern Wyoming, the base of the Tertiary is
marked by a regional unconformity (Roehler, 1961; Ritz-
ma, 1965; Dorr and others, 1977; Beaumont, 1979), and
throughout most of the region the oldest Tertiary unit
is the Paleocene Fort Union Formation or its equivalent.
In the subsurface of the northern Green River and Great
Divide basins, however, an older unnamed Tertiary in-
terval has been identified on the basis of well-log correla-
tions and palynology (Law, 1979; Law and Nichols, 1982;
Bucurel-White, 1983). In the Pinedale area, studies by
Martin and Shaughnessy (1969) and Shaughnessy and
Butcher (1973, 1974) indicate that the Cretaceous-Tertiary
boundary is at a depth of about 10,000 ft (3,048 m) in
the Wagon Wheel well; however, more recent strati-
graphic and palynological studies by Law (1979) and Law
and Nichols (1982) indicate that the boundary is at a
depth of 7,520 ft (2,302 m).

Unnamed unit.—The unnamed unit consists of in-
terbedded conglomerate, sandstone, siltstone, and mud-
stone. In the Pinedale area, it unconformably overlies the
Lance Formation and is 1,285-1,510 ft (391-460 m) thick.
The siliciclastic sediments of this unit were derived from
the Wind River Mountains and deposited in alluvial-plain
and fluvial-deltaic environments. The age of the unit is
uncertain but probably is early to middle Paleocene. In
the Wagon Wheel well, the depth to the top of the un-
named unit is about 6,215 ft (1,894 m) (fig. 3).

Fort Union Formation and younger rocks.—The
Fort Union Formation and younger rocks consist of in-
terbedded conglomerate, sandstone, siltstone, mudstone,
and carbonaceous mudstone. Coal beds, commonly
associated with the lower part of the Fort Union Forma-
tion in the Rock Springs uplift 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. Regionally, the base
of the Fort Union is unconformable, but in the vicinity
of the Pinedale anticline the nature of the contact with
the underlying unnamed unit is uncertain. The Fort Union
Formation and younger rocks were deposited in
dominantly fluvial environments, and the age of these
rocks is middle Paleocene to Eocene.

B6 Geology of Tight Gas Reservoirs, Wyoming and Colorado

MULTIWELL EXPERIMENT SITE

Structure

The Multiwell Experiment (MWX) site is in the
Rulison gas field on the gently dipping southwest flank
of the Piceance basin near its structural axis (Law and
Spencer, this volume, fig. 1) (fig 6). The Piceance basin
is a Laramide structural and sedimentary basin that was
subsiding from the latest Cretaceous through about the
end of the Eocene. It is bounded on the northwest by the
Uinta uplift, on the east by the White River uplift, on
the southeast by the Sawatch Mountains uplift, on the
south by the San Juan volcanic field, and on the south-
west by the Uncompahgre uplift.

The Piceance basin is highly asymmetric; it has
gently dipping west and southwest flanks and a sharply
upturned east flank. The structural axis of the basin is
just west of the steeply dipping east flank. The east flank,
called the Grand Hogback, is believed to be underlain
by a deep-seated west-thrusting reverse or normal thrust
fault (Gries, 1983).

Stratigraphy
Cretaceous Rocks

The principal low-permeability gas-bearing inter-
val at the MWX site is the Upper Cretaceous Mesaverde
Group. At the MWX site, the Mesaverde is about 4,200 ft
(1,280 m) thick and is approximately equivalent to the
upper half of Upper Cretaceous low-permeability reser-
voirs in the Pinedale anticline area (fig. 4). The strati-
graphic sequence penetrated at the MWX site is shown
in figures 7 and 8 and includes, in ascending order, the
Corcoran, Cozzette and Rollins Sandstone Members of
the Iles Formation and the Williams Fork Formation.
These Upper Cretaceous rocks were deposited in and ad-
jacent to the Western Interior seaway during the Late
Cretaceous (fig. 5). Rapid subsidence during the Late
Cretaceous caused a major marine incursion, and an
epeiric seaway covered much of the foreland basin, in-
cluding the area of the Piceance and Green River basins.
During this marine incursion, about 5,500 ft (1,680 m)
of marine Mancos Shale was deposited in the MWX area.
The Mancos Shale conformably underlies the Mesaverde
throughout the Piceance basin.

Iles Formation of the Mesaverde Group.—At the
MWX site, the Iles Formation of the Mesaverde Group
extends upward from the underlying Mancos Shale
through the marginal-marine Rollins Sandstone Member
(equivalent to the Trout Creek Member at Oak Creek)
and consists of a series of transgressive and regressive
marine cycles. The Iles Formation was deposited during
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late Campanian time, during which a series of clastic sedi-
ment wedges were deposited in response to orogenic ac-
tivity in the Sevier orogenic belt farther to the west (Fouch
and others, 1983). During deposition of the Iles Forma-
tion, there were several marine transgressions and
regressions.

The three major regressive cycles recognized at the
MWX site are, in ascending order, the Corcoran,
Cozzette, and Rollins Sandstone Members of the Iles For-
mation. Tongues of transgressive marine shale separate
each of the three cycles. The Corcoran and Cozzette
cycles prograded from northwest to southeast across the
MWX area and undergo a facies change into Mancos

Shale about 25-30 mi (40-48 km) southeast of the MWX
site. The position of maximum regression of the Rollins
or Trout Creek cycle is east of the Grand Hogback, and,
although the orientation of the strandline is difficult to
determine, it appears that the Rollins cycle prograded
from west to east across the MWX area.

At the MWX site, the Corcoran is about 135 ft
(41 m) thick, the Cozzette about 165 ft (50 m) thick, and
the Rollins about 135 ft (41 m) thick. Throughout most
of the southern part of the Piceance basin, the Corcoran
and Cozzette regressive cycles are very complex, and com-
monly each cycle contains more than one shoreface sand-
stone sequence, as well as lenticular channel sandstones
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and some coal. At the MWX site, both the Corcoran and
Cozzette contain two shoreface sequences (LL.orenz, this
volume). In contrast, the Rollins consists of a single
coarsening-upward shoreface sandstone. The individual
shoreface sandstones in the Corcoran and the Cozzette
are probably blanket sandstones from a reservoir point
of view but are regionally less persistent than the Rollins
shoreface sandstone and can seldom be traced over large
areas.

Williams Fork Formation of the Mesaverde
Group.—About 3,500 ft (1,066 m) of Upper Cretaceous
Campanian and Maestrichtian nonmarine rocks of the
Williams Fork Formation overlies the Iles Formation in
the MWX area. The lower 800 ft (244 m) of the Williams
Fork consists mostly of carbonaceous shale and coal
deposited in a coastal-plain or delta-plain (paludal) en-
vironment. Most of the thick coal beds are in the Cameo-
Fairfield coal zone, which makes up about the lower
450 ft (137 m) of this sequence. The Cameo-Fairfield is
present in all but the northwesternmost part of the
Piceance basin and is by far the most significant coal zone
in the basin. At the MWX site, about 80 ft (24 m) of coal
occurs in the Cameo-Fairfield coal zone. About 2,700 ft
(823 m) of mostly fluvial point-bar and overbank deposits
overlies the paludal sequence. Lorenz (1983, this volume)
recognized a 550-ft-thick (168 m) transition zone between
the underlying paludal and overlying fluvial rocks that
he referred to as the coastal zone, and he suggested that
there is some marine influence in the uppermost 350 ft
(107 m) of the Williams Fork.

B8 Geology of Tight Gas Reservoirs, Wyoming and Colorado

Tertiary Rocks

A major regional unconformity is present at the
base of Tertiary rocks throughout most, if not all, of the
Piceance basin (Johnson and May, 1978, 1980). A con-
siderable thickness of Mesaverde rocks was probably
eroded during this period of beveling in many parts of
the basin (Johnson, 1989). The thickness of section
eroded at MWX is not known, but, because the MWX
site is near the trough of the basin, the amount of bevel-
ing at the site is probably much less than that on the
flanks (Johnson, 1989).

The lithology of the lower Tertiary rocks overly-
ing the unconformity at MWX has not been described
in detail but is probably similar to that of lower Tertiary
rocks in nearby wells (Johnson and others, 1979) and on
outcrops at Rifle Gap (Donnell, 1969; Johnson, 1982).

Wasatch Formation.—About 2,400 ft (732 m) of
Paleocene-age Atwell Gulch Member of the Wasatch For-
mation overlies the Cretaceous-Tertiary unconformity at
MWX (Donnell, 1969). The lower 770 ft (235 m) of the
Atwell Gulch consists of interbedded gray mudstone and
conglomeratic sandstone. Pebbles and cobbles in the basal
conglomerate at MWX are mostly varicolored chert,
whereas andesite and dacite pebbles and cobbles predom-
inate throughout the rest of the interval. The con-
glomeratic interval thickens toward the southeastern
margin of the basin and was probably derived from the
Sawatch uplift to the southeast. The remaining 1,730 ft
(527 m) of Atwell Gulch consists of drab-colored mud-
stone and a few lenticular channel sandstones.
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Figure 8. Stratigraphic sequence and cored intervals,
MWX-1 and MWX-2 wells, Piceance basin, Colorado.
Unlabeled units between Rollins and Cozzette and
Cozzette and Corcoran are tongues of Mancos Shale.

A thin remnant of the Molina Member of the
Wasatch Formation overlies the Atwell Gulch Member
at MWX (Donnell, 1969; Johnson, 1979). The Molina
Member is the sandiest interval in the Wasatch and has
been identified along both the east and west flanks of the
basin, where it consists of interbedded conglomeratic
sandstone and gray mudstone. Pebbles consist mostly of
varicolored chert and quartzite. At MWX, only the very
persistent basal sandstone of the Molina Member (depth
of 1,485-1,505 ft in MWX-1) can be identified with cer-
tainty. Two sandstones above the basal sandstone in the
MWX-1 well may also be Molina sandstones. Thus far,
attempts to date the Molina Member using palynomorphs
have been unsuccessful (Johnson and May, 1978).

The remaining 1,100 ft (335 m) of lower Tertiary
rocks at MWX is included in the Shire Member of the
Wasatch Formation. The Shire Member consists of vari-
colored mudstone and sparse lenticular channel sandstones

and has been dated as early Eocene in age (Wood, 1962;
Donnell, 1969; Newman, 1974; Johnson and May, 1978).
It is exposed at the surface at MWX, extends about 1,200
ft (366 m) up the sides of nearby canyon walls, and is
overlain by the Eocene Green River Formation.
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Comparison of Overpressuring at the
Pinedale Anticline Area, Wyoming, and the
Multiwell Experiment Site, Colorado

By Charles W. Spencer

Abstract

Abnormally high reservoir pressures occur in many Rocky
Mountain basins in deep, hot (>200 °F, 93 °C), low-permeability
(tight) reservoir sequences. Although the pressuring fluid phase
is usually natural gas, some overpressured oil and gas reservoirs
are also present. The high pressure is interpreted to be caused
by active or recently active generation of hydrocarbons at a rate
that exceeds hydrocarbon loss.

Comparison of overpressuring in Upper Cretaceous tight
gas sandstone reservoirs at the Pinedale area, Sublette County,
Wyo., and at the U.S. Department of Energy Multiwell Experi-
ment site, Garfield County, Colo., indicates that although these
two areas have experienced different paleothermal histories,
many similarities exist between the areas. Both have been cooled
below their maximum levels of paleoheating, and this cooling
has resulted in the interpreted development of shallow zones
of inactive or residual overpressuring. These shallow zones are
intervals where gas is no longer being generated and is being
lost by diffusion and gas-phase migration. Below these inactive
zones, pressure-causing gas generation is actively occurring at
temperatures higher than about 200 °F (93 °C). In the active
generation zones, pressures are variable but higher than those
in the inactive zones. Pressure variations in the active zones are
related to rock permeability and organic richness and to the abili-
ty of source rocks to generate gas at a rate that exceeds gas loss.

In both areas, maximum pressures are about equal to the
fracture gradient of the sandstone reservoirs. High pore pressures
may be a factor in the development of natural fractures. Limited
studies of fracture-filling cements at the Multiwell site indicate
that the fractures formed at elevated temperatures and at a time
when reservoir waters were gas saturated.

Inconclusive data from the deep, highly overpressured parts
of the Multiwell Experiment wells suggest that some retardation
of thermal maturation (vitrinite reflectance) may have occurred.
Data from the Pinedale wells, however, do not suggest suppres-
sion of vitrinite reflectance.

INTRODUCTION

Overpressured low-permeability (tight) gas reser-
voirs are common in the deeper parts of many Rocky
Mountain basins (Spencer 1983, 1987). Pore pressure or

reservoir pressure, as it is more commonly described, is
often expressed in terms of a pressure gradient in psi/ft
(kPa/m). In freshwater reservoirs, normal pressure is
about 0.43 psi/ft (9.73 kPa/m), and if reservoir pressures
exceed 0.5 psi/ft (11.31 kPa/m), the reservoirs usually
are considered to be overpressured (reservoirs containing
highly saline water are exceptions to this generalization).
Upper Cretaceous sandstone, shale, and coal strata are
substantially overpressured at both the Pinedale anticline
area in the Green River basin of southwestern Wyoming
and the U.S. Department of Energy Multiwell Experiment
(MWX) site in the Piceance basin of northwestern
Colorado (Law and Spencer, this volume, fig. 1);
maximum reservoir pressures in both areas are about
0.8 psi/ft (18.1 kPa/m). Both areas are in regionally
overpressured basins that have been studied by the U.S.
Geological Survey (USGS) in cooperation with the U.S.
Department of Energy’s Western Tight Gas Sands
Subprogram.

Although a variety of factors can cause overpressur-
ing (Fertl, 1976), the generally accepted causes of most
overpressuring are dewatering (compaction) of shales
(Harkins and Baugher, 1969) or alteration of ‘‘mont-
morillonite’’ (smectite) to a less hydrated mixed-layer
illite-smectite mineralogy (Powers, 1967; Burst, 1969).
Both concepts assume that water is the pressuring
mechanism, but in most tight reservoirs oil or gas is the
dominant pressuring fluid phase. In fact, overpressured
water is rarely encountered in Rocky Mountain reservoirs,
and the active or recently active generation of hydrocar-
bons at a rate that exceeds loss by migration is believed
to be the most likely cause of overpressuring in rock se-
quences where overpressured water is generally not en-
countered (Meissner, 1976, 1978a, b; Law and others,
1980) and is the most likely cause of overpressuring in
both the Pinedale (Law, 1984a; Spencer, 1984a) and
MWX areas (Spencer, 1987).

Regionally overpressured tight gas-bearing rock se-
quences in the Rocky Mountain basins have the follow-
ing characteristics in common.
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1. Hydrocarbons are almost always the mobile
reservoir-pressuring fluid.

2. Overpressuring mostly occurs in rock sequences
having present-day temperatures of about 200+10 °F
(93 +6 °C) or higher. Some residual or “‘inactive’’ (Law,
1984a) overpressuring occurs at lower temperatures; this
phenomenon will be discussed later in the report.

3. Overpressuring only occurs in tight rock
sequences.

4. Organic-rich source beds are still capable of
generating hydrocarbons at rates that exceed loss by
migration.

5. Minimum vitrinite reflectance in oil (R,) of the
kerogen in these rock sequences is usually greater than
0.6 percent in very rich oil-prone source beds and greater
than 0.7 percent in very rich gas-prone source beds. In
relatively organically lean oil-prone source beds, the
minimum R is usually greater than 0.7 percent and in
lean gas-prone sedimentary rocks greater than 0.8 per-
cent. A relationship may exist, however, between ther-
mal maturation and permeability (B.E. Law, written
commun., 1986), and as noted previously overpressur-
ing only occurs in tight rocks. If the rock sequence is
either very organically lean or nonorganic, regional over-
pressuring will not occur.

6. Local structure and stratigraphy are of second-
ary importance in the occurrence of overpressuring..

7. Reservoirs rarely have discrete gas-water or oil-
water contacts and commonly produce no water.

8. Natural fracturing is necessary for high gas
production rates.

9. Maximum pressure gradients in an area
are about equal to the natural-fracture gradient of the
rocks.

10. Most classical hydrodynamic concepts and
models developed for conventional blanket reservoirs do
not apply to overpressured sequences, except that oil and
gas in high-pressure sequences tend to migrate from high
pressure to lower pressure.

11. Overpressured strata are commonly in the
center of the basin.

12. Water-bearing reservoirs having normal to sub-
normal pressure are usually updip from overpressured,
deep rocks.
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METHODS OF STUDY

Reservoir pressures in the Pinedale anticline and
MWX areas do not represent isolated data points but are
parts of a study of regionally overpressured tight-gas
basins. In conventional rocks, reservoir pressure is gener-
ally easily estimated or calculated because the rocks have
good permeability. Reservoir pressures are calculated by
extrapolation of drill-stem test (DST) shut-in pressures
to an undisturbed original pressure or by long-term
measurement of cased-hole, shut-in pressures. In tight-
gas reservoirs, in situ permeability to gas is very low
(0.1-<0.0001 mD) and the usual methods of measuring
reservoir pressure may not be adequate. In the MWX
wells, numerous cased-hole pressure measurements were
obtained during rock-stress tests and other well tests, but
in the Pinedale area only a few extrapolatable DSTs are
available.

In gas reservoirs and especially in tight gas reser-
voirs, accurate static pressure calculations are impeded
by the fact that gas is highly compressible. After a well
is flowed (pressure drawdown), the well is shut in and
gas recompression occurs in the hole (wellbore storage)
and in the formation (afterflow). Shut-in times of many
weeks or months may be required to estimate pressures
in tight reservoirs because of the compressibility of gas
and the low permeability. Drill-stem tests can indicate,
therefore, minimum levels of high pressure but general-
ly cannot be used to estimate true pressure.

Fracture permeability greatly enhances both rock-
matrix permeability and the rock-surface area evaluated
by a DST, but probably no more than 10 percent of the
DSTs run in tight reservoir sequences in the Rocky Moun-
tain region evaluate rock sequences that are highly frac-
tured at the well bore. Some DSTs in fractured reservoirs
can be used to estimate true reservoir pressure; however,
other methods to detect overpressuring should also be
used, including correlation of data from drilling-mud
weights, drilling-time charts (d-exponent), and mud-log
gas shows and kicks. Estimation of pore pressure by using
borehole geophysical logs of Tertiary and Cretaceous
rocks in the Rocky Mountain region is not yet reliable
(S.E. Prensky, oral commun., 1984).

Mud weights and gas shows are the two most widely
available sources of data to indicate overpressuring. With
experience, the top of overpressuring can be accurately
identified by using these data, but caution must be used
when attempting to estimate maximum reservoir pressures
within the overpressured interval. Various operators have
their own approaches to drilling high-pressured, tight
rocks. Some operators drill ‘‘underbalanced’’; that is,
they drill using mud weights known to be less than true
reservoir pressure. Drilling underbalanced greatly
enhances drill-bit penetration rates. Some operators will
unknowingly drill underbalanced, but most try to use



mud weights equivalent to the reservoir pressure of the
section being penetrated. Balanced drilling permits good
bit penetration rates, minimizes the potential for well
blowouts, and reduces the chances of accidentally frac-
turing the open part of the hole by mud weights that ex-
ceed the formation fracture gradient.

PINEDALE AREA

The Pinedale area (fig. 1) includes wells on and ad-
jacent to the northwest-trending Pinedale anticline. The
area is in the northwest part of the greater Green River
basin and has been studied in detail because of the
availability of deep well and core information (Law,
1984b).

Abnormally high pressures in the northwest part
of the Greater Green River basin were noted by Rathbun
(1968) and Rathbun and Dickey (1969). The northern
Green River basin is between the southwest-thrusted
Wind River Mountains uplift and the east-thrusted
Wyoming thrust belt, and Rathbun and Dickey believed
that the overpressuring was caused by tectonic compres-
sion. They also believed that borehole-geophysical logs
could be used to identify a conductivity anomaly
associated with overpressuring in the northern Green
River basin, but most of their interpretation of abnor-
mal pressures was based on mud-weight data. Computer
processing of well logs by Prensky and Dickinson (1986)
indicates that borehole-geophysical logs are not a reliable
means to identify overpressuring in the well-consolidated
rocks of the northern Green River basin. Overpressur-
ing in the basin is regionally distributed and not confined
to tectonically stressed localities (fig. 1). Limited data sug-
gest that pressures are normal just in front of and beneath
the thrust along most of the southwest side of the Wind
River Mountains uplift. The occurrence of apparently
normal pressures adjacent to the Wind River Mountains
thrust is probably related to loss of gas caused by ver-
tical fracturing in rocks adjacent to and under the thrust.

The El Paso Natural Gas No. 1 Wagon Wheel well
was drilled in sec. 5, T. 30 N., R. 108 W., Sublette Coun-
ty, Wyo.. The well was drilled on the axis of the Pinedale
anticline and was in the Upper Cretaceous Hilliard Shale
at total depth of 19,000 ft (5,791 m). Figure 24 shows
a plot of interpreted subsurface temperature and pressure
gradients of the well, and figure 2B shows a plot of
vitrinite reflectance data correlated with depth. The
pressure interpretation is based mostly on mud weight and
other data compiled from mud logs, well logs, and
borehole mud weights determined from DST hydrostatic
pressures. None of the DST shut-in pressure data was
extrapolatable because of the low permeability of the
reservoirs tested, but a few DST’s had sufficient pres-
sure buildup during initial shut-in times such that the
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Figure 1. Generalized distribution of overpressuring (pattern)
in the Greater Green River basin of Wyoming, Utah, and Colo-
rado. Query (?) indicates overpressuring uncertain.

overpressuring could be clearly verified even though its
maximum amount could not be determined. Figure 3
shows a DST chart from the well, run in the Upper
Cretaceous Lance Formation between depths of 10,978
and 11,070 ft (3,346.1-3,374.1 m). A visual interpreta-
tion of the initial shut-in curve and pressure data con-
firms the presence of abnormally high reservoir pressure.
The initial shut-in pressure was 6,805 psi (46.9 MPa) at
a gauge depth of 11,066 ft (3,372.9 m), and the pressure
was increasing at the time the shut-in period ended (point
A). The true reservoir pressure is slightly higher than the
maximum hydrostatic pressure (point B) of 7,600 psi
(52.4 MPa). Although the DST pressure data are not ex-
trapolatable, I believe that the well was being drilled
slightly underbalanced at the time the test was run, and
therefore the true reservoir pressure is greater than 7,600
psi (52.4 MPa). Consequently, the reservoir pressure gra-
dient is greater than 0.69 psi/ft (15.61 kPa/m). This DST
yielded gas to the surface in 55 minutes at a rate too low
to gauge and recovered 2,800 ft (853.4 m) of water
cushion and 90 ft (27.4 m) of slightly gas-cut mud.
The pressure-depth plot (fig. 24) shows several in-
flections in the pressure gradient with depth. The first
inflection is at about 8,000 ft (2,438 m) in the Lance For-
mation and marks the top of the abnormally high pressure:
interval. Another inflection is at about 10,400 fi
(3,170 m), and a third is at about 15,000 ft (4,572 m),
adjacent to a coal zone in the middle of the Rock Springs
Formation (Law, 1984a). Law described the interval be-
tween 8,030 ft (2,447.5 m) and 10,400 ft (3,170 m) as a
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Figure 2. Subsurface pressure, temperature, and vitrinite reflectance, El Paso Natural Gas No. 1 Wagon Wheel well, on the
crest of the Pinedale anticline, sec. 5, T. 30 N., R. 108 W., Sublette County, Wyo. A, Pressure and uncorrected temperature.
Madified from Law (1984a, fig. 12). Location of well shown in Law and Spencer (this volume, fig. 1). Temperature data from
Wagon Wheel and other nearby wells. B, Vitrinite reflectance (in percent) of kerogen extracts from core of Wagon Wheel well.

zone of inactive gas generation and interprets the source
beds in this zone to have been formerly at sufficiently high
temperature (>190 °F, >88 °C) to have generated gas.
He believed the source beds were overpressured at the time
of gas generation and gas generation ceased when a cool-
ing event caused the source beds to cool below the
190-200 °F (88-93 °C) critical minimum temperature for
gas generation. The uncorrected temperature at 8,000 ft
(2,438 m) is now about 150 °F (66 °C) and the corrected
temperature about 175 °F (79 °C). The inactive zone repre-
sents a residual overpressured interval, and a similar zone
is interpreted to exist at the MWX site.

The pressure-gradient increase at about 10,400 ft
(3,170 m) in the No. 1 Wagon Wheel is at a present-day
corrected subsurface temperature of approximately 200 °F
(93 °C), interpreted to be the estimated minimum temper-
ature necessary for significant gas generation from humic-
rich source beds still capable of gas generation at a rate
that exceeds pressure loss. The vitrinite reflectance (R ) at
the top of the inactive zone is about 0.74 percent (fig. 2B),
and the highest vitrinite reflectance value measured in the
well is 2.0 percent at about 18,000 ft (5,486 m).

The No. 1 Wagon Wheel site was a proposed site for
nuclear stimulation and, consequently, the well was drill-
ed with considerable concern to keep reservoir pressures
and mud weights as close to a balanced condition as

C4  Geology of Tight Gas Reservoirs, Wyoming and Colorado

possible. For this reason, the general pressures for the
Pinedale anticline are best shown by this profile (fig. 24);
other wells in the area may show some differences in reser-
voir pressure. Figure 4 shows mud-weight profiles for several
other wells in the anticline area. This compilation shows
that most of the mud weights were adjusted to the pressure
variations in a similar manner. Somewhat lower mud
weights were used to drill the El Paso Natural Gas No. 5
Pinedale Unit well in the interval from about 10,000 ft to
13,060 ft (3,050-3,980 m). This well is only about 0.5 mi
(0.8 km) southeast of the No. 1 Wagon Wheel well. It is
interpreted that the No. 5 Pinedale Unit well was drilled
underbalanced to a depth of 13,060 ft (3,981 m) and the
casing was set, at which point drilling was resumed in an
apparently balanced condition to total depth.

It is not unusual to encounter an apparently normally
pressured well in an area where most wells are over-
pressured. The normally pressured well may be the result
of loss of pressure caused by extensive vertical fracturing.

MULTIWELL EXPERIMENT SITE

The deeper parts of the Piceance basin of northwest-
ern Colorado, including the area of the Multiwell Experi-
ment (MWX) site, are interpreted to be regionally
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Figure 3. Drill-stem test chart from test run in Upper Cretaceous Lance Formation, El Paso Natural Gas No. 1 Wagon Wheel,
between depths of 10,978 and 11,070 ft (3,346.1-3,374.1 m). Initial shut-in pressure (point A), 6,805 psi (46.9 MPa); maximum

mud hydrostatic pressure (point B), 7,600 psi (52.4 MPa).

overpressured (Spencer, 1987). The MWX site is in the
valley of the Colorado River, about 6.5 mi (10.5 km) south-
west of Rifle, Colo. (Law and Spencer, this volume, fig.
1). The U.S. Department of Energy supported the drilling
of three closely spaced wells at this site in order to advance
knowledge of well-log interpretation, artificial stimulation
(hydraulic fracturing), and recovery of natural gas from
tight gas reservoirs (Northrop and others, 1984; Warpin-
ski and others, 1985). The MWX wells are the only wells
drilled in the basin for which the operator has attempted
to obtain good pressure and temperature data throughout
a thick sequence of tight rocks. The three wells are located
in a triangle and are quite close (115-215 ft, 35-66 m) to
each other (Spencer, 1984b). They are designated as the
CER Nos. 1, 2, and 3 MWX and are in the NW1/4 sec.
34, T. 6 S., R. 94 W., Garfield County, Colo. In this volume,
the wells are referred to as the MWX-1, -2, and -3. The
wells were spudded in the upper part of the Tertiary

Wasatch Formation and reached total depths at or near
the base of the Upper Cretaceous Mesaverde Group. Many
geologic and engineering studies have been conducted at
the MWX site (Spencer and Keighin, 1984).

A series of experiments involving in situ stress test-
ing and hydraulic fracturing were conducted (Branagan and
others, 1984; Warpinski and others, 1984; Branagan and
others, 1985). As a result of this research and other un-
published studies (Paul Branagan, written commun., 1986),
a considerable amount of reservoir-pressure and fracture-
gradient data have been developed. Figure 5 shows the in-
terpreted pressure profile for the MWX wells and the frac-
ture gradients for various lithologies.

The top of the overpressured interval is in gas-bearing
sandstones in the fluvial part of the Mesaverde Group at
a depth of about 5,600 ft (1,707 m) and a present-day
temperature of 165 °F (74 °C). It is interpreted that over-
pressuring from the 165 °F (74 °C) line to the 200 °F

Comparison of Overpressuring, Pinedale Anticline and Multiwell Site c5
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Figure 4. Cross plot of interpreted reservoir pressure and depth for six wells drilled on Pinedale anticline. Data mostly
compiled from drilling-mud weights and gas shows from mud logs. Modified from Spencer (1984a). Locations of the
wells shown in Law and Spencer (this volume, fig. 1).

(93 °C) line represents a zone of residual overpressuring
and that little or no gas is being generated in this interval.
The gas pressure in this interval probably is being depleted
by migration along fractures and by diffusion. This low-
temperature overpressuring in thermally mature rocks is

Cé
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similar to the “inactive zone” of overpressuring described
by Law (1984a) in the Pinedale area in the Green River
basin. The interpreted top of “active” present-day over-
pressuring at MWX is at a depth of 7,024 ft (2,141 m) and
a temperature of 200 °F (93 °C).
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Figure 5. Interpreted pressure profile for MWX wells, Piceance basin, sec. 34, T. 6 S., R. 94 W., Garfield County, Colo. Measured
pore pressure and fracture-gradient data from stress and other tests (Warpinski and others, 1984; Paul Branagan, written com-
mun., 1986, 1987). Fracture gradients for mudstone and shale are higher than that for sandstone. Vitrinite reflectance values

of 0.7 and 0.8 R, from Bostick and Freeman (1984).

The temperature data were derived from high-
resolution temperature logs run in the MWX-1 well by
Los Alamos National Laboratory (LANL) six months
after the hole was cased (Bostick and Freeman, 1984).
Figure 6 shows a plot of the LANL data and borehole-
geophysical log maximum bottom-hole temperatures
from the MWX open-hole logs. The standard American
Association of Petroleum Geologists (AAPG) bottom-
hole temperature correction for these log depths is also
shown (Meissner, 1978a). This correction is necessary
because the circulation of drilling mud cools the borehole.
At depths of less than 7,000 ft (2,134 m), the AAPG-
corrected temperatures are within 10 °F (6 °C) of the

LANL temperatures and tend to be slightly higher than
the LANL data. Below 7,000 ft (2,134 m), there are a
few points that suggest a spread of corrected temperature
data higher and lower than the LANL temperatures.
Many factors can affect the maximum log temperatures
and the amount of correction needed. Although this study
cannot resolve these differences, these discrepancies are
recognized as a source of error in interpreting the exact
temperature of the top of overpressuring when only open-
hole maximum log temperatures are available.

The increase in temperature gradient at a depth of
about 7,000 ft (2,130 m) is probably caused by the low
thermal conductivity of a sequence of Mesaverde coal

Comparison of Overpressuring, Pinedale Anticline and Multiwell Site  C7
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Figure 6. Temperature log for MWX-1 well. Temperatures
from Los Alamos National Laboratories (LANL) high-resolution
log, openhole geophysical logs, and an openhole drill-stem
test (DST). Standard American Association of Petroleum
Geologists (AAPG) (Meissner, 1979a) correction applied.

beds from about 6,900 ft (2,103 m) to 7,455 ft (2,272 m).
This major coal zone is approximately correlative with
the Cameo-Fairfield coal zone (Nuccio and Johnson,
1983, 1984a). Several thin coals are present above this
main coal zone. Figure 7 shows the temperature profile
for the MWX-1 well and the changes in temperature gra-
dients associated with the coaly interval above the Rollins
Sandstone Member of the Iles Formation. Figure 8 shows
the actual variations in the differential temperature
gradient caused by lithologic changes and, especially,
the high gradients associated with the low thermal

Cc8 Geology of Tight Gas Reservoirs, Wyoming and Colorado

conductivity of the coals. The increase in subsurface
temperatures below the coal zone must have persisted
through geologic time and should have caused a cor-
responding increase in the gradient of vitrinite reflectance
levels in the underlying source beds.

Vitrinite reflectance values (fig. 9) (Bostick and
Freeman, 1984) show that no such apparent increase in
the trend of vitrinite reflectance values has occurred in
the overpressured coal zone and underlying highly
pressured rocks (fig. 5). (For an MWX vitrinite profile
having more data points, see Nuccio and Johnson, this
volume.) Vitrinite reflectance values below depths of
about 7,000 ft (2,130 m) appear to be suppressed. This
suppression may have significance in interpreting rates
of thermal maturation in organic-rich rocks that have ex-
perienced long-term levels of hydrocarbon-caused, abnor-
mally high pressure. Cecil and others (1977) conducted
laboratory studies of coalification and proposed that ther-
mal maturation can be retarded in closed thermodynamic
(high-pressure) systems. Extrapolation of their laboratory
tests to the MWX site suggests that pressure-caused
vitrinite suppression may have occurred. Although the
data are presently inconclusive, it is speculated that
organic-rich source rocks (coals) are capable of generating
hydrocarbons with consequent abnormally high pressures
over a geologically long period of time, and that kerogen
maturation of source rocks might be suppressed in a pro-
longed high-pressure environment in which the matura-
tion products (gas and gas condensate) cannot easily leave
the site of origin. This maturation suppression may be
similar to other thermochemical reactions that can be in-
tentionally suppressed by increasing the partial pressure
of the evolved gas reaction products. For example,
calcium carbonate calcinates at a higher temperature if
the partial pressure of carbon dioxide is increased.

Anomalously low vitrinite reflectance values also
have been noted in lipid-rich (oil-prone) source beds (Hut-
ton and Cook, 1980; Walker and others, 1983; Nuccio
and Johnson, 1984b). The conditions that produce these
low values may or may not be related to abnormally high
paleopressures because suppression has been noted in low-
temperature, very low maturity lipid-rich oil shales (Nuc-
cio and Johnson, 1984b) that probably have not been
overpressured. At the MWX site, vitrinite from coaly
matter in dominantly gas prone rocks was used. No ob-
vious suppression of vitrinite reflectance values is seen
in the Wagon Wheel No. 1 well in the Pinedale area
(fig. 2B).

The reservoir-pressure profile (fig. 5) shows the ap-
proximate depth of the 0.7- and 0.8-percent vitrinite
reflectance in oil (R,) levels projected by Bostick and
Freeman (1984) by using core data. Additional vitrinite
values for MWX samples are shown in Nuccio and
Johnson (this volume). Tertiary rocks in the MWX wells
are organically very lean; consequently, overpressuring



FT I M
- |
: |
i
& > -
<Eu = 0.5
5 | <
24 u =
< o
[Z}
i 5
g o
= ™
2
3 "‘-l
@]
Q 1.0
o 4-
o
o
X
I
'_
& 5 — .5 ~1.5
e £
[s]
"
ol ¥
3|5 4
[G]
6 o g 8
oS Q
ol =
HE s
) E
=
© 20
i
7 a
a
Coal zone -’
! Rollins Sandstone
Member of lles
Tongue of Mancos Shale [ Formation
84 Cozzette and Corcoran Sandstone Members I
of lles Formation of Mesaverde Group I
0 A - 2.5
;s |
& @©
c <
s 9 20 40 60 | 100 120 140 °C
1 | 1 | 1 1
I I f T
50 100 150 200 250 °F
TEMPERATURE

Figure 7. Temperature log for MWX-1 well. Measured by Los Alamos National Laboratory 6 months after hole
was cased. Temperature gradient change in coal zone of Mesaverde Group shown.

as the result of active hydrocarbon generation probably
never occurred in Tertiary rocks at MWX. The
0.8-percent level is, however, at a present-day well depth
of about 4,000 ft (1,220 m) in Mesaverde rocks that in-
clude dark-gray to black organic shales and mudstones.
The top of the Mesaverde and the base of the Tertiary
is at a present-day depth of 3,900 ft (1,189 m) based on

correlations by R.C. Johnson (oral commun., 1982).
Maximum burial probably occurred about 9-10 m.y. ago
(Bostick and Freeman, 1984; Nuccio and Johnson,
1984a), and at that time the top of the overpressured
zone probably was as shallow as the present 4,000-ft
(1,220 m) depth in the MWX wells. After maximum
burial, the Colorado River eroded 4,000-5,000 ft

Comparison of Overpressuring, Pinedale Anticline and Multiwell Site 9
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(1,220-1,520 m) of rocks to the present elevation at the
well site. This erosion caused considerable cooling of the
rock sequence, and it is interpreted that as the rocks
cooled gas generation ceased in the upper part of the
Mesaverde Group. Reservoir pressure began to de-
crease in the MWX rocks because of gas diffusion and
migration in the interval between the present 4,000-ft
(1,220 m) depth to the top of active generation at about
7,000 ft (2,130 m). This pressure decay continued and the
present-day top of interpreted inactive overpressure is at
a depth of 5,600 ft (1,707 m). Pressures at depths less
than 5,600 ft (1,707 m) are shown as normal in figure
S; however, pressures in gas reservoirs shallower than
about 5,000 ft actually may be slightly subnormal on the
basis of studies by Meissner (1978b) and Law and Dickin-
son (1985) in other basins.

The high topographic relief in the MWX area (fig.
10) complicates the use of pressure gradients as a means

c10 Geology of Tight Gas Reservoirs, Wyoming and Colorado

to describe reservoir pressure. If a reservoir has the same
pressure at two locations, one in a valley and the other
on a mesa, then the pressure gradient of the well drilled
in the valley will be higher than that in the well drilled
on the mesa. In cases such as these, it is helpful to evaluate
abnormal pressure in terms of a calculated potentiometric
surface. For example, the calculated freshwater poten-
tiometric surface of rocks at the base of the Mesaverde
Group is 12,408 ft (3,782 m) above sea level. The nearest
exposure of equivalent rocks is at an elevation of about
6,000 ft (1,830 m) at Rifle Gap, 12 mi (19 km) northeast
of the MWX site. It is unlikely, therefore, that abnor-
mal pressures at the MWX site are caused by recharge
by meteoric water. In theory, any fluid movement should
be toward the outcrops at Rifle Gap.

Overpressuring as a possible cause of natural frac-
turing has been proposed by Chaney (1949), Meissner
(1978b), Hedberg (1980), and Law and others (1980).
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Based on maximum pressures at MWX and other sites,
it would seem that gas (and oil) migration in many low-
permeability reservoirs may be controlled by pressure-
induced fractures in the sandstones and that the shales
serve as confining seals and source beds. Fracture-
gradient data obtained from measurement of instantane-
ous shut-in pressures in the MWX wells, compiled by
Warpinski and others (1984) and Paul Branagan (written
commun., 1985), are shown on the pore-pressure pro-
file (fig. 5) and were used to measure minimum rock
stress; that is, the approximate pressure at which a
natural or artificial fluid-driven fracture will propagate.
These data show that the fracture gradient is lowest in
sandstone and high but variable in shale and mudstone.

The gradients were measured only in two coals, but both
seem to be higher than most measured in sandstones.
These data suggest that, if abnormal pressures can cause
natural fractures, the limiting maximum pore pressure
in a sandstone reservoir is controlled by the sandstone
fracture gradient. It is also interpreted that pressure caus-
ed by hydrocarbon generation in coal, mudstone, and
shale hydrocarbon-source beds is probably higher than
that in adjacent sandstones. Therefore, source beds hav-
ing a high fracture gradient can be pressurized by gas
generation to a higher level than can adjacent sandstones.
When the source bed-fracture gradient is exceeded, the
pressure is probably rapidly released into the lower frac-
ture gradient sandstone. This rapid release causes the
sandstones to fracture and the gas and other fluids to
migrate.

There are many calcite-cemented and open natural
fractures in the MWX core. Pitman and Sprunt (1984)
studied 13C and !80 stable isotopes of the cements and
concluded that carbon becomes slightly heavier with
depth but isotopically light oxygen remains relatively con-
stant. According to them, the isotope trends may reflect
fracture cementation at different times but under some-
what similar conditions of depth and temperature. This
conclusion is consistent with the concept that some or
many of the natural fractures were caused by overpressur-
ing initiated by large volumes of gas (and some water)
being generated in the source beds as the rocks were pro-
gressively heated (buried). Pitman and Dickinson (this
volume) discuss isotopic compositions of calcite fracture-
filling cements in closed hydrologic systems at Pinedale
and MWX.

Fluid inclusions in the MWX calcite fracture-filling
cements have been studied by C.E. Barker (oral
commun., 1984). In this technique, rock thin sections are
heated until the inclusion liquid expands and the associ-
ated gas bubble in the inclusion goes into solution. The
temperature at which the gas completely dissolves is called
the homogenization temperature and is inferred to be
approximately the minimum temperature at which the
cement, or mineral, was precipitated. All the inclusions
in calcite-filled fractures from deep core samples from
the MWX and Pinedale areas that Barker studied burst
(decrepitated) or deformed prior to reaching the homog-
enization temperature. Barker concluded the gas had low
solubility in the liquid and the internal pressure of the
inclusion exceeded the strength of the crystal. He also
concluded from crushing-stage studies that the inclusion
gases are methane and that the calcite was precipitated
from methane-saturated water under relatively high
pressure and temperature. This last conclusion also some-
what supports the concept of fracture cementation from
gas-saturated water at elevated temperature and pressure
but does not necessarily prove the fractures were initiated
by abnormal pressures.

Comparison of Overpressuring, Pinedale Anticline and Multiwell Site  C11
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(1984, fig. 4).

COMPARISON OF OVERPRESSURING
IN THE PINEDALE AND MWX AREAS

As noted earlier, overpressuring in the Pinedale and
MWX areas does not represent isolated occurrences but
comprises better than normal data sites within regions of
abnormally high pressure. Pressure gradients at the two
locations can be compared by adjusting the gradients at
both sites to the top of the 200 °F (93 °C) subsurface
temperature points. In this manner, pressure gradient
changes can be evaluated irrespective of actual reservoir
pressure and differences in drill depths and temperature
gradients (fig. 11). Both locations have an interpreted
shallow zone of inactive or residual overpressure. This
zone is about 2,400 ft (730 m) thick in the Wagon Wheel
No. 1 well and about 1,400 ft (430 m) thick at the MWX
site. Assuming the factors controlling overpressuring are
correctly understood, then the relative thicknesses of the
inactive zones are, in part, related to pressure loss owing
to gas-phase migration and diffusion after gas genera-
tion ceased. Because the stratigraphy and reservoir
character of both areas are similar, pressure loss should
be greater at the site where the generation had ceased for
the longest period of time, and indeed this seems to be
the case. Rocks at the MWX site started cooling about
10 m.y. ago (Bostick and Freeman, 1984; Nuccio and
Johnson 1984a), and the original top of high pressure is
interpreted to have been as shallow as 4,000 ft (1,220 m)
(Spencer, 1987). The pressure between 4,000 and 5,600 ft
(1,220-1,707 m) in the MWX wells appears to have de-
cayed to normal or subnormal pressures, and active
pressure maintenance is interpreted to be occurring at and
beneath the 200 °F (93 °C) present-day subsurface
temperature level.

C12 Geology of Tight Gas Reservoirs, Wyoming and Colorado

The extent to which the MWX inactive zone is being
charged by vertical gas migration from the active zone is
not known. It is not likely that this effect occurs for more
than a few hundred feet above the active zone because of
the extremely low permeability of the horizontally bedded
sealing shales and mudstones. Most of the pressure prob-
ably is being lost by slow diffusion through shale beds
and by lateral gas migration in the sandstone reservoirs,
which, although very tight, have slightly better matrix and
fracture permeability than the argillaceous seals.

The cooling event in the Pinedale area started more
recently than that at the MWX site. On the basis of
fission-track annealing studies, the rocks at the Wagon
Wheel No. 1 started cooling only about 2-4 m.y. ago
(Naeser, 1986), as compared with 10 m.y. ago for the
MWX site. This more recent cooling seems to be a
reasonable explanation for the somewhat thicker inac-
tive zone in the Wagon Wheel No. 1 well, as compared
with that in the MWX wells (fig. 11). The more recent
cooling also helps explain why the maturation level (R,
0.74 percent) equivalent to the onset of significant gas
generation (Law, 1984a) is about at the top of the inac-
tive zone in the Wagon Wheel well. Conversely, the 0.7-
to 0.8-percent vitrinite reflectance levels in the MWX
wells are well above the top of the inactive zone (fig. 11).

SUMMARY AND CONCLUSIONS

A comparison of overpressuring in the Pinedale and
MWX areas shows many similarities in spite of some
significant differences in depths to the top of the over-
pressuring zone, vitrinite reflectance levels, thermal and
pressure gradients, thickness of the inactive zone, and
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geologic time since the latest cooling of the rocks began. All the wells drilled on or near the Pinedale anticline
All these differences can be readily explained if the con-  encountered overpressured tight gas reservoirs to vary-
cepts of pressure-causing gas generation are recognized  ing degrees. In the Wagon Wheel No. 1 well, the max-
and accepted as a working model. imum reservoir pressure encountered (based on mud
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weights) is about 14,800 psi (102 MPa) at 19,000 ft
(5,791.2 m). This pressure is equal to a gradient of almost
0.8 psi/ft (18.1 kPa/m). Measured maximum gradients
in the active gas generation zone at the MWX site are
slightly higher than 0.8 psi/ft (18.1 kPa/m). These
pressure gradients are about the same as those needed to
artificially fracture tight sandstones in most Rocky Moun-
tain Cretaceous-age rocks. No reliable fracture-gradient
data exist for the Pinedale area, but much data exists for
the MWX site (fig. 5). At MWX, fracture gradients in
shale and mudstone are generally much higher than those
in sandstone. Fracture-gradients in the sandstones most
likely control the maximum amount of overpressuring
and the high reservoir pressures probably cause some of
the natural fractures.

Meissner (1978b) and Law and others (1980) pro-
posed that hydrocarbons can be generated in low-
permeability sequences at a rate more rapid than pressure
loss until the fracture gradient of the rocks is exceeded,
at which time the gas (or oil) migrates out of the reser-
voirs and thereby reduces the pressure. The pressure is
reduced to the closure stress, the fractures close, and
pressure build-up begins again.

Analyses of wells in the Pinedale area and the
MWX site confirm the concepts of overpressuring caused
by active gas generation developed by Law and others
(1980) for similar tight gas reservoirs in the Pacific Creek
area (fig. 1). Using these concepts, the depth to the top
of the overpressured zone in tight gas reservoir sequences
can be predicted, but the degree of overpressuring is less
predictable. The information from these two areas also
provides some measure of the rate of pressure decay (gas
loss and gas shrinkage due to cooling) in tight rock se-
quences. In the Pinedale area, the originally, actively
overpressured rocks have been cooling during the last 2
to 4 m.y. The rate of heat flow also may have decreased
slightly because the top of the 200 °F (93 °C) active gas
generation zone is now about 2,400 ft (730 m) below the
0.74-percent R, level at the top of the zone of inactive
overpressuring. At the MWX site, erosion and cooling
started about 9-10 m.y. ago, and the pressure has re-
turned to normal or below normal through 1,600 ft
(488 m) of strata interpreted to have been originally over-
pressured. The inactive zone at MWX is now about
1,400 ft (430 m) thick and the top of the zone or active
gas generation is about 3,000 ft (915 m) below the inter-
preted top of the zone of active overpressuring at the time
of maximum heating.

This research enables engineers and scientists to:
(1) locate the main interval of gas saturation (almost all
reservoirs in tight-gas overpressured sequences are gas
saturated), (2) predict the approximate depth at which
overpressuring will occur and thereby predict the depth
at which intermediate casing should be set, (3) anticipate
the maximum pressure that may be encountered during
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drilling (maximum pressure is about equal to the frac-
ture gradient of the sandstone reservoirs), and (4) pro-
vide a paleopressure model for paleohydrologic and other
studies. Determination of high-pressure areas is impor-
tant in petroleum exploration and resource assessment
because the higher pressure provides more reservoir
energy to produce hydrocarbons and because more gas
can be stored in given gas-saturated pore volume at higher
pressures.

At the MWX site, vitrinite reflectance levels of
coaly organic matter appear to be slightly suppressed in
the deep, highly overpressured parts of the wells.
Although data are presently inconclusive, prolonged ab-
normally high gas pressure may have caused this apparent
suppression of thermal maturation.
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Mineral Composition, Petrography, and
Diagenetic Modifications of Lower Tertiary and
Upper Cretaceous Sandstones and Shales,
Northern Green River Basin, Wyoming

By Richard M. Pollastro

Abstract

Mineralogic and petrologic studies of lower Tertiary and
Upper Cretaceous rocks of the northern Green River basin
reveal several depositional and diagenetic relations. Although
lower Tertiary sandstones are typically arkosic, average feldspar
content decreases progressively with depth and most Upper
Cretaceous sandstones contain little feldspar. Some original
feldspar in both lower Tertiary and Upper Cretaceous sand-
stones has been dissolved or altered to calcite, silica, or
kaolinite. Below depths of 16,000 ft (4,900 m), however, detrital
feldspars are unaltered and feldspar content increases to as
much as 15 weight percent of the rock.

Lower Tertiary and Upper Cretaceous shales from the
study area typically are enriched in mixed-layer illite/smectite
(1/S) and discrete illite; chlorite and kaolinite are much less
abundant. Shales from the Ericson Sandstone, however, are
enriched in kaolinite indicating a major change in detrital
source material. Clay-mineral assemblages in sandstones above
a depth of 16,000 ft (4,900 m) are typically kaolinite and chlorite
rich. These clay minerals in sandstones are mostly coarser,
authigenic, pore-lining or pore-filling cements. The absence of
kaolinite below 16,000 ft suggests that the stability of kaolinite
may be controlled by maximum burial conditions.

The conversion of smectite to illite is a major diagenetic
reaction in both sandstones and shales. As precursor smectite-
bearing clays (defined here as 1/S) become more illitic with
depth, illitic and sericitic overgrowths become more abundant
on shale clasts, feldspar grains, and earlier 1/S clay cements.
Products of the smectite-to-illite reaction also contribute to the
formation of other authigenic carbonate, clay-mineral, and silica
phases.

Early stages of diagenesis in these sandstones commonly
involve compaction and precipitation of pyrite and subsequent
quartz overgrowths and (or) I/S cements. These earliest stages
are commonly followed by cementation and replacement by
iron-free and iron-bearing calcite cements; iron-bearing calcite
commonly replaces iron-free calcite. Dolomite cements also
increase in abundance in deeper samples. Dissolution of calcite
cements produces much of the secondary intergranular porosi-
ty, and the dissolution of feldspars, chert, and shale clasts com-
monly produces significant intragranular porosity. In the case

of quartz-rich, quartz-cemented sandstones, relatively high in-
tragranular (moldic) porosity is attained at depths greater than
13,000 ft (3,900 m), mostly from the dissolution of chert grains.

INTRODUCTION

The allogenic and authigenic mineral assemblages
of sandstone and shale can help provide a physical,
chemical, and petrologic history of both depositional and
postdepositional (diagenetic) environments. Quantitative
or semiquantitative analysis of these assemblages reveals
important mineralogical differences, lithological relation-
ships, and the intensity of a particular diagenetic stage.
During the past two decades, the diagenesis of sandstone
and shale has received considerable attention. Of par-
ticular interest are studies that relate the effects of
diagenesis on both reservoir quality and the source-rock
potential of organic-rich shale by evaluating organic-
matter type, amount, and maturation (Scholle and
Schluger, 1979; Longstaffe, 1981; McDonald and
Surdam, 1984; Gautier, 1986). Combined studies of in-
organic and organic diagenesis may also provide insight
into the timing of generation and migration of
hydrocarbons.

Studies of clay minerals are important to the under-
standing of inorganic diagenesis (Burst, 1969; Perry and
Hower, 1970; Weaver and Beck, 1971; Hower and
others, 1976; Weaver, 1979; Hower, 1981). For example,
the conversion of smectite to illite (illitization of smectite)
through a mixed-layer or interstratified illite/smectite
(1/S) series (as defined by X-ray powder diffraction pro-
files) is considered the major clay-mineral reaction that
occurs as sedimentary rocks are progressively buried. The
maximum extent of this reaction can provide informa-
tion on the chemical or thermal intensity of diagenesis,
as well as on the chemical constituents that may be related
to stages of dissolution and precipitation of various
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minerals phases in sandstone, shale, and bentonite beds
(Hower and others, 1976; Boles and Franks, 1979; Hoff-
man and Hower, 1979; Millikan and others, 1981; Altaner
and others, 1984; Nadeau and others, 1984; Pollastro, 1985;
Pollastro and Barker, 1986).

Recent stratigraphic, geochemical, mineralogic, and
petrologic studies on the tight-gas sandstones, shales, and
coals of the Green River basin of Wyoming (Law, 1979,
1984a, b; Dickinson, 1984, 1985, this volume; Keighin,
1984; Pollastro, 1985; Law and others, 1986; Naeser, 1986;
Pollastro and Barker, 1986; Schuster, 1986; Law and John-
son, this volume), particularly in the area of the Pinedale
anticline, provide much of the framework for large-scale
basin analysis and petroleum geology. None of these
studies, however, relate the clay mineralogy and bulk-rock
mineralogy and petrology to regional diagenetic stages.

In this study, basic mineralogic relationships and
spatial, textural, and morphologic observations are used
to characterize the depositional and burial history of Up-
per Cretaceous and lower Tertiary sandstones and shales
from the northern Green River basin. The interpretations
of this study are limited to data obtained from five wells.
Most of the data are from the El Paso Natural Gas

110°

Company Wagon Wheel No. 1 well (Law, 1984a; Law and
Johnson, this volume, fig. 1) and are used as a mineralogic
and stratigraphic reference set. This report presents a com-
prehensive mineralogic analysis of both sandstones and
shales and describes and interprets the stages of diagenesis
in tight-gas sandstone reservoirs in the area. The distribu-
tion and processes that cause dissolution porosity in these
rocks will be discussed in a later report.
Acknowledgments—I thank Christopher J. Schenk
and C. William Keighin for their critical reviews of the
manuscript and helpful suggestions for improvement,
the U.S. Department of Energy and B.E. Law for allow-
ing the opportunity to work on the low-permeability sand-
stones of the Green River basin, and BE. Law for his
encouragement and support throughout the study.

LOCATION AND STRATIGRAPHY OF WELLS

Location information for the wells used in this study
is shown in table 1, and well locations are shown in figure
1. As previously mentioned, most of the data in the study
are from the El Paso Natural Gas Company Wagon Wheel
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Figure 1. Structural features of the northern Green River basin and location of wells used in study. Location infor-
mation for wells and stratigraphic units cored shown in table 1.
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Table 1. Locations of wells and stratigraphic units cored from wells used in this study, northern Green River basin

[Location of wells shown in figure 1]

Well

Location Stratigraphic units cored

El Paso Natural Gas Wagon Wheel No. 1

Inexco A-1 WASP (Belco Petroleum 3-28 Merna) Sec. 28, T.36 N, R. 112 W,

Sec. 5, T.30 N,,R. 108 W.

Rock Springs, Ericson, Lance,
unnamed Tertiary unit, Fort Union
Rock Springs, Ericson, Lance

American Hunter New Fork No. 1 Sec. 25, T.30 N, R. 108 W, Lance, unnamed Tertiary unit
American Hunter New Fork No. 2 Sec. 2, T.30 N,,R. 108 W. Lance, unnamed Tertiary unit
American Hunter New Fork No. 4 Sec. 35, T.31 N, R. 109 W. Lance, unnamed Tertiary unit
w was later drilled deeper and renamed the Belco Petroleum
& | Fort Union Formation 3-28 Merna well.
8 The stratigraphy and structural evolution of the
Y re—— — | northern Green River basin has been described by Martin
g Unnamed unit and Shaughnessy (1969), Shaughnessy and Butcher (1973,
1974), Law (1979, 1984a), Schuster and Steidtmann
(1983), Schuster (1986), and Law and Johnson (this
Lance Formation volume). A simplified stratigraphic section is shown in
figure 2.
L In the deepest part of the Greater Green River
g Ericson Sandstone basin, sedimentary rocks ranging from Cambrian through
o Tertiary in age reach a maximum thickness of about
c<.(> g 32,000 ft (9,750 m). In the wells studied, cores were taken
i S Rock Springs fr.om lower Tertiary and Upge'r Cretaceous, interbedded,
Tl o Formatior? discontinuous, low-permeability sandstone and shale be-
o 2 tween depths of 5,000 to 18,000 ft (1,500-5,500 m). Most
o § of these rocks were deposited in nonmarine environments.
) § The only exception is the lower 1,600 ft (490 m) of the
Wagon Wheel well drilled in the marginal-marine lower
part of the Rock Springs Formation. Upper Cretaceous
rocks include the Rock Springs Formation, Ericson
Hilliard Shale Sandstone, and Lance Formation. Tertiary rocks in
ascending order include an unnamed unit and the Fort

Figure 2. Generalized stratig-
raphy in the northern Green
River basin. Modified from Law
and others (1986).

No. 1 well. This well, on the crest of the Pinedale an-
ticline, was originally planned for the nuclear stimula-
tion of tight gas-bearing sandstones. Twelve sections of
core, totaling about 900 ft (275 m), were taken at selected
intervals at depths ranging from 5,000 to 18,000 ft
(1,525-5,485 m) (Law and others, 1986), and for the pres-
ent study approximately 180 sandstone and shale samples
were analyzed. A total of 60 core samples from three
American Hunter wells (designated New Fork Nos. 1, 2,
and 4) drilled in the area of the Pinedale anticline were
also studied. Approximately 90 sandstone and shale
samples were analyzed from the Inexco A-1 WASP
(Wyoming Atomic Stimulation Project) well. The WASP
well, also planned for nuclear stimulation, is about 60 mi
(97 km) northwest of the Wagon Wheel well. This well

Union Formation. (See Law and Johnson, this volume,
for stratigraphic nomenclature.) All of the above men-
tioned units were studied from the Wagon Wheel well;
the WASP core was taken from the lowermost 1,200 ft
(365 m) of the Lance Formation and from parts of the
Ericson Sandstone and Rock Springs Formation. The
three New Fork wells were cored from the lower Tertiary
unnamed unit and from the upper part of the Lance For-
mation. Cores recovered from the New Fork Nos. 2 and
4 wells have been interpreted to contain the Cretaceous-
Tertiary (K-T) unconformity (B.E. Law, oral com-
munication, 1986).

METHODOLOGY

X-ray powder diffractometry (XRD) and acid-
soluble carbonate analysis were performed on half of a
1-in.-diameter (2.5 cm) cored plug sampled from the
original core of each well; the adjacent half of each plug
was used for thin section preparation.
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Samples were washed and scrubbed to remove sur-
ficial contaminants, dried, and then ground to <35 mesh.
Each sample was split by using a Jones splitter into two
portions, one for whole-rock XRD analysis and one for
carbonate dissolution and clay-mineral analysis.

Carbonate was dissolved in 1N HCI and the residue
filtered and washed with distilled water immediately after
effervescence stopped in order to minimize solution of
noncarbonate minerals (Pollastro, 1977). The insoluble
residue was dried overnight at 65 °C. The weight percent
of the residue was then determined. A small part of the
residue was spot checked for undissolved carbonate with
6N HCI.

Qualitative and semiquantitative estimates of the
minerals in whole rock were made through XRD analysis
of randomly oriented powders that were ground to
<44 pm (<325 mesh) and packed into the back of alum-
inum specimen holders. A fine texture was imparted onto
the surface to be irradiated in an attempt to maximize
random orientation of the grains (Schultz, 1978a). Semi-
quantitative estimates of the amount (in weight percent)
of total phyllosilicates and individual minerals were
calculated by comparison with several prepared mixtures
of the same minerals having similar XRD characteristics
and by the procedures outlined by Schultz (1964) and
Hoffman (1976) with some modification. In order to
check the carbonate results, the semiquantitative relative
weight-percent values calculated for total carbonates by
XRD were compared with those determined by chemical
dissolution.

Oriented clay aggregates of the <2- and <0.25-um
(equivalent spherical diameter) fractions were prepared
by using a modified filter-membrane-peel technique
(Pollastro, 1982) similar to that described by Drever
(1973). Semiquantitative XRD analysis of the clay-size
fractions was made by using the method of Schultz (1964)
with some modification (Pollastro, 1985).

Although I am aware that the interpretation of
XRD patterns for 1/S clay does not conform with the con-
cept of interparticle diffraction (Nadeau and others,
1984), the currently accepted terminology for these in-
terstratified clay minerals (as described by Reynolds,
1980) will be used for convenience. Composition and
ordering of the 1/S clay was determined on oriented,
ethylene glycol-saturated specimens of both the <2- and
<0.25-pm fractions by using the methods of Reynolds and
Hower (1970) and Schultz (1978b). Ordering types were
defined by using the ‘‘Reichweite’’ (R) notation (as
described by Reynolds, 1980). Most diffractograms of
naturally occurring I/S clay can be categorized into one
of three ordering types (or any mixture of these types)
of interstratification (Reynolds and Hower, 1970): (1)
random I/S (R =0), (2) allevardite or short-range-ordered
I/S (R=1,2), or (3) Kalkberg or long-range-ordered 1/S
R>3).

D4 Geology of Tight Gas Reservoirs, Wyoming and Colorado

Thin section and scanning electron microscopy
(SEM) analyses of sandstones were used as reconnaissance
methods for qualitative and descriptive petrographic
analysis and to identify general diagenetic and petrophys-
ical relationships. Two matched thin sections were pre-
pared from each sandstone plug. One was impregnated
with blue epoxy to aid in recognizing porosity and stained
with potassium ferrocyanide and alizarin red for the iden-
tification of carbonate phases following the procedure
described by Dickson (1966). The other section was im-
pregnated with clear epoxy and stained with potassium
cobaltinitrite to distinguish between potassium and plagio-
clase feldspar. SEM samples of freshly fractured rock
chips were air dusted, mounted on aluminum stubs, and
sputter coated with = 100 A of gold/palladium.

RESULTS

Although the mineralogic composition of the sand-
stones and shales in this study is relatively simple, their
diagenetic history is complex. Numerous diagenetic events
have occurred since the deposition of many of these
rocks, and their original compositions have been partly
or extensively modified. Diagenetic events or stages iden-
tified in the sandstones of this study are not necessarily
restricted to a particular lithologic unit. Original charac-
teristics, such as feldspar content or the presence of
ductile lithic grains and rock fragments, produce specific
chemical or physical constraints that create an environ-
ment more or less susceptible to change during deep
burial. Specific sedimentologic factors may also control
or limit the degree and spatial extent of diagenesis.
Moreover, it is important to note that the degree or ex-
tent of diagenesis may vary from one sandstone to
another and over relatively short vertical distances.

Pollastro (1985) and Pollastro and Barker (1986)
have outlined the diagenesis, nature, and significance of
the smectite-to-illite reaction for both sandstone and shale
in the Wagon Wheel well, and I will only discuss the
smectite-to-illite reaction as it relates to petrographic tex-
tures or other diagenetic events. The diagenetic events and
modifications identified in this study are summarized in
figures 3-6. Similar diagenetic events have occurred in
rocks from both the area of the Pinedale anticline and
the WASP well. In general, however, equivalent rocks
recovered from wells in the Pinedale area are at a more
advanced stage of diagenesis—that is, thermally and com-
positionally more mature—than those from the area of
the WASP well because those in the Pinedale section have
been buried much deeper. These differences in thermal
maturation and diagenetic extent are shown in mean
random vitrinite reflectance values (Law, 1984), clay-
mineral data, and interpretations of paragenesis from
petrographic analysis.



UNIT (S) STAGE OR EVENT DIAGENESIS R
Early > Late
Framboidal pyrite r—
Syntaxial quartz overgrowths D
3 Dissolution of chert, feldspar,
z and shale clasts L
w
8 Cementation and replacement
) ALL By iron-free calcite EEE—
— By iron-bearing calcite IEEE——
&: Conversion of smectite to illite ]
§ lllitic and sericitic overgrowths L -
(ujj Dissolution of calcite cements I
Cementation and replacement
by kaolinite S
FORT UNION lllite/smectite cement S
FORMATION Iron chlorite cement ]
Replacement of feldspars
%) CRETACEOUS- by chert-chalcedony ]
= TERTIARY Chert-overgrowth cement I
Q
w INTERVAL Iron chlorite cement S
;’ Chlorite/smectite cement EE——
E LANCE FORMATION | Alternating quartz-illite/smectite
al 2.720-3.370m) cement ——
g ROCK SPRINGS Illite/smectite cement ]
= FORMATION Cementation and replagement
Z| (4,540-4,560m) by ankerite or dolomite —
ROCK SPRINGS Chert-overgrowth cement I
FORMATION Ferroan dolomite overgrowths ]
(4,890- 5,240m) {Fracture-filling quartz and calcite [

Figure 3. General and unit- or depth-specific sequences of paragenesis for sandstones from the El
Paso Natural Gas Company Wagon Wheel No. 1 and American Hunter New Fork Nos. 1, 2, and 4

wells,

DIAGENESIS
STAGE OR EVENT >
OREV Early » Late
Precipitation of framboidal pyrite [ =N
Quartz-overgrowth cementation . VI
Cementation and replacement
by laumontite N N
Conversion of smectite to illite N B S
Precipitation of discrete
chlorite/ pyrite dissolution u & I
Dissolution of laumontite (417 1]
Dissolution of feldspars, quartz,
chert, and shale clasts H B & R B

Figure 4. Paragenetic sequence for laumontite-bearing sandstones of the Fort Union

Formation in the Wagon Wheel No. 1 well.
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STAGE OR EVENT

DIAGENESIS

Early

»- Late

Syntaxial quartz-overgrowth cement

Replacement of feldspars

Conversion of smectite to illite
lllitic and sericitic overgrowths

Dissolution of chert
and rock fragments

Cementation and replacement
by kaolinite

Dickite precipitation in fractures

by chert or chalcedony 1 B T
Iliite/smectite clay cement o I N ¥ R
Cementation and replacement
by dolomite N B N

Figure 5. Paragenetic sequence for quartzarenites of the Ericson Sandstone in the

Wagon Wheel No. 1 well.

Conversion of smectite to illite

Ferroan dolomite overgrowths
on detrital dolomite

Dissolution of chert, feldspar,
and shale clasts

Cementation and replacement
by iron-free calcite

lllitic and sericitic overgrowths

Cementation and replacement
by iron-rich calcite

Dissolution of iron-rich calcite

Precipitation of fracture-filling
quartz, calcite, and dickite

DIAGENESIS
STA
GE OR EVENT Early > Late
Precipitation of framboidal pyrite | w mumm m
Syntaxial quartz-overgrowth cement Y 1fr 7]
lllite/smectite clay cement N I A N N

Ly I U]

Figure 6. General paragenetic sequence for Upper Cretaceous sandstones in the WASP

well.

Tertiary Rocks

Mineralogical data from XRD for each of the wells
are shown in tables 2-4; paragenetic sequences for the
Tertiary rocks are shown in figure 3. Tertiary rocks were
cored from the Wagon Wheel and New Fork Nos. 1, 2,
and 4 wells; however, only the lowermost Tertiary rocks
are represented in the New Fork cores. In the Wagon
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Wheel well, Tertiary sandstones are primarily feldspathic,
many are conglomeratic, and most are classified as lithic
arkoses. Sandstones of the Fort Union Formation (table
2) sampled from the Wagon Wheel well average about
50 weight percent feldspar and contain little or no car-
bonate; quartz content is about 25-30 weight percent.
Biotite grains are abundant and glauconite is common.
As a result of early compaction, poor sorting, and high



clay matrix content (fig. 74), most of the sandstones from
the Fort Union have little macroporosity.

The dominant clay minerals are randomly inter-
stratified I/S (R =0) and discrete chlorite; little discrete
illite or kaolinite was observed. Most of the discrete clay-
size chlorite is iron rich, as interpreted by XRD charac-
teristics (Pollastro, 1984). The chlorite has weak to absent
odd-number basal reflections (001, 003, 005, and so forth)
and very strong even-number basal reflections. The in-
terbedded shales consist mostly of expandable 1/S clay
and contain less feldspar and clay-size chlorite than
adjacent sandstones (table 2).

Diagenesis in sandstones of the Fort Union Forma-
tion involves early compaction of feldspathic sands hav-
ing clay-rich matrices. Few remnants of calcite, either as
cement or a replacement phase, were observed in thin sec-
tion, and little or no calcite was detected by XRD (table
2). The little calcite that remains selectively and partially
replaces feldspar or infills dissolution voids (fig. 7B).
Dissolution of the clayey matrix produced intergranular
porosity; some intragranular porosity was also created
from the dissolution of shale clasts and framework
feldspars (fig. 7B). Early cements also include smectite-
rich I/S coatings on framework grains. I/S clay cement
also drapes or bridges secondary pores (fig. 84).

Feldspar grains commonly are altered and appear
sericitized (fig. 74). Closer examination of these feldspars
using the SEM shows that they are being altered to a
smectitic clay (figs. 8B, C). As discussed later, these clay-
altered feldspar grains are more susceptible to dissolu-
tion and (or) sericitization (smectite to illite) with deeper
burial because the early formed, smectitic clay crystals
create nucleation sites for dissolution or illite growth.

About 10 ft (3 m) of the core from the Fort Union
Formation in the Wagon Wheel well contains sandstones
cemented by laumontite. The paragenetic sequence for
these sandstones is summarized in figure 4. Although
cementation by laumontite is interpreted to have occurred
relatively early in the burial history of these sandstones,
laumontite formation postdates compaction of ductile
glauconite and brittle biotite grains and precipitation of
syntaxial quartz overgrowth cement. Laumontite partly
to almost completely replaces feldspars and etches, cor-
rodes, and embays framework quartz grains, particularly
in areas where cementation is extensive (fig. 7C). Later
dissolution of laumontite cement creates extensive in-
tergranular and intragranular secondary porosity (fig.
7D). Iron-rich chlorite replaces laumonite and lines
secondary pores. The authigenic chlorite commonly coex-
ists with framboidal pyrite (fig. 8D); however, chlorite
probably formed much later.

Lower Tertiary unnamed sandstones from 7,040 to
7,140 ft (2,150-2,180 m) in the Wagon Wheel well con-
tain shale clasts and grains of chert, biotite, and glaucon-
ite. Many of the sandstones from this interval are

cemented by calcite (fig. 94). In contrast, sandstones con-
taining little or no calcite have intergranular spaces filled
with fine, clay-rich matrix (fig. 9B8). Detrital carbonate
grains are occasionally found in these sandstones; rare-
ly, sandstones contain isolated rhombs of dolomite. Total
feldspar content in this group of sandstones and shales
is about 20-25 weight percent; potassium feldspar typical-
ly is more abundant than plagioclase, and quartz con-
tent is about 30-45 weight percent (table 2). Although
the addition of carbonate to the bulk-rock analysis ap-
pears to dilute all other phases in these sandstones, there
is a real decrease in the relative weight percent of feldspar
and an increase in quartz content, as compared to sand-
stones above from the Fort Union Formation in the
Wagon Wheel well. Dissolution and (or) replacement of
feldspars by calcite, smectitic clay, or other phases
account for some of the decrease in feldspar abundance

(fig. 9B, C).

Early Tertiary-Late Cretaceous Interval

Law (1979) and Law and Nichols (1982) reported
that the Cretaceous-Tertiary (K-T) unconformity is at
a depth of about 7,520 ft (2,302 m) in the Wagon Wheel
well. In the American Hunter New Fork wells, this un-
conformity is at depths of from 8,300 to 8,700 ft
(2,530-2,650 m) (B.E. Law, oral communication, 1986).
The bulk mineralogy of Tertiary sandstones from the New
Fork wells is similar to that in the Wagon Wheel well.
In general, the most significant difference in mineralogy
from Tertiary rocks to Upper Cretaceous rocks is an in-
crease in total feldspar content. This change in feldspar
content occurs near, or coincident with, the K-T uncon-
formity and can often be recognized on gamma-ray logs
(Prensky, 1984; this volume); it is best shown in the XRD
data from the Wagon Wheel well (table 2). The signif-
icance of this abrupt change in feldspar content is not
well understood. The sudden increase in feldspar content
may, however, reflect unroofing of Phanerozoic rocks
of the Wind River Mountains and incipient deposition
of arkosic debris from granitic crystalline Precambrian
rocks in the core of the Wind River Mountains (Schuster
and Steidtmann, 1983; Prensky, 1984, this volume;
Schuster, 1986).

Wagon Wheel No. 1 Well

In the lowermost Tertiary sandstones in the Wagon
wheel well, at depths from 7,340 to 7,400 ft (2,240-
2,260 m), total feldspar content is less than 10 weight
percent of the bulk rock, detrital dolomite is common,
and kaolinite is abundant as an intergranular cement and
replacement phase. The total quartz content of these
sandstones, a significant portion of which is from chert
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Table 2. Mineralogical data for samples from El Paso Natural Gas Company Wagon Wheel No. 1 well

[Analyzed using X-ray powder diffraction. Sample designation indicates depth from surface to sample; suffix refers to lithology: s, sandstone;
shl, shale. All stratigraphic units are formations except Ericson Sandstone, and unnamed Tertiary unit. Data in relative weight percent. Sol Carb,
soluble carbonate; Cal, calcite; Dol, dolomite; Carb, other carbonate minerals; Plag, plagioclase; K-spar, potassium feldspar, I/S, illite-
smectite; Kaol, kaolinite; Chl, chlorite; C/S, chlorite-smectite; L, laumontite; A, ankerite; S, siderite; P, pyrite. tr, trace; leaders (--), none
detected; nd, not determined]

Sample Stratigraphic Sol Whole rock <2-um clay fraction
designation  unit Carb Clay Quartz_Cal Dol Carb Plag K-spar Other llite IS Kaol Chl C/S
5001.0s Fort Union - 20 26 - - - 30 24 -- 4 73 6 17 -
5020.5s Fort Union -- 17 30 -- - - 28 18 7L 9 2 - 89 -
5028.2shl  Fort Union - 55 20 - - - 13 12 -- 11 74 - 15 -
5058.9s Fort Union -- 18 31 - - - 31 20 - 3 58 - 39 -
5072.5shl  Fort Union - 33 25 - - - 21 18 3-P 6 77 -- 17 -
7046.3s Tertiary 21 15 30 21 - - 17 17 - 3 80 7 10 -
7048.5shl  Tertiary - 55 25 - - - 7 13 3-P 9 54 - 37 -
7054.6s Tertiary - 35 31 - - -- 13 21 - 12 61 - 27 -
7057.2s Tertiary tr 23 41 2 - - 14 20 -- 3 64 - 31 -
7061.4s Tertiary 14 25 30 14 - - 10 21 --

7066.7s Tertiary 4 25 35 4 - -- 19 17 -- 3 25 11 14 47
7083.3shl  Tertiary tr 43 33 2 - - 7 15 -- 18 46 13 23 -
7093.0s Tertiary 18 21 36 18 - - 10 15 -- 8 28 14 21 29
7095.0shl  Tertiary tr 50 25 2 - - 9 14 - 33 34 -- - 33
7100.7s Tertiary - 33 40 -- - - 8 19 -- 5 23 - - 72
7102.9s Tertiary 12 34 30 9 3 - 9 15 -- 5 18 5 18 27
7106.5s Tertiary 43 19 19 43 - - 6 13 -- 18 50 19 13 -
7108.2s Tertiary - 38 40 - - - 3 19 -- 8 34 34 24 -
7110.5s Tertiary - 35 38 - - - 7 20 -- 2 20 1 30 37
7114.2s Tertiary 10 18 37 10 - - 16 19 -- 2 20 11 30 37
7116.1shl  Tertiary - 48 30 - - - 8 14 -- 13 30 15 16 26
7120.4s Tertiary - 28 44 - - - 13 15 -- 9 42 - 28 21
7125.0s Tertiary 5 25 43 6 - - 12 14 -- 8 40 11 14 27
7129.6s Tertiary 18 18 45 18 -- - 6 13 -- 6 48 13 14 19
7130.2shl  Tertiary 8 54 24 8 - - 5 11 - 27 53 4 9 7
7134.1shl  Tertiary 3 70 16 1 2 - 3 9 - -15 56 13 16 -
7137.2shl  Tertiary - 50 28 - - - 6 14 -- 14 37 25 24 -
7340.65 Tertiary 8 17 65 8 - - 4 6 -- 10 12 27 25 126
7343.6s Tertiary 10 18 55 10 - -- 7 10 -- 6 11 38 40 5
7350.0s Tertiary 7 17 41 4 3 - 15 20 -- 11 27 19 10 33
7355.0s Tertiary 6 25 64 4 2 -- 3 2 -- 9 38 10 15 28
7358.8s Tertiary 6 17 73 5 1 - 2 2 -- 12 22 - 35 31
7366.3s Tertiary 20 15 50 20 - - 7 8 -- 11 10 24 19 36
7375.8s Tertiary 8 15 73 7 1 - 2 2 - 10 18 8 31 33
7378.5s Tertiary 6 15 72 5 1 - 3 4 -- 11 12 - 17 -
7382.8s Tertiary 14 26 55 9 5 - 2 3 - 21 59 9 11 -
7384.0shl  Tertiary 12 58 28 7 5 - - 2 - 33 51 9 7 -
7388.0shl  Tertiary 20 57 21 15 5 - - 2 - 29 62 3 6 -
7392.2shl  Tertiary 15 44 39 11 4 - - 2 - 22 64 6 8 -
7395.0shl  Tertiary 18 56 24 13 5 - - 2 - 30 59 4 7 -
8030.1s Lance - 33 63 1 - - 1 2 -- 19 37 23 21 -
8037.0shl  Lance 16 52 31 10 6 - - 1 - 23 61 9 7 -
8045.2s Lance -- 30 68 1 -- - 1 - - 19 22 20 40 --
8050.8s Lance - 24 72 1 - - 3 - - 23 41 23 13 -
8059.1s Lance 2 27 70 3 - - - - -- 19 29 26 26 -
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Table 2. Continued

Sample Stratigraphic Sol Whole rock <2-im clay fraction
designation _ unit Carb Clay Quartz Cal Dol Carb Plag K-spar Other llite /S Kaol Chl C/S
8063.0s Lance - 31 67 - - - 2 - - 43 30 14 13 --
8066.5s Lance 14 36 47 9 5 - 1 - 23 56 11 10 --
8070.2s Lance 10 40 47 6 4 - 1 2 - 28 54 8 8 -
8073.4shl  Lance 11 64 23 7 4 -- 1 1 - 27 61 7 5 tr
8076.9s Lance 19 18 62 17 2 -- 1 - - 13 51 24 12 tr
8084.6s Lance 10 14 73 11 - - 2 - - 22 29 27 22 tr
8088.2s Lance 9 15 74 9 - - 1 1 -- 22 34 29 15 --
8094.5s Lance 9 20 69 9 -- - 2 - - 33 24 22 21 tr
8100.1s Lance 10 18 70 10 - -- 2 - - 15 17 19 28 21
8107.3s Lance 10 17 72 10 -- - 1 - - 15 16 35 12 22
8113.2s Lance 10 20 69 10 - - 1 - - 18 38 15 13 1
8117.0shl  Lance 3 56 38 3 - - 2 -- - 28 50 16 6 -
8124.2s Lance 20 15 63 19 1 -- 1 1 - 15 21 32 16 16
8128.1s Lance 19 14 65 19 -- -- 2 - -- 19 21 48 18 tr
8131.6s Lance 7 18 73 7 - -- 2 - - 12 22 24 17 25
8134.3s Lance 12 25 60 12 -- -- 2 1 - 16 47 16 21 -
8135.8shl  Lance 12 44 42 10 2 - 1 1 - 17 64 13 6 -
8136.5shl  Lance 7 61 32 4 2 - 1 - - 16 66 12 6 --
8920.5shl  Lance 6 49 38 3 3 -- 5 2 - 46 47 - 7 --
8925.8s Lance 4 25 66 3 1 - 4 1 - 25 23 -- 52 -
8931.5s Lance 10 30 56 6 4 - 4 - - 28 56 4 12 -
8934.7s Lance 22 16 59 21 2 - 2 - - 23 45 25 7 --
8944.1s Lance 12 12 73 10 2 - 2 1 - 25 42 19 14 -
8954.3s Lance 9 15 75 7 2 - 1 - - 26 46 14 14 -
8962.1s Lance 12 14 71 9 3 - 3 -- -- 22 40 16 22 -
8971.6s Lance 8 25 65 6 2 -- 2 -- - 12 61 12 12 -
8980.8s Lance 8 16 74 3 5 - 2 -- -- 29 56 8 11 -
8984.4shl  Lance 6 45 47 4 2 - 2 2 - 29 36 22 29 -
8988.8s Lance 15 11 72 12 3 -- 2 - - 20 33 10 37 -
9001.3shl  Lance 5 68 26 2 2 - 1 1 - 41 52 3 4 -
10142.6s Lance 7 27 60 6 4 - 3 - - 33 28 14 25 -
10145.3shl Lance 10 35 45 1 9 -- 10 - - 57 37 3 3 -
10153 .4s Lance 11 14 75 8 3 - 2 - - 42 36 - 24 -
10163.8s Lance 8 17 73 6 2 -- 3 - -- 36 33 -- 31 -
10171.2s Lance 6 18 73 4 2 -- 3 - - 29 28 6 37 --
10173.5shl Lance 6 52 38 2 4 - 3 - - 52 34 6 8 -
10190.5s Lance 6 14 78 3 3 - 2 - - 26 24 - 50 -
10193.8s Lance - 70 28 - - - 2 - - 60 35 - 5 -
10204.0shl Lance -- 45 52 - - - 3 - - 60 33 - 7 --
10212.2s Lance 9 32 57 2 6 - 3 - - 42 27 16 15 --
10217.6s Lance 13 10 74 11 3 -- 2 - - 35 33 -- 32 -
10235.0s Lance 6 15 77 4 2 - 2 - - 26 26 - 32 -
10245.0s Lance 8 24 65 4 4 - 3 - - 44 29 -- 27 -
10252.3shl Lance 9 50 38 2 7 -- 3 - -- 63 30 1 6 -
10971.1s Lance 16 25 57 10 6 -- 2 - - 35 35 15 15 -
10977.7s Lance 17 13 65 15 2 -- 2 3 - 36 35 22 -
10984.6s Lance 6 18 74 4 2 - 2 - -- 32 31 -- 37 -
10993.9s Lance 2 10 85 2 1 -- 2 -- - 23 21 8 48 --
10995.3sh]l Lance 2 67 28 - 2 - 3 - - 54 39 3 4 -
11003.8s Lance 11 22 65 7 4 -- 2 - - 22 24 8 46 -

Mineral Composition, Petrography, and Diagenetic Modifications, Northern Green River Basin D9



Table 2. Continued

Sample Stratigraphic Sol Whole rock <2-pm clay fraction

designation  unit Carb Clay Quartz Cal Dol Carb Plag K-spar Other llite /S Kaol Chl C/s
11007.8s Lance 12 27 58 8 5 - 2 - - 38 34 10 18 -
11017.3s Lance 12 35 50 6 6 - 3 - -- 37 37 25 12 -
11018.2shl Lance 8 53 40 1 3 - 3 -- - 55 33 2 10 -
11024.8shl Lance 16 52 28 2 14 -- 2 - -- 53 37 4 6 --
11027.8s Lance 21 23 54 14 7 - 2 - -- 33 26 17 24 -
11032.6shl Lance -- 58 40 - - - 2 - - 50 41 2 7 --
11035.0s Lance 10 24 60 4 6 - 4 - -- 27 23 19 31 --
11044.0s Lance 9 15 75 3 5 -- 2 - - 27 14 13 46 -
11046.8shl Lance 9 72 20 - 4 - 4 - -- 71 21 3 5 --
11051.3shl Lance 7 65 25 - 7 - 3 - -- 57 33 5 5 --
11056.5s Lance 9 10 79 6 3 - 2 - - 45 23 12 20 --
11066.3shl Lance 2 85 12 - - - 3 - - 56 35 4 5 --
11068.1shl Lance 18 46 35 10 8 -- 1 -- - 50 31 5 14 -
13097.3shl Ericson -- 66 34 - - - - - - 19 32 35 14 -
13100.9s Ericson - 11 89 - - - - -- - 32 8 21 48 -
13104.1s Ericson -- 7 93 -- - - - - - 56 6 15 23 -
13108.9s Ericson - 7 93 -- -- - — - - 59 18 10 13 -
13114.5shl Ericson - 42 56 - - - 1 1 - 26 16 50 8 --
13119.0s Ericson - 10 90 - -- - - -- - 22 21 30 27 -
13124.2s Ericson -- 8 92 - - -- - - - 26 10 38 26 --
13129.0s Ericson - 11 89 - -- - - - -- 30 10 30 30 --
13136.0s Ericson - 7 93 - - - - - - 53 28 13 6 -
13141.4s Ericson - 10 90 - - - - -- - 29 33 14 14 -
13144.5s Ericson -- 12 88 - - - - - -- 22 14 41 23 --
13150+-s Ericson - 8 92 - - - - -- - 66 11 11 12 --
13162.0s Ericson - 25 75 - - - tr -- - 61 10 11 18 --
13167.0s Ericson -- 20 80 - - - - - -- 39 27 25 9 --
13170.0s Ericson - 30 70 - - - tr -- - 43 24 21 11 --
13176.0s Ericson -- 25 73 - - - 2 - - 30 21 32 17 -
13179.0s Ericson - 25 74 - -- - 1 -- - 32 16 36 16 -
13184.0s Ericson - 25 75 tr -- - - - - 40 18 27 15 -
13190.0s Ericson nd 21 70 - 8 -- 1 - - 23 26 32 19 -
13197.0s Ericson nd 23 71 - 6 - ir - - 30 26 28 16 -
13198.0shl Ericson - 53 47 - - - - - - 42 33 20 5 -
14897.8shl Rock Springs 28 46 24 11 17 -- 2 - - 64 29 4 3 --
14902.3shl Rock Springs nd 67 27 3 1 - 2 1 - 66 23 6 5 -
14906.2shl Rock Springs 24 50 26 6 17 - 1 - - 73 18 5 4 -
14914.1shl Rock Springs - 66 31 - - - 2 1 -- 70 20 2 8 --
14918.4shl Rock Springs nd 54 27 2 20 - 2 - - 54 33 4 9 -
14920.9s Rock Springs 47 17 34 7 18 22-A 1 -- - 40 22 4 34 -
14923.8shl Rock Springs 27 48 23 9 18 - 2 - - 55 34 8 8 --
14927.0s Rock Springs 28 25 46 9 19 -- 1 - - 40 25 32 3 -
14930.3shl Rock Springs - 66 32 - - - 2 - -- 51 32 10 7 -
14932.5shl Rock Springs nd 65 26 - 6 - 2 1 -- 60 33 3 4 -
14939.5sh1 Rock Springs - 64 35 - - - 1 -- - 48 37 11 4 -
14942.5shl Rock Springs 24 54 22 4 - 19-A 1 - -~ 55 37 6 2 -
14946.1s  Rock Springs 24 34 41 4 20 - 1 -- - 55 39 14 2 -
14951.3s Rock Springs 19 25 56 5 9 58S - - 79 17 2 2 -
16062.1shl Rock Springs 25 25 45 8 17 - 4 1 - 47 31 -- 22 -
16065.2s  Rock Springs 26 22 48 12 14 - 3 1 - 52 14 - 34 -
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Table 2. Continued

Sample Stratigraphic Sol Whole rock <2-um clay fraction

designation  unit Carb Clay Quartz Cal Dol Carb Plag K-spar Other llite /S Kaol Chl C/s
16068.5shl Rock Springs 17 54 24 2 15 - 4 1 -- 68 25 - 7 -
16072.5s  Rock Springs 17 23 51 7 10 - 7 2 - 56 16 -- 29 -
16076.5s Rock Springs 16 24 52 5 12 -- 5 2 -- 43 16 -- 43 -
16078.8shl Rock Springs 16 40 39 2 14 -- 4 1 - 76 16 - 8§ -
16083.6s Rock Springs 13 21 61 2 11 - 4 1 - 45 14 - 41 -
16087.0s  Rock Springs 16 20 59 1 15 - 5 - - 44 17 - 39 -
16094 .8s Rock Springs 15 27 50 5 10 - 4 4 - 52 21 -- 27 -
16098.0s  Rock Springs 14 31 49 5 9 - 5 1 - 58 21 - 21 -
16101.9shl Rock Springs 19 36 37 4 15 - 5 3 - 60 27 - 13 -
16104.5s Rock Springs 26 26 40 10 16 -- 4 4 - 56 15 -- 29 -
16106.8s  Rock Springs 26 25 43 12 15 - 3 2 - 56 27 - 17 --
16110.0shl Rock Springs 18 53 25 4 14 -- 4 - -- 63 25 -- 12 -
16112.1s Rock Springs 23 20 51 10 13 - 4 2 -- 48 17 - 35 -
16115.3shl Rock Springs nd 54 3 3 15 - 4 1 -- 66 33 -- 11 --
16116.6shl Rock Springs 20 39 35 4 16 - 4 2 - 171 13 - 16 -
16117.8s  Rock Springs 23 25 46 3 20 -- 4 2 - 70 10 - 20 -
16118.0s  Rock Springs 26 28 40 10 16 - 4 2 -- 68 12 - 20 -
16168.8s  Rock Springs 27 15 48 13 15 - 8 1 - 74 15 - 11 -
17172.3shl Rock Springs 21 44 27 5 17 - 6 1 - 76 16 - 8 -
17173.3s  Rock Springs 28 27 37 14 15 - 7 - - 179 9 - 12 -
17176.1s  Rock Springs 21 20 47 8 14 - 8 3 - 70 24 -- 6 -
17178.5s  Rock Springs 20 17 52 6 14 - 9 2 - 62 20 -- 11 -
17183.2s  Rock Springs 15 21 53 2 14 -- 8 2 - 64 16 - 20 -
17187.0shl Rock Springs 18 60 22 - 14 - 4 - - 74 17 - 9 -
17959.0s  Rock Springs 32 21 32 20 12 - 15 - - 67 21 - 12 -
17960.0shl Rock Springs 21 45 26 10 12 - 7 - - 74 12 - 14 -
17965.0s  Rock Springs 28 29 34 12 16 -- 6 3 - 72 17 - 11 11
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Table 3. Mineralogical data for samples from Inexco A-1 WASP well
[Analyzed using X-ray powder diffraction. Sample designation indicates depth from surface to sample; suffix refers to lithology: s, sandstone;
shl, shale. All stratigraphic units are formations except Hilliard Shale and unnamed Tertiary unit. Data in relative weight percent. Sol Carb,
soluble carbonate; Cal, calcite; Dol, dolomite; Carb, other carbonate minerals; Plag, plagioclase; K-spar, potassium feldspar; I, illite; I/S,

illite-smectite; Kaol, kaolinite; Chl, chlorite; A, ankerite. tr, trace; leaders (--), none detected; nd, not determined]

Sample Stratigraphic Sol Whole rock <2-um clay fraction Percent illite
designation  unit Carb Clay Quartz  Cal Dol Carb Plag K-spar lllite /S Kaol Chi in I/S
10446.4shl Lance 7 48 44 3 2 - 3 - 25 41 24 25 81
10462.5s  Lance 14 24 60 10 3 - 3 -- 8 27 36 27 75
10509.2shl Lance 14 53 31 6 6 - 4 - 33 55 7 5 80
10510.0s  Lance 23 27 52 12 5 - 4 -- 12 49 25 12 75
10530.5s  Lance tr 32 63 1 - - 4 1 21 32 24 21 82
10541.3s  Lance 9 17 72 6 2 - 3 -- 17 32 33 18 80
10576.5shl Lance 19 60 23 10 6 - 1 - nd nd nd nd nd
11339.6shl Lance - 72 25 - 1 - 2 - 31 60 5 4 80
11356.4s  Lance 1 34 61 1 - - 3 1 20 49 20 11 79
11388.2s  Lance - 41 57 tr - - 2 - 23 50 17 10 82
11445.4s  Lance 8 23 68 6 2 - 1 - 20 36 32 12 80
11488.1shl Lance 12 55 30 6 4 2 2 1 31 55 7 7 80
11504.5s  Lance - 21 72 5 1 - 1 - 31 37 5 27 75
11546.0s  Lance 32 18 52 23 6 - 1 tr 28 56 10 6 80
11629.0shl Lance - 74 25 -- - - 1 - 46 47 3 4 80
11625.7s  Lance 10 33 55 6 3 -- 3 - 15 39 30 18 80
11656.0shl Lance - 63 36 - - - 1 - 36 57 3 4 85
11678.0s  Ericson 10 70 20 7 1 - 1 - 14 43 29 14 80
11736.1s  Ericson 6 30 64 2 2 - 2 - 26 33 27 14 82
11759.0s  Ericson 14 16 70 11 2 - 1 - 22 31 29 18 80
11969.2s  Ericson 8 15 78 5 1 - 1 - 33 44 4 19 82
11989.4s  Ericson 6 24 70 4 2 -- tr -- 20 38 14 28 80
12042.0shl Rock Springs - 23 76 - - - -- tr 38 51 6 5 80
12055.3s  Rock Springs - 57 42 tr tr - tr - 32 40 16 12 80
12128.0s  Rock Springs 5 22 74 3 1 -- -- - 29 50 8 13 78
12147.1s  Rock Springs 5 35 60 3 2 - - - 27 45 16 12 78
12153.9s Rock Springs 4 25 72 1 2 - tr tr 17 30 12 41 78
12220.0s  Rock Springs 8 20 73 7 tr - - - 18 30 27 25 78
12274.8shl Rock Springs - 53 47 -- -- -- - - 26 64 6 4 80
12296.2s Rock Springs 6 18 76 2 1 - - 19 18 52 18 78
12336.1s  Rock Springs 2 24 75 1 tr -- - - 21 23 16 40 78
12374.0shl Rock Springs -- 68 30 - - - 1 1 28 56 9 7 80
12396.4s  Rock Springs 6 21 73 4 2 - tr - 16 22 21 41 82
12432.5shl Rock Springs 10 64 28 2 3 3 tr tr 31 46 13 10 80
12451.9s  Rock Springs - 45 55 tr -- -- tr - 24 42 22 12 78
12494.9s Rock Springs -- 17 82 tr 1 - -- - 29 15 24 32 82
12531.2s Rock Springs - 29 69 tr tr - tr 1 19 25 25 31 82
12542.0s Rock Springs 1 28 71 1 - - tr - 40 38 7 15 80
12552.0s Rock Springs - 34 66 -- - - tr 1 21 27 35 17 78
13002.3s  Rock Springs 3 43 54 - 2 1 tr - 23 44 20 13 80
13003.4shl Rock Springs 4 43 54 - 2 1 tr - 25 51 14 10 82
13100.1s Rock Springs 6 28 67 3 2 -- tr - 26 42 18 14 80
13128.1shl Rock Springs - 55 43 - - - 1 1 40 30 22 8 82
13127.4s Rock Springs -- 18 82 - -- - - - 29 36 16 19 82
13181.2s Rock Springs -- 14 86 -- -- - -- - nd nd nd nd nd

D12 Geology of Tight Gas Reservoirs, Wyoming and Colorado



Table 3. Continued

Sample Stratigraphic Sol Whole rock <2-um clay fraction Percent illite
designation _ unit Carb Clay Quartz  Cal Dol  Carb Plag K-spar lllite /S Kaol Chl in I/S
13199.0shl Rock Springs 5 63 32 - 2 1 1 1 41 47 4 8 82
13224.8s  Rock Springs - 30 70 - - - tr - 43 47 20 10 85
13251.6shl Rock Springs - 32 66 1 - - 1 - 35 22 34 9 82
13264.0s  Rock Springs - 26 74 tr tr - tr tr 13 9 6 72 82
13306.5s  Rock Springs - 26 74 - - -- tr -- 17 5 - 178 nd
13311.6shl Rock Springs - 45 54 tr tr - 1 tr 25 56 12 7 87
13364.6s Rock Springs 3 34 64 2 - -- - tr 35 23 24 18 85
13366.1shl Rock Springs 18 46 37 1 15 - 1 - 35 44 12 9 80
13391.9s  Rock Springs 22 25 55 6 12 2 tr tr 36 14 37 13 87
13396.0s  Rock Springs 18 18 67 7 5 3 tr tr 35 13 35 17 80
13415.8shl Rock Springs 9 62 28 2 4 3 1 tr 47 41 5 7 80
13473.2s  Rock Springs 23 29 50 6 15 - tr tr 32 27 32 9 82
13475.5shl Rock Springs - 46 54 - - - - tr 27 47 15 11 nd
13506.2s  Rock Springs - 31 68 - - - tr - 52 29 8 11 85
13533.4s  Rock Springs 11 24 65 8 3 - tr tr 51 27 - 22 85
13542.3shl Rock Springs 23 49 34 6 10 -- 1 tr 53 27 - 20 82
13579.5s  Rock Springs 7 25 68 2 5 - tr tr 29 44 3 24 85
13670.3shl Rock Springs 21 60 26 3 7 4 tr - 56 32 - 12 85
13684.3s  Rock Springs 10 22 68 6 4 -- tr - 34 39 12 15 80
13731.5s  Rock Springs 10 26 64 4 5 - tr r 37 30 - 33 78
13737.9shl Rock Springs 7 33 61 2 3 - tr - 30 47 5 18 80
13811.1s  Rock Springs 1 43 57 tr -- -- tr tr 46 37 9 8 80
13866.0s  Rock Springs 23 27 53 9 8 3 tr - 31 45 18 6 82
13881.6s  Rock Springs 15 18 70 8 6 - tr tr 29 43 12 16 80
13884.2shl Rock Springs 16 60 24 4 11 1 - - 46 42 4 8 82
13924.0shl Rock Springs - 61 37 tr - - 1 1 48 39 5 8 80
13941.8s  Rock Springs -- 67 33 - -- -- tr tr 20 51 22 7 82
13952.9shl Rock Springs 19 61 21 5 7 6-A tr tr 46 42 4 8 85
13969.0s  Rock Springs 12 21 70 - 7 2 - tr 40 37 5 18 78
13987.0s Rock Springs 18 20 62 11 5 2 tr - 30 39 6 25 80
14020.6shl Rock Springs 9 61 29 - 9 - 1 - 46 44 4 6 78
14026.7s  Rock Springs 23 29 50 6 13 - 1 1 32 46 16 6 80
14043.2s  Rock Springs 21 25 53 15 5 5 tr - 37 51 - 12 75
14091.5s  Rock Springs 18 20 62 7 9 2 - - 31 30 6 33 78
14104.5sh1 Rock Springs 7 53 40 - 6 - tr - 39 40 7 4 82
14110.4s  Rock Springs 2 33 65 1 -- - 1 - 33 32 - 35 82
14121.6s  Rock Springs 5 34 62 tr 3 1 tr tr 35 40 11 14 82
14131.6s  Rock Springs 9 25 68 5 2 - tr - 26 56 - 18 80
14159.2s  Rock Springs 31 20 50 13 17 - tr tr 33 36 25 6 82
14198.0s  Rock Springs 13 21 68 6 5 tr tr tr 36 51 10 3 80
14241.9s  Rock Springs 20 29 53 7 9 2 - - 39 44 14 3 75
14286.0shl Rock Springs 22 48 32 4 15 - 1 - 47 40 6 7 80
14327.2s  Rock Springs 28 38 36 13 13 - tr tr 39 45 10 6 80
14341.6shl Rock Springs - 52 46 tr tr - 1 1 36 56 4 4 nd
14352.2s  Rock Springs 18 32 52 7 9 - - - 34 44 17 5 78
14358.7s  Rock Springs 25 35 42 8 15 1 - - 40 32 22 6 80
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Table 4. Mineralogical data for samples from American Hunter New Fork Nos. 1, 2, and 4 wells

[Analyzed using X-ray powder diffraction. Sample designation indicates well number and depth from surface to sample; suffix refers to lithology:
s, sandstone; shl, shale. All stratigraphic units are formations except for unnamed Tertiary unit. Data in relative weight percent. Sol Carb,
soluble carbonate; Cal, calcite; Dol, dolomite; Carb, other carbonate minerals; Plag, plagioclase; K-spar, potassium feldspar, I/S, illite-
smectite; Kaol, kaolinite; Chl, chlorite; C/S, chlorite-smectite; P, pyrite. tr, trace; leaders (--), none detected]

Sample Stratigraphic ~ Sol Whole rock <2-um clay fraction
designation unit Carb  Clay Quartz Cal Dol  Carb Plag K-spar Other llite  I/S Kaol Chl (/S
1-7951.4s Tertiary 20 13 63 12 6 - 3 3 - 23 21 39 17 -
1-7953.2s Tertiary 15 11 65 11 7 - 3 3 -- 7 32 30 30 -
1-7961.2s Tertiary 12 39 49 6 4 - tr 2 - 26 60 9 5 -
1-7965.1s Tertiary 18 19 61 16 2 - 1 1 - 12 45 29 14 -
1-7969.8s Tertiary 15 18 47 8 6 - 11 18 - 10 28 45 17 -
1-7975.2s Tertiary 8 13 67 6 5 -- 3 6 - 20 30 28 22 -
1-8150.0s Tertiary 12 21 60 7 5 - 2 5 -- 8 32 48 12 -
1-8152.5s Tertiary 14 18 41 9 8 - 8 16 - 13 11 65 12 --
1-8460.7s Lance 8 16 74 8 2 - tr - - 11 27 45 17 -
1-8486.6s Lance 11 18 72 6 4 - tr - - 17 29 38 16 -
2-8451.3s Tertiary 13 18 30 20 5 -- 11 16 - 12 38 43 7 --
2-8439.5s Tertiary 7 14 40 8 1 - 22 15 - 14 32 32 22 -
2-8461.4s Tertiary 2 16 47 3 1 - 18 15 - 13 39 19 29 --
2-8706.3s Tertiary 14 17 65 3 11 -- 1 3 - 35 36 17 12 --
2-8710.0s Tertiary 32 10 45 22 10 - 7 6 - 15 9 - 15 --
2-8713.9s Lance 11 19 68 8 2 -- 3 - - 14 41 27 19 -
2-8715.5s Lance 13 24 60 8 5 - 2 1 - 16 31 20 32 -
2-8752.3s Lance 26 31 38 7 17 - 1 6 - 35 42 11 12 -
2-9204.5s Lance 20 12 67 18 2 - 1 - - 12 27 44 17 -
2-9217.5s Lance 16 25 59 9 6 -- 1 -- - 13 53 20 14 --
2-9238.3s Lance 20 12 67 19 2 - tr - - 9 24 48 19 -
4-8260.0s Tertiary 21 14 63 21 -- - 2 - - 7 30 27 10 26
4-8263.8s Tertiary 13 24 38 14 1 - 9 14 - 3 34 23 3 28
4-8269.0s Tertiary 8 17 55 12 -- - 12 4 - 3 5 62 11 19
4-8271.0s Lance 6 31 61 7 - -- 2 -- - -- -- 4 96 --
4-8271.1s Lance 12 26 54 12 - - 8 - - -- -- - 100 --
4-8274.0shl Lance 8 53 36 7 3 -- - 1 - 24 65 7 4 -
4-8274.1shl Lance 11 59 28 7 3 - 1 2 - 16 72 8 4 -
4-8280.0shl Lance 10 65 25 7 2 -- tr tr - 25 63 7 5 --
4-8281.0shl Lance tr 67 31 1 -- -- tr 1 - 35 51 8 6 --
4-8287.0s Lance 2 28 68 3 - - - 1 - 13 22 18 46 --
4-8288.3shl Lance -- 49 47 - - - 2 2 - 26 42 21 10 -
4-8290.0shl Lance 1 65 31 2 1 - - 1 - 26 54 12 7 -
4-8292.0shl Lance - 65 35 - - -- - -- - 44 43 10 4 -
4-8510.0s Lance 10 16 73 11 - - tr - - 20 22 44 13 --
4-8516.0s Lance 16 27 51 16 - -- 4 - 2 15 19 45 22 --
4-8517.0s Lance 19 26 55 16 2 - 1 - - 18 17 -- 65 -
4-8520.0shl Lance 12 57 35 4 3 - -- 1 -- 35 48 11 6 --
4-8526.0shl Lance tr 79 20 -- tr - tr 1 - 35 45 11 9 --
4-8534.0shl Lance -- 57 40 - -- - - tr - 31 42 17 i0 --
4-8535.0shl Lance -- 72 25 - - - -- -- 2-p 37 50 9 4 -
4-10272.2s Lance 8 24 66 6 2 -- 2 - - 15 46 26 14 -
4-10280.0shl Lance 6 58 35 1 3 - 2 1 wP 40 43 11 6 -
4-10282.2s Lance 18 17 64 15 2 - 2 -- - 22 37 28 13 -
4-10287.5s Lance 6 27 65 4 2 - 2 - - 20 28 21 32 --
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Table 4. Continued

Sample Stratigraphic ~ Sol Whole rock <2-Um clay fraction
designation unit Carb  Clay Quartz Cal Dol Carb Plag K-spar Other lllite /S Kaol Chl C/S
4-10291.0s  Lance 7 17 75 6 1 - 1 - -- 19 47 17 17 -
4-10302.0shl Lance 13 72 20 6 2 -- tr - -- 48 39 6 7 -
4-10310.3s  Lance 10 28 59 7 3 -- 3 -- - 20 52 11 17 -
4-10315.8s Lance j 23 67 6 1 -- 3 tr -- 15 55 10 20 -
4-10316.0shl Lance - 59 39 -- -- - 2 - - 48 42 5 4 -
4-10329.0s  Lance 5 38 56 2 2 - 2 tr - 38 40 13 8 -
4-10523.3s  Lance 7 26 64 7 2 - 1 tr - 25 34 - 40 -
4-10524.3s  Lance 9 14 76 8 1 -- 1 tr -- 22 35 13 30 --
4-10524.4s  Lance 8 25 70 6 1 - 1 - -- 24 34 - 42 -
4-10543.0s  Lance 11 28 59 9 2 - 2 - - 22 61 9 7 -
4-10556.4s  Lance 6 17 74 6 1 - 2 - - 32 37 16 15 -
4-10565.4s  Lance 9 23 67 4 2 - 2 - - 19 53 5 23 -
4-10567.0s  Lance 3 29 67 3 tr - 1 - - 27 31 -- 42 -

grains, is 55-75 weight percent. The shales from this in-
terval in the Wagon Wheel well are more illitic than those
higher in the section (table 2). I/S and discrete illite com-
prise about 80-90 relative weight percent of the clay
minerals in the <2-um fraction.

Many of the samples from the unnamed Tertiary
unit and the uppermost part of the Lance Formation ex-
hibit extensive diagenetic modification. Similar types and
degrees of diagenesis can be correlated with equivalent
units and depths in the New Fork wells of the Pinedale
area. The particular intensity of diagenesis in this inter-
val is defined by extensive physical and chemical mod-
ifications in sandstone samples from core recovered
at depths beginning about 7,340 ft (2,240 m) in the
Wagon Wheel well. Lower Tertiary unnamed sandstones
cored from the interval above, at 7,040-7,140 ft
(2,150-2,180 m) exhibit much less diagenetic change than
sandstones below 7,340 ft.

Thin section and SEM analysis of core samples
7,343.6 and 8,084.6 from the Wagon Wheel well core
(table 2) illustrate the maximum extent of diagenesis
across the K-T interval in the Pinedale area. These
diagenetic events are diagrammed in figure 3. Early com-
paction produced deformation fabrics, including
squashing of ductile pelitic grains and rock fragments and
the fracturing, crushing, and interpenetration of brittle
framework grains (fig. 9D). Well-developed syntaxial
overgrowths on quartz framework grains formed prior
to other diagenetic stages. Chert overgrowth cement was
observed on a few grains (fig. 104). Schuster (1986)
reported that chert cement is ubiquitous in lower Tertiary
sandstones of the Pinedale anticline, but in this study
chert cement was rare and limited in extent when present.
Kaolinite cement replacing calcite was found to be ubi-
quitous, however, and, because of its microcrystalline
texture and low birefringence in thin section, it can easily

be mistaken for chert or other forms of microcrystalline
quartz (figs. 10B, C), particularly if SEM analysis of the
samples is not performed.

Chloritic clay cements commonly form rims around
framework quartz and most syntaxial quartz overgrowths
(fig. 10D). The precipitation of discrete chlorite cement
is interpreted as the next stage in the paragenetic se-
quence. Although much of this discrete chlorite cement
coexists with mixed-layer chlorite/smectite (C/S), the
C/S is interpreted to have formed later, as discussed
later.

Precipitation of discrete chlorite clay was followed
by cementation of sandstone by iron-free calcite. Calcite
also partly replaced feldspars, chert, and shale frag-
ments (fig. 9D). Iron-free calcite was later dissolved and
(or) replaced by iron-bearing calcite cement; the iron con-
tent of these cements, as revealed by staining, increases
with depth into sandstones of the Lance Formation
(fig. 11A4).

The later dissolution of calcite created extensive
intergranular and intragranular secondary porosity. Feld-
spars, chert, and shale and carbonate fragments were also
extensively dissolved (fig. 11B). Replacement of much of
the intergranular calcite cement by kaolinite resulted in
a complex network of microporosity (fig. 11B). Precipita-
tion of C/S (mainly corrensite) was contemporaneous
with formation and dissolution of iron-bearing calcite.
C/S is a cement in many of the sandstones in the inter-
val between 7,060 and 8,130 ft (2,150-2,480 m) (Pollastro
and Barker, 1986). Although the C/S coexists with late
authigenic quartz overgrowths, it postdates most
authigenic quartz because the clay commonly drapes
quartz crystals or etches quartz overgrowths (fig. 124).
In some cases, however, quartz crystal growth probably
was inhibited by the presence of C/S clay; therefore,
multiple stages of quartz precipitation were also likely.
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Figure 7. Thin section photomicrographs of sandstones of the Fort Union Formation in the Wagon Wheel No. 1 well. Scale bars 0.2 mm. A, Poorly sorted,
lithic arkose having high clay matrix (M) and clay-altered feldspars (Clf) (crossed nicols). F, feldspar. B, Intergranular and intragranular dissolution porosity
(P) in lithic arkose showing remnants of calcite (C). F, feldspar. C, Laumontite (L) cement replacing feldspars (F) in sandstone. D, Extensive dissolution porosity
(P) after removal of laumontite. F, feldspar; B, biotite.
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Figure 8. Scanning electron micrographs of clays in sandstones of the Fort Union Formation from the Wagon Wheel No. 1 well. A, Smec-
tite grain-coating cement. B, Feldspar (F) grain altered by smectitic clay (S). Q, quartz. C, Higher magnification of B. D, Framboidal pyrite
(P) in laumontite (L) cement showing chlorite (CH) replacing laumonite.
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Figure 9. Thin section photomicrographs of lower Tertiary sandstones from the Wagon Wheel No. 1 well. Scale bars 0.2 mm. A, Calcite (C) extensively cemented
sandstone having essentially little or no porosity. Q, quartz; B, biotite; F, feldspar. B, Poorly sorted sandstone having high clay matrix (M) and clay-altered
feldspars (CIf) (crossed nicols). F, feldspar; Q, quartz. C, Replacement of feldspars (F) by iron-free calcite (C) and ferroan (Fe) calcite (arrows). Note intergranular
dissolution porosity (P). D, Deformation fabrics (df) and dissolution porosity (P) in sandstone cemented by iron-free calcite (C). Note quartz overgrowth (OG)
cement and dissolution and replacement of feldspars (F) by calcite.
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Figure 10. Thin section photomicrographs of lower Tertiary sandstones from the Wagon Wheel No. 1 well. Scale bars 0.1 mm. A, Calcite (C) cement after
overgrowths (OG) on quartz (Q) and chert (CT) (crossed nicols). B, Extensive kaolinite (K) cement showing resemblance to chert (crossed nicols). C, Extent
and similarity of microcrystalline chert (CT) and kaolinite (K) (crossed nicols). D, Grain-coating chlorite (CH) cement.
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Figure 11. Thin section photomicrographs of lower Tertiary sandstones. Scale bars 0.2 mm. A, Ferroan calcite (Cfe) cement. Wagon Wheel No. 1 well.
B, High secondary porosity (blue) resulting from dissolution of calcite (C) cement and dissolution of feldspars (F) and other grains mostly replaced or
infilled by kaolinite (K). Wagon Wheel No. 1 well, 7,366 ft. C, Coarse-grained sandstone containing abundant detrital limestone (LS) and dolomite (D)
grains partly cemented by calcite (C). Q, quartz. New Fork No. 1 well, 7,970 ft. D. Rhombic detrital dolomite (D) grains in sandstone exhibiting dissolution
porosity (P) and remnants of calcite (C) cement. Note quartz overgrowths (OG).
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Figure 12. Scanning electron micrographs of authigenic clay minerals in sandstones. A, Chlorite/smectite (CS) and terminated quartz (Q)
crystals in close association with kaolinite (K). Wagon Wheel No. 1 well. B, Coarse, vermicular kaolinite as pore-filling cement. Wagon
Wheel No. 1 well. C, kaolinite (K) replacing earlier-formed calcite (C) cement. Ericson Sandstone, WASP well, 11,760 ft. D, Chlorite/smectite
(CS) honeycombs on earlier formed platelets of chlorite (CH). Wagon Wheel No. 1 well.



The extent of diagenesis in sandstones from the
K-T interval is variable: the high intensity of diagenesis
was certainly selective to particular sandstones. Many
sandstones within the same interval show few diagenetic
events and are still well cemented with iron-free or iron-
bearing calcite. The minor secondary porosity that ex-
ists in sandstones well cemented by calcite is primarily
intragranular and formed by the partial dissolution of
feldspars, chert, and sedimentary rock fragments. These
local variations in the intensity of diagenesis may be con-
trolled by sedimentologic factors.

New Fork Wells

The feldspar content of Tertiary rocks in the New
Fork wells varies from 2 to 40 weight percent and total
clay content averages 15-20 weight percent. Carbonate
minerals, mostly calcite, were observed in all Tertiary
sandstone samples; XRD analysis indicates that dolomite
contents are as high as 10 weight percent. Although no
Tertiary shales were analyzed from the New Fork cores,
shaley siltstones having clay contents of more than 30
weight percent (as calculated by XRD) (New Fork sam-
ple 1-7961.2, table 4) and clayey matrices observed in thin
section show a marked increase in discrete illite and 1/S.
The direct relationship between increases in discrete il-
lite and I/S and an increase in detrital clay in sandstone
suggests that shales from this interval have a similar clay-
mineral assemblage. This illite-1/S assemblage is similar
to that for equivalent rocks from the Wagon Wheel well.

Detrital limestone and dolomite grains and other
sedimentary rock fragments are abundant in Tertiary
sandstones from the New Fork Nos. 1 and 2 wells, par-
ticularly in the coarser sandstones (fig. 11C). Although
most of the detrital dolomite consists of well-rounded
polycrystalline grains, individual rhombs of detrital dolo-
mite commonly are dispersed throughout the finer
grained sandstones (fig. 11D). Detrital carbonate grains
were likely derived from Paleozoic carbonate rocks.
Rhombs of authigenic dolomite also occur as overgrowths
on detrital dolomite grains or as replacements in chert
fragments (fig. 13A4). Similar petrographic characteristics
for dolomite from the Wagon Wheel well were reported
by Dickinson (1984, 1985).

The style and intensity of diagenesis in the lower
Tertiary sandstones and sandstones from the Lance For-
mation in the three New Fork wells, a depth range of
7,950 to 10,570 ft (2,420-3,220 m), are similar in many
aspects to those for the K-T interval described in
the Wagon Wheel well between depths of 7,240 and
11,070 ft (2,240-3,370 m) and are summarized in figure
3. Most sandstones of the New Fork cores from this in-
terval contain significant secondary porosity. They are
characterized by well-formed, early quartz (fig. 13B)
and rare minor chert overgrowth cementation. Silica
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cementation was usually followed by the precipitation of
1/S clay around overgrowths and other framework grains.
C/S also formed in some of the sandstones from this in-
terval (table 4).

Calcite and kaolinite are major cements in Tertiary
sandstones from the New Fork wells (fig. 13B). Frame-
work feldspar grains have been extensively dissolved or
replaced, and sometimes infilled by calcite and (or) altered
to kaolinite (fig. 13C). The dissolution of calcite cement
and silicate framework grains (primarily feldspars and
chert) are the common causes of intergranular and in-
tragranular secondary porosity, respectively. The extent
of dissolution is variable, however, and thus the amount
of intragranular secondary porosity is unpredictable
among sandstones from any one interval.

Upper Cretaceous Rocks

General Mineralogy and Diagenetic Overview

In the Wagon Wheel well, total feldspar content
generally decreases to less than 5 weight percent of the
bulk rock in Upper Cretaceous sandstones and shales at
depths less than 16,000 ft (4,900 m), as compared to the
20-25 weight percent in Tertiary rocks immediately above
the Cretaceous-Tertiary unconformity (tables 2-4). Typ-
ically, 2-3 weight percent plagioclase is present, and
potassium feldspar is absent or present only in trace
amounts; however, rocks deeper than 16,000 ft (4,900 m)
in the Wagon Wheel well contain as much as 15 weight
percent total feldspar in some samples (table 2).

The diagenesis of Upper Cretaceous rocks from the
Wagon Wheel well varies in some aspects from unit to
unit, but many diagenetic events are common to most
units; these are shown in the upper part of figure 3. Ad-
ditional or unique diagenetic events are shown in the
lower part of figure 3. Early diagenesis of Upper Creta-
ceous sandstones from the Wagon Wheel well typically
involved compaction, framboidal pyrite formation, and
the precipitation of quartz overgrowth and smectitic clay
cements. These earliest stages were followed by partial
dissolution of framework grains and cementation by
calcite. Iron-bearing calcite commonly replaced earlier
iron-free calcite, and dissolution of both calcite cements
and feldspar, chert, and shale grains typically followed.
The replacement of calcite cement and (or) feldspar,
chert, and lithic grains (shale clasts) by kaolinite or the
precipitation of kaolinite cement in secondary pores was
almost ubiquitous during later stages of burial.

In the WASP well, the paragenetic sequence and
extent of diagenesis in sandstones from the Lance For-
mation and Ericson Sandstone and most sandstones from
the Rock Springs Formation are similar through the depth
interval cored (10,450-14,360 ft; 3,180-4,380 m) and are
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Figure 13. Thin section photomicrographs of sandstones. Scale bars 0.1 mm. A, dolomite (D) rhombs replacing chert (CT) in sandstone cemented by calcite
(O) (crossed nicols). B, Quartz-overgrowth cement (OG) and porosity (P) from dissolution of feldspar (F) and later calcite (C) cement prior to replacement
by kaolinite (K). C, Relic outline of rectangular feldspar (arrows) replaced by calcite (C) and kaolinite (K). Unnamed Tertiary unit, New Fork No. 4 well, 8,260
ft. D, Alternating quartz-overgrowth (OG) and clay (Cl) cements (crossed nicols, accessory plate). Q, quartz. Rock Springs Formation, WASP well, 12,514 ft.



summarized in figure 6. Most of the diagenetic stages are
similar to those in the generic sequence described above
for the Wagon Wheel well (fig. 3). Diagenesis of Upper
Cretaceous sandstones of the WASP well generally began
with the formation of quartz overgrowths; the develop-
ment of these overgrowths was sometimes preceded or
interrupted by the precipitation of smectitic grain-coating
clay (fig. 13D). Many of the sandstones are character-
ized by ferroan dolomite overgrowths on detrital dolomite
grains. The ferroan dolomite overgrowth cements are
easily recognized after carbonate staining. These over-
growths commonly are extensive, and can fill a signifi-
cant volume of primary pore space (fig. 144). Formation
of these overgrowths of ferroan dolomite postdated for-
mation of quartz overgrowths but predated cementation
by calcite (fig. 14B). These diagenetic events were almost
always followed by calcite cementation. Wherever iron-
free calcite cement formed, it commonly was replaced by
iron-bearing calcite cement. Fractures formed late in the
burial history, probably during uplift and erosion
(Pollastro and Barker, 1986), and were filled by quartz,
then dickite, and finally calcite (fig. 14C). Detailed
descriptions for each of the Upper Cretaceous units from
these wells follow.

Lance Formation

The Lance Formation is represented in core samples
from all five wells. Sandstones typically consist of 60-70
weight percent quartz, as calculated by XRD. Chert and
chalcedony are abundant and are framework grains or
microcrystalline replacements of earlier phases. Volcanic
quartz grains, including some having beta habit, were
observed in some sandstones (fig. 14D). Clay content
varies from about 10 to 35 weight percent of the bulk
rock; however, the very clay-rich sandstones commonly
contain shale clasts or laminae.

Diagenesis within the Lance Formation between the
cored intervals from about 8,920 ft to 11,070 ft
(2,720-3,370 m) in the Wagon Wheel well is summarized
in figure 3. Sandstones from this interval contain at least
two alternating generations of quartz and I/S clay ce-
ment. After formation of the second generations of
quartz and I/S cement, calcite cement was precipitated
and chert and shale clasts were replaced by calcite. The
later dissolution of calcite cement, chert, and sedimen-
tary rock fragments created some moderate secondary
porosity. If feldspar was an original component of these
rocks, most has been altered because little or no feldspar
was detected in the analysis. Replacement of many part-
ly to completely dissolved rock fragments by 1/S and
discrete illite suggests cannibalization (usually by solu-
tion) of earlier, more expandable clay and reprecipita-
tion as a more illitic assemblage (Pollastro, 1985).
Authigenic pore-lining and pore-filling chlorite was also
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precipitated after calcite dissolution and is closely
associated with the progressive growth of illitic cements.

Calcite and dolomite are common constituents to
the sandstones of the Lance Formation in samples from
all of the wells studied (tables 2-4). Much of the carbonate
material is detrital limestone fragments and polycrystal-
line dolomite grains (fig. 154); rhombic dolomite grains
are also common, particularly in some of the finer, clay-
rich siltstones. When observed in thin section, most sand-
stones and siltstones containing more abundant carbonate
(>10 weight percent of bulk rock as calculated by XRD)
are partly or extensively cemented by iron-free or iron-
bearing calcite (fig. 15B). Iron-bearing calcite cements
commonly replace earlier iron-free calcite cement. In
contrast, however, iron-free calcite fills fractures that
formed very late in the burial history (Dickinson, 1985;
Pollastro and Barker, 1986).

Kaolinite is a common cement in many of the sand-
stones, and, as in the Tertiary rocks, it replaces feldspar,
chert grains, rock fragments, and calcite cements.
Kaolinite cement commonly is extensive (fig. 15C). It
typically occurs as coarse crystals in books and vermicules
or as individual pseudohexagonal plates (fig. 12B).
Because of its coarse nature in many of the sandstones,
the weight percent of kaolinite relative to other clay
minerals in the rock may be grossly underestimated
because the XRD data only calculates the amount of
kaolinite in the <2-um fraction. Other authigenic clay
mineral phases in sandstones of the Lance Formation are
1/S, C/S, and discrete illite. In many cases, these clay
phases are overgrowths on a precursor clay substrate
(Pollastro, 1985).

Shale samples from the Lance Formation are
dominated by I/S and discrete illite clay; little kaolinite
and (or) discrete chlorite were observed in the shales. This
relationship is shown in the XRD data for the Lance For-
mation in all wells (tables 2-4). Chlorite and kaolinite,
however, are abundant in sandstones, particularly cleaner
sandstones; that is, those containing less than 20 weight
percent phyllosilicate minerals. This relationship is
demonstrated by a crossplot of XRD data for an inter-
val of the Lance Formation. The data show an almost
inverse relationship between the amount of <2-um
discrete chlorite and discrete illite (fig. 164). A com-
parison of the lithology of these samples and the XRD
data shows that the most chlorite rich sandstones are the
cleanest and that those sandstones containing the most
discrete illite are true shales. Intermediate compositions
include shale-laminated sandstones and lithic sandstones
containing an abundance of shale clasts.

Crossplots of total phyllosilicate content for the
bulk rock versus relative weight percent discrete illite (fig.
16B) or discrete chlorite (fig. 16C) also demonstrate well-
defined clay-mineral populations for both sandstone and
shale. This relationship can be explained by considering
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Figure 14. Thin section photomicrographs of sandstones. Scale bars 0.2 mm. A, Detrital dolomite (D) with ferroan (Fe) dolomite overgrowths (stained blue).
Rock Springs Formation, WASP well, 13,553 ft. B, Genesis of cements. Earliest quartz overgrowth (OG) cement on quartz (Q) grains, followed by ferroan dolomite
(Fe) overgrowths on detrital dolomite (D), then intergranular calcite (C) cement. Rock Springs Formation, WASP well. C, Cements filling fracture. Order of
genesis: quartz (Q), dickite (D), and calcite (C) (crossed nicols). Rock Springs Formation, WASP well, 13,612 ft. D, Volcanic quartz (V) grains having beta
habit, secondary porosity (P), and calcite (C) cement. Lance Formation, New Fork No. 2 well.
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Figure 15. Thin section photomicrographs of sandstones. Scale bars 0.2 mm. A, Detrital limestone (LS) and dolomite (D) in ferroan (Fe) calcite-cemented
sandstone of Lance Formation. Wagon Wheel No. 1 well, 10,153 ft. B, Low-porosity sandstone showing quartz overgrowths (OG) on quartz (Q) prior to calcite
(C) cement. Lance Formation, WASP well, 11,546 ft. C, Quartz overgrowths (OG) and replacement of calcite (C) cement (arrows) and grains by kaolinite (K).
Q, quartz. Lance Formation, Wagon Wheel No. 1 well, 8,124 ft. D, Quartzarenite comprised mainly of quartz (Q) and chert (CT) grains with clay (Cl) and
quartz-overgrowth (OG) cements. Ericson Sandstone, Wagon Wheel No. 1 well, 13,124 ft.



the origin for many of the clay minerals in sandstone ver-
sus those in shale. Detritus of the shales from the Lance
Formation was derived from sources containing free silica
(quartz, chert, and so forth), mica (mostly discrete illite),
smectite, and (or) I/S; some detrital carbonate (typically
5-10 weight percent) is also common. Few chlorite or kao-
linite clay minerals were common to the source area and,
therefore, deposited in the shales. In sandstones, however,
kaolinite is pervasive as an authigenic cement or replace-
ment phase, as discussed earlier, and was observed through-
out the entire Lance Formation at all localities in this study.
Discrete iron-rich chlorite is also an authigenic clay com-
mon to these low-permeability sandstones. The weight ratio
of chlorite and kaolinite to the total clay-mineral popula-
tion in these sandstones is probably underestimated from
the XRD data because many of the individual clay par-
ticles, as measured from thin section and SEM analysis,
is greater than 2 ym in diameter (fig. 12B). Therefore, these
relationships between sandstone and shale clay mineralogy
are probably more significant than the data plotted in figure
16 because the analysis only accounts for relative weight
percent as determined from the <2-um clay mineralogy.

Ericson Sandstone

The Ericson Sandstone was sampled from core of
the Wagon Wheel and WASP wells. In the northern Green
River basin, the Ericson is subdivided into an upper unit,
referred to as the Canyon Creek zone, and a lower unit,
the Trail zone (Law, 1984b; Law and Johnson, this volume).
The nonmarine sandstones of the Ericson are more con-
tinuous than the more common, lenticular Upper Creta-
ceous low-permeability sandstones in this area.
Compositionally, the sandstones of the Ericson are more
arenitic than the more lithic sandstones of the Lance For-
mation and other Mesaverde units in this part of the basin
(Gautier and Pollastro, 1982; Edman and Surdam, 1985).
There is some textural evidence suggesting that feldspars
were present in many of the Upper Cretaceous sandstones
sampled from the Wagon Wheel and WASP wells. This
evidence will be discussed below.

In the Wagon Wheel well, the upper zone of the Eric-
son contains quartzarenites that average about 90 weight
percent quartz, as determined by XRD (table 2). These
sandstones are composed primarily of detrital quartz, chert
fragments, and occasional shale clasts (fig. 15D). Parts of
the lower zone in the Wagon Wheel well (sample 13132 and
deeper, table 2), however, contain sandstones having 20-30
weight percent total clay, as calculated by XRD; this clay
is predominantly mica and kaolinite minerals.

Figure 16. Clay-mineral relationships between sandstones and
shales from the Lance Formation, Wagon Wheel No. 1 well, as
determined by X-ray powder diffraction. A, Relative weight
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The diagenetic stages interpreted for quartzarenites
of the Ericson Sandstone are shown in figure 5 for the
Pinedale area and figure 6 for the WASP samples.
Multiple stages of syntaxial quartz overgrowths inter-
rupted by stages of clay cement around framework quartz
grains are typical of sandstones of the Ericson (fig. 15D).
Quartz cementation filled most primary intergranular
porosity in many sandstones of the Ericson, and subse-
quent dissolution of chert grains and shale clasts produced
intragranular pores (fig. 174). The only porosity in
quartzarenite sandstones is intragranular secondary
porosity that formed by dissolution of chert and rock
fragments (figs. 174, B). Because of the dissolution of
less stable rock fragments and chert grains (both which
are microcrystalline composites and therefore contain
numerous reactive surfaces relative to framework quartz
grains and quartz overgrowth cement), sandstones of the
Ericson have higher porosity than sandstones in adjacent
formations. Therefore, the quartz-rich sandstones of the
Ericson have potential for better porosities than other
reservoir rocks at depths greater than 10,000 ft (3,050 m).

Highly illitic clay coats many of the quartz grains.
Grains having a sericitic appearance or coarse illitic
overgrowths account for a major part of the micaceous
material. Many of the sericitic grains are shale clasts that
probably contained a precursor smectitic clay. During
deep burial diagenesis, these grains were converted to a
more illitic composition with lath-shaped overgrowths
(Pollastro, 1985). Shale clasts also may have served as
nuclei for further crystal growth of intergranular illitic
or sericitic cements (fig. 17C).

Authigenic kaolinite is common in sandstones of
the Ericson. Chert grains are commonly altered to
booklets and vermicules of kaolinite (fig. 17D). Coarse-
crystalline dickite, probably of hydrothermal origin, fills
late-formed fractures in some sandstones of the Ericson
at a depth of about 13,200 ft (4,020 m) in the Wagon
Wheel well.

Sandstones of the Ericson in the WASP core are
generally coarser and contain more lithic fragments than
those from the Wagon Wheel well. These characteristics
are consistent with a closer proximity to a source area
to the northwest (B.E. Law, oral commun., 1987). Very
quartz rich sandstones are distinctively absent in samples
from the WASP core, as compared to samples from the
Wagon Wheel core. Detrital dolomite occurs in sand-
stones of the Ericson from the WASP well; it is less com-
mon than in those from the Wagon Wheel well and occurs
only in sandstones from the lower zone. Dolomite rhombs
commonly replace chert or are overgrowths on polycrys-
talline detrital dolomite grains, and sparry or rhombic
dolomite partly to completely replaces quartz and chert
grains (fig. 184). Calcite is rare or absent in Ericson
samples from the Wagon Wheel well. In the WASP core,
however, all sandstones of the Ericson contain calcite
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cement; this calcite is commonly partly dissolved or
sometimes replaced by kaolinite (figs. 12C, 18B).

Shales of the Ericson from the Wagon Wheel well
are enriched in kaolinite relative to all other shales in this
study (table 2). No shale samples from the Ericson were
analyzed in the WASP core.

Rock Springs Formation

Mesaverde Group rocks referred to as ‘“Undivided”’
by Law (1984b) are designated as the Rock Springs
Formation in this report (Law and Johnson, this volume)
and are represented in samples from the Wagon Wheel
and WASP wells. Seventy-three samples of the Rock
Springs Formation were analyzed from the WASP core
from 12,050 to 14,350 ft (3,670-4,370 m), and thirty-
seven samples were analyzed from the Wagon Wheel
well from about 14,000 to 17,965 ft (4,270-5,470 m)
(table 2).

Sandstones from the Rock Springs Formation in
the Wagon Wheel well typically are finer grained than
those from the WASP well and contain 45-50 weight per-
cent quartz, 25 weight percent total clay, and 20-25
weight percent carbonate minerals. Sandstones of the
Rock Springs Formation commonly are rich in sedimen-
tary rock fragments, particularly carbonate grains and
shale clasts; chert is also a major component. Early quartz
overgrowth cementation is common to lithic sandstones
of the Rock Springs Formation. A few quartzarenite
sandstones, petrographically similar to the quartz-rich
sandstones of the upper part of the Ericson from the
Wagon Wheel well, are present in the WASP core. These
sandstones are extensively cemented by silica and con-
tain mostly secondary moldic porosity from the dissolu-
tion of chert and shale clasts (fig. 18C).

Rock Springs sandstones from the Wagon Wheel
well are rich in detrital dolomite (fig. 18D); dolomite con-
tent averages about 15 weight percent, as determined by
XRD. Limestone rock fragments are also common.
Ankerite or siderite may also coexist with dolomite. In
core samples from the WASP well, dolomite increases
from about 2 to 15 weight percent downsection. Detrital
dolomite is both rhombic and polycrystalline and com-
monly has micritic or sparry overgrowths of ferroan
dolomite; micritic dolomite or ankerite cement sometimes
replaces or encompasses framework grains (fig. 194).
Iron-free and iron-bearing calcite cements are usually
present, and the more iron bearing varieties commonly
replace iron-free calcite (fig. 19B).

Sandstones from the Rock Springs Formation in
the Wagon Wheel well contain distinctly more feldspar
than do other Upper Cretaceous sandstones higher in the
section. Below a depth of about 16,000 ft (4,900 m),
plagioclase and potassium feldspar, combined, may com-
prise as much as 10 weight percent of the rock (table 2).
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Figure 17. Thin section photomicrographs of quartzarenites from the Ericson Sandstone, Wagon Wheel No. 1 well. Scale bars 0.2 mm. A, B, Porosity (P)
from dissolution of chert (CT) and shale fragments (RF) in quartz (Q) sandstone. 13,109 ft. C, Sericitic (S) overgrowths from sericitized grain in quartz (Q)
sandstone. 13,124 ft. D, Chert grain or shale clast altered to kaolinite (K).
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Figure 18. Thin section photomicrographs of sandstones. Scale bars 0.1 mm. A, Extensive replacement of chert and cementation by dolomite (D) (crossed
nicols). Q quartz. Lower part of Ericson Sandstone, Wagon Wheel No. 1 well, 13,197 ft. B, Dissolution porosity (P) and cementation by calcite (C) and kaolinite
(K). Q quartz. Ericson Sandstone, WASP well. 11,757 ft. C, Moldic porosity (P) in quartzarenite. Rock Springs Formation, WASP well, 13,181 ft. D, Quartz
overgrowth (OG) and ferroan (Fe) calcite cements in sandstone containing abundant detrital rhombic dolomite (D) grains. Note extensive dissolution porosity
(P). Q quartz. Rock Springs Formation, Wagon Wheel No. 1 well, 16,084 ft.
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Figure 19. Thin section photomicrographs of sandstones, Rock Springs Formation, Wagon Wheel No. 1 well. Scale bars 0.1 mm. A, Dolomite (D) and calcite
(C) cements replacing framework feldspar (F) and quartz (Q) (crossed nicols). 16,087 ft. B, Ferroan (Fe) calcite cement after iron-free calcite (C). Note porosity
(P) infilled by blue epoxy. 16,087 ft. C, Dissolution of feldspar (F) and replacement or infilling by calcite (C). 16,095 ft. D, Abundance of potassium feldspar
(KF) (stained yellow). 16,076 ft.



These feldspars may be partly or completely replaced by
calcite; in some samples, calcite cement fills earlier
dissolution pores in the grains (fig. 19C). Both potassium
feldspar and plagioclase grains are commonly unaltered
(fig. 19D). Other common mineral grains are biotite and
glauconite.

The common clay minerals in sandstones of the
Rock Springs Formation are illite, illitic I/S (table 3), and
iron-rich chlorite. Kaolinite was found in almost all sand-
stones from the WASP core and to a depth of about
14,950 ft (4,560 m) in the Wagon Wheel well. Illitic clay
cement was observed between stages of quartz overgrowth
cementation in many of the sandstones. Clay cementa-
tion may have occurred relatively early in the burial
history and, therefore, the original clay-mineral composi-
tion may have been modified during deep burial diagen-
esis (Pollastro, 1985). Illitic or sericitic clay overgrowths
also occur as elongate or lathlike crystals on shale clasts
and as coatings on framework grains. This micaceous clay
sometimes grows outward crystallizing from the frame-
work grain nucleus to form a late intergranular cement
(fig. 204).

Diagenesis of sandstones from the Rock Springs
Formation in the Wagon Wheel well can be separated into
two different sequences by depth and is shown in figure
3. Sandstones from the upper sequence, from 14,890 to
14,950 ft (4,340-4,560 m), exhibit less quartz overgrowth
cementation than those from from 16,060 to 17,970 ft
(4,890-5,480 m). Authigenic kaolinite is common to sand-
stones in the upper cored interval and is absent in sand-
stones below 16,000 ft (4,900 m). Ankerite and siderite
cements are common in the upper sequence; dolomite is
more common in sandstones of the lower sequence (table
2). Sandstones below 16,000 ft (4,900 m) contain unusu-
ally well preserved feldspars, more extensively developed
syntaxial quartz overgrowths, and rare occurrences of
chert cement. Late diagenetic features in the lower se-
quence include precipitation of pore-filling chlorite and
infilling of fractures by quartz and iron-free calcite.

Porosity in sandstones from the Rock Springs For-
mation is essentially secondary and produced through the
dissolution of intergranular cements, framework chert,
and shale clasts (fig. 20B). The dissolution of feldspars,
where present, also contributes to the development of
some moldic porosity.

Illite and I/S are the major clay minerals in shales
of the Rock Springs Formation. Chlorite and kaolinite
each comprise less than 10 relative weight percent of the
<2-pm clay minerals of the shales from the Wagon Wheel
well. Kaolinite and chlorite are more abundant in shales
from the WASP well, where they commonly exceed 20
relative weight percent of the <2-um clay minerals. The
relative increase in abundance of kaolinite and chlorite
in WASP shales is consistent with a closer proximity to
provenance, assuming kaolinite and chlorite in these

D32 Geology of Tight Gas Reservoirs, Wyoming and Colorado

shales are primarily detrital components. In the Wagon
Wheel well, kaolinite is not present in either shale or sand-
stone samples below 16,060 ft (4,900 m), and the relative
amount of clay-size chlorite markedly increases below
that depth (table 2). This relationship may indicate that
kaolinite is not stable at high temperatures produced by
deep burial, as first suggested by Hower and others
(1976).

Two sandstone and one shale sample of the Rock
Springs Formation were analyzed from the Wagon Wheel
well at depths from 17,960 to 17,970 ft (5,477-5,480 m).
The sandstones are extensively cemented by carbonate
minerals; total carbonate averages about 30 weight per-
cent of the bulk rock, as calculated by XRD (table 2).
Dolomite is commonly more abundant than calcite;
rhombs of detrital dolomite are dispersed throughout the
sections, and micritic to sparry dolomite overgrowths
form intergranular cements or sometimes replace feld-
spars, quartz, chert, or shale fragments (fig. 20C). Inter-
granular iron-free and iron-bearing calcite cements are
present; iron-bearing calcite cement always replaces iron-
free calcite. It also replaces dolomite rhombs, chert, and
other rock fragments.

Relative to most other Upper Cretaceous sand-
stones in the Wagon Wheel well, distinctly more feldspar
is in the Rock Springs Formation. Many of the feldspars
are well preserved. Plagioclase is in amounts as high as
15 weight percent of the bulk rock, as calculated by XRD
(table 2). Stained thin sections reveal the presence of
unaltered potassium feldspar in moderate quantities
(fig. 20D). Because of the relative abundance of feldspars
at this depth, the possibility of albitization or other auth-
igenic feldspar formation was investigated for these sand-
stones. No evidence for this process was found and it is
interpreted that the feldspars in the Rock Springs For-
mation are original detrital components that have been
preserved throughout its burial history.

Specific Diagenetic Phases and Events

Laumontite and Associated Framboidal Pyrite and Chlorite

Laumontite-bearing sandstones are in the Fort
Union Formation in the Wagon Wheel well, at a depth
of about 5,000 ft (1,520 m). Burial reconstruction for the
area of the well (Pollastro and Barker, 1986) suggests that
approximately 5,600 ft (1,700 m) of section has been
eroded. The total maximum burial estimated for
laumontite-bearing sandstones of the Fort Union For-
mation in the Wagon Wheel well therefore is about
10,600 ft (3,230 m), a depth that corresponds to a
calculated maximum burial temperature for these rocks
of 90 °C (Pollastro and Barker, 1986, fig. 9). Many re-
cent studies report the formation of laumontite very
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Figure 20. Thin section photomicrographs of sandstones. Scale bars 0.1 mm. A, Intergranular sericite (S) overgrowths nucleating from sericitized grains
(crossed nicols). Rock Springs Formation, WASP well, 13,255 ft. B, Detrital dolomite (D) rhombs showing ferroan (Fe) calcite cement after iron-free calcite
(C). Note dissolution porosity (P). F, feldspar. Rock Springs Formation, Wagon Wheel No. 1 well, 16,084 ft. C, Original feldspars (F) being replaced by
dolomite (D) in sandstone (crossed nicols). Rock Springs Formation, Wagon Wheel No. 1 well, 17,959 ft. D, Yellow-stained potassium feldspars (KF) in
deep sandstone. Rock Springs Formation, Wagon Wheel No. 1 well, 17,965 ft.



late in the burial history and in the deep subsurface
(Crossy and others, 1984; Helmold and van de Kamp,
1984) or in environments having temperatures that ap-
proach or mark the onset of metamorphism (Ghent,
1979).

McCulloh and others (1981) studied the Sespe Hot
Springs, Calif., and reported laumontite formation be-
tween temperatures of 43 and 89 °C. They concluded that
laumontite can crystallize at any depth between the sur-
face and 22,000 ft (6,700 m) and that its formation is
dependent upon wherever the appropriate combination
of temperature, fluid pressure, and fluid composition are
met and mineralogically immature, permeable, and
porous rocks have reacted sufficiently with interstitial
water having exceptionally low pCO,. They also stated
that the derivation of laumonite from any precursor
zeolite is not required and that the concept of depth zona-
tion of zeolitic minerals in burial diagenesis, as suggested
by Miyashiro and Shido (1970) and others, is not
necessarily valid with respect to this mineral. It is inter-
preted here that laumontite in the sandstones of the Fort
Union Formation from the Wagon Wheel well likely
formed early in the burial history of the rocks, when
primary intergranular porosity was high and temperatures
were much less than 90 °C, probably by processes similar
to those of the Sespe Hot Springs.

Framboidal pyrite and authigenic chlorite are also
associated with laumontite cement (fig. 8D). The forma-
tion of framboidal pyrite in sedimentary rocks is reported
to occur shortly after burial of the sediment by sulfate-
reducing bacteria. (See review by Berner, 1984.) Dis-
persed, intergranular, framboidal pyrite associated with
laumontite in the study area may have precipitated (1)
in primary intergranular pores shortly after deposition
of the sediment and then later was enclosed within the
laumontite cement or (2) in close association with the
laumontite from warm hydrothermal fluids. The former
interpretation is more likely because in thin sections of
several other sandstones, texturally similar framboidal
pyrite was observed enclosed by early calcite cement. The
pyrite probably acted as a source of iron for the later for-
mation of chlorite clay; in thin section concentrations of
chlorite are found within reddish-brown stained areas
where pyrite framboids either are concentrated or have
been partly or completely dissolved.

Interstratified Chlorite/Smectite (corrensite) in Sandstones

Interstratified chlorite/smectite (C/S), mainly cor-
rensite, is in sandstones between a sampled depth inter-
val from 7,080 to 8,130 ft (2,150-2,480 m) in the Wagon
Wheel well. Corrensite in these rocks is thought to have
formed, at least in part, by reacting from a precursor
chlorite cement. This interpretation of a chlorite precur-
sor is evidenced texturally by a honeycomb morphology,
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characteristic of smectite, superimposed on or mixed with
an earlier ‘‘house of cards’’ morphology that is charac-
teristic of discrete chlorite (fig. 12D). This interpretation
is also supported by the occurrence of early discrete
chlorite cements in sandstones of the Fort Union Forma-
tion above this interval and the Lance Formation below
this interval. Pollastro (1985) reported similar relation-
ships for the evolution of I/S clay in the Wagon Wheel
well. Iron for the formation of C/S may have been
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