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To identify technical and economic criteria useful for evaluating the potential of
coalbed methane in western United States coal basins and to compile data and
describe each basin in terms of the criteria.

Eight western basins contain coalbed methane resources of 280 Tcf
(7.92 Tm3), or 71 percent of the nation’s total of 392 Tcf (11.09 Tm3).
Recent GRI reports characterized the geologic and hydrologic controls on
coalbed methane producibility in the San Juan Basin (88 Tcf). The initial phase
of this study eliminated Western Washington (24 Tcf), Uinta (5 Tcf), and Wind
River (2 Tcf) Basins from further consideration owing to their small coalbed
methane resources and/or lack of sizable data base. This report reviews the
coalbed methane potential of the Greater Green River (29 Tcf), Piceance
(84 Tcf), Powder River (30 Tcf), and Raton (18 Tcf) Basins on the basis of
current literature and available production data.

The Greater Green River Basin is divided into four subbasins (Green River, Great
Divide, Washakie, and Sand Wash Basins) by the Rock Springs Uplift and
Wamsutter and Cherokee Arches. Upper Cretaceous and lower Tertiary strata
offer numerous coalbed methane targets. Permeable, normally pressured and
artesian coal seams occur at depths to 7,000 ft (2,135 m) above regional
overpressure. Coal rank ranges from subbituminous to semianthracite, and gas
contents range from 150 to 375 Scf/ton (4.3 to 10.9 m3#t). Vitrinite reflectance
profiles indicate that the eastern Greater Green River Basin has greatest coalbed
methane potential. Coalbed methane resource is 29 Tcf (821 Bm3), with a
cumulative production of 4,651 MMcf (131 MMm3) mostly from Mesaverde and
Fort Union coal beds in the Sand Wash Basin.

The Piceance Basin is bounded by the Uinta Mountain Uplift, Axial Arch, White
River Uplift, and Elk Mountains. Coals in the Cameo coal group (Mesaverde
Group) are the major coalbed methane targets, the basin being dominated by
underpressure and hydrocarbon-related overpressure, indicating low overall
permeability. Coal rank ranges from high-volatile C bituminous to semianthracite,
and gas contents range from 200 to 450 Scf/ton (5.8 to 13.12 m3t). The Cameo
coal group contains 65 Tcf (1.84 TmS3) of coalbed methane resources of the
total of 84 Tcf (2.38 Tm3). Cumulative coalbed methane production is
7,854 MMcf (222.3 MMmS3).

The Powder River Basin is bounded by the Big Horn, Laramie, and Black Hills
Uplifts. The main coalbed methane target is the Tongue River Member of the
Fort Union Formation, where coal seams are major aquifers that will be difficult to



Technical Approach

Implications

dewater. Coal rank is lignite to subbituminous and locally to high-volatile C
bituminous. Gas contents are less than 100 ft3/ton (<2.9 m3/t), and coalbed
methane resource estimates range from 16 to 30 Tcf (453 to 849 Bm3), but
cumulative coalbed methane production is only 850 MMcf (24.1 MMmS3).
Shallow drilling depths (average completion depth 500 ft [152 m]) are
attractive to small operators.

The Raton Basin is bounded by the Sangre de Cristo Mountains, the Apishapa
and Las Animas Arches, and the Sierra Grande Uplift. Tertiary intrusives cause
additional structural complexity. The main coal-bearing units are the Vermejo
and Raton Formations. The basin is regionally underpressured, reflecting
insulation from recharge and coal-seam lenticularity. Coals of high gas content
(200 to 400 Scf/ton [5.8 to 11.6 m3/t]) ranging from high-volatile C bituminous
to low-volatile bituminous in rank, occur at shallow depths. The coalbed
methane resource is estimated at between 12.4 Tcf (350.9 BmS) and 18.4 Tcf
(520.7 Bm3). Only 11.7 MMcf (331,110 m3) of coalbed methane has been
produced because most of the basin's wells are-currently shut-in, pending
construction of a gas pipeline.

The basins were compared in terms of structure, stratigraphy, hydrology, and
thermal maturity. Tectonic and stratigraphic settings were described to
document areas where coalbed methane production may be favored. Coalbed
cleats and stress-orientations were recorded to determine possible permeability
anisotropy. Coalbed methane exploration fairways were based on coalbed and
sandstone characteristics and regional coalbed-occurrence trends. Topo-
graphic, precipitation, stratigraphic, and structure data were combined with
available hydraulic head and hydrochemical data to identify basinal ground-water
flow patterns. The pressure regime was evaluated from pressure gradients,
relation between head and land surface, flowing wells, hydrostratigraphy, and
surface geology. Vitrinite reflectance and proximate analyses were used to
construct coal-rank maps and to evaluate the thermal maturation history, and
vitrinite reflectance profiles were used to evaluate the relationship between
depth and coal rank. The isotopic and compositional data for coalbed gases
were used to determine coalbed gas origin, explore the possibility of gas
migration, and evaluate the relation between coal rank and gas composition.
Production data from coalbed methane wells were tabulated. The major coalbed
methane fields were described and completion and drilling activity summarized.
On the basis of technical and economic criteria, basins were assigned primary
and secondary coalbed methane potential.

This report will help producers identify potential targets for development in the
Greater Green River, Piceance, Powder River, and Raton Basins of the western
United States. It describes the factors found to be important for high productivity
from coal seams in the San Juan Basin, such as structural setting, coal
thickness, rank, distribution, and hydrology. These insights advance the
understanding of the controls and occurrences of areas having high coalbed
methane potential and will also be used to help guide future GRI research
efforts. -

Richard A. McBane
GRI Project Manager
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" EXECUTIVE SUMMARY
Introduction

Eight western basins—San Juan, Greater Green River, Piceance, Powder River, Raton, Western
Washington, Uinta, and Wind River (fig. ES-1)—Contain, by virtue of their tremendous coal tonnage,
coalbed methane resources of 280 Tcf (7.92 Tm3), or 71 percent of the nation’s total of 392 Tcf
(11.09 Tm8). However, only in the San Juan Basin are these western coalbed resources being
extensively exploited to meet the nation’s demand for natural gas. In a recently completed comprehensive
study integrating geolbgy and hydrology, the Bureau of Economic Geology (BEG) identified geologic and
hydrologic controls on the production of coalbed methane in the San Juan Basin (Ayers and others,
1991). As part of the GRI's assessment of natural gas supply, the BEG is currently reviewing the geology
and hydrology of other western basins. In-a preliminary screening, Western Washington, Umta, and Wind
River Basins were eliminated from further review because of small coalbed methane resources and/or data
bases, judged too small for a full analysis of the controls on coalbed methane production. On the basis of
available data, this report reviews the coalbed methane potential of the four remaining basins: Greater
Green River, Piceance, Powder River, and Raton. Coal and coalbed methane resources, structure,
depositional setting, hydrology, thermai maturity, production, industry activity,'and infrastructure are
reviewed in each basin in-order to identify geologic and hydrologic controls on the occurrence and
producibility of coalbed methane (table ES-1). Their relativé importance is discussed in the context of
lessons learned in the San Juan Basin. |

Resources -

Estimated coal and coalbed methane resources are large in all four basins and each basin is an
attractive coalbed methane target (table ES-1). These reported estimates were arrived at under a variety of
‘assumptions and criteria that were not the same for each basin. Although the estimates are not strictly
comparable they are not significantly different except in the Raton Baéin where coal resources are one or
two orders of magnitude less than those of the other basms (table ES-1). Small coal resources limit the
Raton Basin's coalbed methane potential. The Greater Green River and Powder River Basms because of
their sizes and great net-coal thicknesses, have the largest coal resources (table ES-1). Not all of the area
of the Greater Green River and Piceance Basin is underlain by coals that are accessible by shallow
(<6,000 ft [<1,830 m]) drilling. However the great overall thickness of the coal-bearing stratngrapmc
interval in the Greater Green River Basin partly compensates for the greater depths of part of the basin. All
the area of the Powder River and Raton Basins is underlain by shallow coals. Gas resources are largest in
the Piceance and Greater Green River Basins, 84 Tcf (2.38 Tm3 and 29 Tcf (0.82 Tm3), respectively
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Table ES-1. Coalbed methane characteristics of western United States coal basins.

RESOURCES ,
CRITERIA San Juan | Greater . Green Piceance Powder River Raton
’ River
Area (mi2) 7,500 21,000 6,700 25,800 2,200
Typ. thick. of maj. coal-bearing int. (ft) 300-400 4,000-9,000 500-1,500 1,500-2,500 500-1,500
Coal resource (billion tons) 240 >302 380 1,031 17
Coal rank (R, percent) >0.73 >0.73 >0.73; <0.50 >0.73
Typical gas content (Scf/ton) 100-500 150-375 200-450 <100 200-400
Published max. gas-in-place (Tcf) - 88 29 84 16— 30 12-18
STRUCTURE
Structural relations Simple Complex Complex Locally complex Locally complex
Thrusted/elevated margins (sides) Steep (3) Steep (4) Very steep.(2) Gentle (1) Steep (1)
Intrabasin uplifts Absent Numerous Several Absent Few"
Face-cleat orientation NW; NE ENE; WNW NNE; ENE NNE; E ENE;WNW
Overlapping face-cleat domains Yes No Possible Yes No
Structural dip changes Few Numerous Several Few Few
DEPOSITIONAL SETTING
Maximum-coal thickness (ft) 25-40 25-35 20-35 100-150 <10
Typical net-coal thickness (ft) . 40-60 150-200 100-150 250-350 40-70
Coal seam continuity Good Good Good Excellent Poor
Coal seam orientation NwW N-NE NE (shoreline) / NwW NE (south basin) /
NW (floodplain) NW (north basin)
Typ. thick. of maj. coal-bearing int. (ft) 300-400 4,000-9,000 500-1,500 1,500-2,500 500-1,500
HYDROLOGY
Artesian overpressure Extensive Present Present Present Probable
Hydrocarbon overpressure Absent Extensive Present Absent Absent
Normal pressure-. - Present Extensive Present Present Present
Underpressure Extensive Present Extensive Absent Extensive
Chlorinity (mg/L) 10's-100's 100's-1,000's 100’s-1,000's 100's 100's
Permeability (md) ~10 ~10 <1/ locally ~10 10's — 100's ~5
Pressure transition Extensive Extensive Present Absent Absent
Convergent flow Extensive . Extensive Present Minimal Present
Flow direction Southwest East and west Northwest North East
. THERMAL MATURITY
Coal rank, avg R, (%) at 6000 ft 0.65 - 2.35 0.55 - 0.60 0.70 - 1.50 <0.50 >2.0
Typical gas content (Scfton) 100-500 150-375 200-450 <100 200-400
Gas composition Very wet-very dry Dry - very dry (?) Very wet - very dry Dry - very dry Very dry
CO; content Low - very high Low — high.(?) Low - very high Low - very high Low
Dominant gas origin Thermogenic Biogenic, migrated Thermogenic Biogenic Thermogenic
and biogenic - thermogenic
DATA BASE
Geophysical logs 19,000 19,294 6,860 33,283 189
DST's (coal intervals) 50 1,803 150 10 4
DST's (coalbed) 10 11 19 -3 0
PRODUCTION
Cumulative gas (MMcf) 165,000 4,651 7,810 791 12
Cumulative water (MMbbl) >3 2 1 3 1
IP gas (Mcf/d) 1.00-400 50->200 100-500 - <100-300 <100-300
IP water (bbl/d) 40-400 - <200-600 <100-400 200-1000 100-400
Avg. depth of CBM completion (ft) ~2,600 2,671 5,048 478 1,512
INDUSTRY ACTIVITY
Companies active >50 22 13 32 7
Coalbed completions >1,200 20 49 55 17
Relative interest Very high High Very high High Low
: INFRASTRUCTURE
Pipelines Interstate . | Interstate | Intrastate Interstate { None
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(table ES-1). Gas resources in the Greater Green River Basin are potentially larger than reported because
of the basin’s large size and net-coal thickness of more than 200 ft (>61 m).

Structure

The configuration of the Greater Green River, Piceance, Powder River, and Raton Basins is the
result of similar tectonic and structural histories. These basins lie in the Rocky Mountain Foreland, a major
tectonic element between the Overthrust Belt and the: North American Craton (fig. ES-2). During the
Laramide Orogeny, in Late Cretaceous and eatly Tertiary time, the Foreland was broken into a number of
smaller basins by basement-involved thrusting, which elevated highlands and resulted in sediment being
shed into the newly formed intermontane basins. Tectonism was followed by an episode of erosion, a
period of widespread magmatism and volcanism in the Oligocene', and finally an episode of renewed
tectonic uplift about 10 mya. By the end of the Pliocene, the basins’ present structural configuration,
topography, surface drainage, and hydrodynamics were largely established.

Regional structural elements are the result of Laramide and post-Laramide tectonism. Their
abundance is e measure of structural complexity. The Greater Green River and Piceance Basins are
- structurally complex, whereas the Powder River and Raton Basins have relatively simple structures
(table ES-1), as does the San Juan Basin, the nation’s most productive coalbed methane basin. The
importance of regional structural elements is mainly in the associated fracture-enhanced permeability.
Regional changes in structural dip may be sites of fracture-enhanced permeability or structural
discontinuities (hingelines), and thus sites for coalbed methane production, as in the San Juan Basin
where the basin’s most productive wells occur. If structural complexity and dip changes translate into
fracture-enhanced permeability and conventional trapping of gas along structural hingelines, the more.
complex Greater Green River Basin is given an advantage over the other basins.

Fractures are the primary control on coalbed permeability. Coal is pervasively fractured (cleated) and
commonly has one or more dominant sets (face cleat) that impart permeability anisotropy, which may be
predictable from the regional cleat patterns. The face cleats are extension fractures that strike parallel to
tectonic shortening directions, and they are typically oriented at right angles to orogenic thrust faults.

Depositional Setting

Major depositional controls on theproducibility of coalbed methane are the size, thickness,
orientation, and stratigraphic complexity of the coal reservoirs. Maximum-coal thickness is a critical
parameter for the production of coalbed methane and isinferred to be an indicator of productivity,
whereas net-coal thickness indicates gas resources. In the San Juan Basin, the correlation of
maximume-coal thickness with productivity trends is superior to that of average- and net-coal thickness with
such trends. Sandstones, which are depositional platforme for coal accumulation, ultimately bound coal
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seams and therefore determine their size. Therefore, sand-body geometry and coal/sandstone relations
cannot be ignored.

Upper Cretaceous and/or lower Tertiary coal-bearing strata are the potential coalbed methane targets
-in all basins. Upper Cretaceods depositional systems were predominantly wave-dominated deltas and
barrier/strandplains, which formed linear clastic shorelines. The thickest coal seams were preserved
landward and parallel to these ancient shorelines. Commonly, thick coals rest directly on marine shoreline
sandstones. In contrast, lower Tertiary coals are hosted by fluvial-lacustrine sediments where interchannel
floodplains and foundered lacustrine deltas were sites of organic accumulation.

Greater Green River Basin

In the Greater Green River Basin, the coal-bearing stratigraphic interval is thousands of feet thick and
extends from the Upper Cretaceous Mesaverde Group through the lower Tertiary Wasatch Formation. The
thickest and most continuous Cretaceous coal beds occur in the lower part of coal-bearing intervals in the
Mesaverde Group (Williams Fork, Almond, and Rock Springs Formations) and the Lance Formation. These
coal beds are individually as thick as 35 f‘t‘(11 m) and extend for as much as 10 to 20 mi (16 to 32 km). In
contrast, lower Tertiary coal beds (Fort Union and Wasatch Formations) are less continuous and typically
have lateral extents of less than 5 mi (<8 km),‘reﬂecting accumulation on floodplains of limited size and
temporal stability. Most of the Cretaceous coal seams are less than 6,000 ft (<1,830 m) deep ‘only along
the southeast margin of the basin (Sand Wash and Washakie Basins), in the center of the basin at the
Rock Springs Uplift, and along the northwest basin margin on the north end of the Moxa Arch. However,
because of the thick coal-bearing interval, multiple targets are present, and basinward progressively
youhger intervals can be tested at exploitable depths. For example, at the center of the Washakie and
Sand Wash Basins, Mesaverde coal seams are certainly too deep for economic exploitation, but lower
Tertiary coals may be present at exploitable depths.

Piceance Basin

The Piceancé Basin has. a single major coalbed methane target—the Cameo coal group in the lower
part of the Mesaverde Group. The Cameo interval ranges from 300 to 600 ft (91 to 183 m) thick and occurs
at an average depth-of approximately 5,000 ft (1,525 m). Maximum thickness of individual Cameo coal
beds is 20 to 35 ft (6 to 11 m), and net-coal thickness ranges from less than 20 ft (<6 m) to more than 60 ft
(>18 m). The most continuous Cameo coal beds formed landward (northwestward) of the Rollins shoreline
sandstone and extend northeastward along depositional strike for 5 to 10 mi (8 to 16 km). Less
continuous, fluvial Mesaverde coal beds occur up the paleoslope to the northwest.
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Powder River Basin

The thickest, most laterally dontinuous coal seams are found in the Powder River Basin in the
Tongue River Member of the Paleocene Fort Union Formation. These coal seams locally exceed 300 ft
(91 m) in net thickness in the center of the basin‘. Individual coal beds exceed 100 ft (30 m) in thickness,
extend along depositionalv strike (northwest) for tens of miles, and occur in two separate
northwest-trending belts in the east and central pérts of the basin. These belts reflect westward
progradation of a lacustrine-delta system, followed by abandonmént, fo,u’ndering, and subsequent peat
(coal) accumulation. |

Raton Basin

The coal-bearing stratigraphic units in the Raton Basin are the Upper C,retéceous Vermejo-and Upper
Cretaceous—Paleocene Raton Formations. The basin’s thickest coals (maximum thickness ranges from 10
to 14 ft [3 to 4.3 m]) are found in the lower Vermejo Fofmation, where they formed landward (westward) of
the Trinidad shoreline sandstone. Fluvial coal beds ih the Ratoh Formation are thinner (maximum
thickness 6 ft [1.8 m]) and less continuous.

Basin Comparison

Coalbed methane targets occur in Upper Cretaceous and/or lower Tertiary strata. The thickest and
most continuous coal seams are in the Powder River Basin, the thinnest and least continuous, in the
Raton Basin (table ES-1). Maximum-coal thickness, or thickness of the single thickest seam, exceeds 20 ft
(6 m) in all basins, except the Raton. In the San Juan Basin, maXimum-cpal thickness is inferred to be an
indicator of gas productivity, whereas net-coal thickness indicates gas resources. In all basins, typical
net-coal thickness exceeds 100 ft (30 m) except in the Raton. However, the thickest coal-bearing
stratigraphic interval (thousands of feet) is in the Gre»ater Green River Basin. Thus, potential coalbed
methane targets are‘numerous in all basins but most numerous in the Greater Green River Basin, where
progressively younger intervals can be tested basinward at exploitable depths.

Hydrology

Basin hydrology reflects present-day structural configuration (attitude of aquifers and aquitards),
topography, climate (précipitation and infiltration), and permeability. Reservoir conditions are inferred from
basin hydrology. Because hydraulic gradient, pressure regime, and hydrochemistry reflect an aquifer’s
ability to accept and transmit fluid, they reflect regional permeability contrasts. In the San Juan Basin,
higher permeability in the Upper Cretaceous Fruitland Formation was correlated with gentle hydraulic
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gradients, artesian overpressure, and‘ low-chloride formation waters (Kaiser and'others, 1991b).
Regionally, artesian overpressure requires high permeability, confinement, and recharge at an elevated
outcrop. Underpressure reflects low permeabil"ity and insulation from recharge. The presence of
low-chloride water indicates active recharge and basinward flow along permeable pathways. In other
basins, overpressure may reflect active hydrocarbon generation, whereas underpressure may reflect high
permeability downflow of an elevated rechargé area. Explanation of local pressure anomalies requires
detailed data unavailable for this study.

Greater Green River Basin

In the Greater Green River Basin, the Mesaverde Group and Lance-Wasatch Formations are the
‘coal-bearing hydrostratigraphic units. Both'units are confined regionally by marine or lacustrine shales.
Recharge is mainly at the basin’s southeast margin and over the Rock Springs Uplift, which is rimmed by
low-chloride waters. Ground-water flow is convergent on the basin center. Permeable, normally
pressured, and artesian coal seams occur at depths vof '7,000 ft (2,135 m) or less above regional
overpressure that is predicated on low permeability (<0.1 md) and active generation of gas. Overpressure
is not restricted to any particulaf stratigraphic unit. Consequently, the pressure transition is basinwide,
occurring basinward in progressively younger strata. Because of low permeability and great depth, the top
of regional overpressure is a floor for coalbed methane exploration.

Piceance Basin

In the Piceance Basin, the Mesaverde Group is the coal-bearihg hydrostratigraphic unit, confined
below by marine shale and unconfined above. Recharge is mainly at the basin’s southeast margin, and
regional ground-water flow is convergent on the Colorado River valley from the basin margin. Mesaverde
coals are overpressured, underpressured, and normally pressured. Overpressure is found:in the
east-central part of the basin and covers about 11 townships. It extends from outcrop in the southeast part
of the basin northwestward along the Divide Creek Anticline to just beyond the Colorado River. Both
artesian and hydrocarbon-related overpressures are present. The absence of an upper confining layer,
low permeability, and limited recharge restricts artesian overpressure to a relatively small part of the basin.
Overpressure is surrounded by a very large underpressured area that coincides with high coal rank and
gas content.

Powder River Basin

In the Powder River Basin, coal seams of the Tongue River Member of the Fort Union Formation are
major aquifers. The Wyodak coal aquifer in the Upper Tongue River is the most continuous geohydrologic
unit in the basin; its permeability ranges from 10 md to darcys. Recharge is mainly along the east margin of

xxviii



the basin. Regional ground-water flow is northward toward the Tongue River. Artesian conditions develop
basinward as coal seams pinch out and become confined by lacustrine shales.

Raton Basin

In the Raton Basin, the coal-bearing hydrostratigraphic unit is composed of the Vermejo and Raton
Formations. The unit is regionally confined below by the Trinidad Sandstone and Pierre Shale. Above, it is
unconfined because the Raton crops out throughout much of the basin. Regional ground-water flow is
from west to east, converging on the Purgatoire River and eastern outcrop belt. Basinal pressure regime
is poorly known, but regional underpressure is postulated from hydraulic head data. Although artesian
conditions may be present along the elevated western outcrop belt, or recharge area, coal-seam
lenticularity, low equivalent permeability, insulation from recharge, and a topographically low discharge
area maintain underpressuring.

Basin Comparison

In the Greater Green River Basin, normally pressured or artesian coal seams above regional
overpressure yield large volumes of low-chloride water upon production, indicating high permeability
(table ES-1). Areas of pressure transition and convergent, upward flow may be éxtensive and are
favorable sites for coalbed methane production. The transitional pressure fairway is large and, if at
exploitable depths (by analogy to the San Juan Basin) very productive. In the San Juan Basin, the
pressure transition fairway, accompanied by upward flow, hosts the basin’s most productive coalbed
methane wells. In the Raton Basih, coal seams along the west margin are water productive, indicating
good permeability. Regional underpressure is thought to reflect eastward decrease in permeability,
insulation from recharge, and coal-seam lenticularity.

The Piceance Basin is dominated by underpressure and hydrocarbon-related overpressure,
indicating low permeability (table ES-1). Very low permeabilities (microdarcys) have been reported from
the underpressured parts of the basin, whereas the highést permeabilities (~10 md) come from artesian
overpressured coal seams. Low permeability may ultimately-limit the basin’s coalbed methane potential.
Paradoxically, high permeability may ultimately limit de,veiopment in the Powder River Basin. Coal seams
are major aquifers and will be difficult to dewater and depressure economically. Large volumes of
produced water will create disposal problems and add to‘production costs.

Thermal Maturity

- A coal bed’s capacity to generate and store natural gases is dependent on its rank, ash content, and
maceral composition. The volume of methane generated is directly related to coal rank, which in turn
reflects basin tectonics and structural evolution. Rapid subsidence through high geothermal gradients
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produces coals of subbituminous to semianthracite rank. The higher the rank, the more gas generated.
The minimum vitrinite reflectance value for significant gas generation |s greater than 0.73 percent.
Although most coalbed methane is believed to be predominantly thermogenic, at least some produced
from coal beds is biogenic in origin. In the San Juan Basin, the presence of biogenic methane is
supported by relatively constant & 13C values of methane throughout the basin. If the gases are biogenic or
sourced from deeper, higher-rank coals or marine shales, gas content can be much higher than predicted
from rank alone. Thus, gas content may depend on methanogenesis and migration as much as thermal
maturity of the coal. Much of the methane produced from high-volatile C and subbituminous coal is
probably biogenic and early thermogenic. Ash content influences the volume of gas stored, with low-ash -
coals having higher gas contents. Maceral composition influences gas composmon wherein higher
exinite or liptinite (hydrogen) content correlates with wetter gases.

Basin Review

In the Greater Green River Basin, coal rank ranges from subbituminous in the Fort Union Formation to
semianthracite in the Almond Formation in the deep Washakie Basin. Vitrinite reflectance profiles suggest |
that coal rank is higher in the east part of the greater basin (fig. ES-3); there are no published reports on
the composition of coalbed gases. Locally, northof the‘ Rock Springs Uplift and in the Sand Wash Basin,
gas content exceeds 400 ft3/ton (>12.5 m3/t) in Mesaverde coal beds. In the Piceance Basin, coal rank
changes abruptly with depth; vitrinite reflectance values for Cameo coal seams range from 0.48 percent
(high-volatile C) along the basin margin to 2.10 percent (sémianthracite) at the basin axis. Gas contents
typically range from 200 to 450 ft 3/ton (6.2 to 14.0 m 3At) in the south part of the basin. Produced Cameo
coalbed gases range from very dry to very wet (C1/C4_5 0.90 to 0.78) and have CO, contents ranging from
1.3 to 14.3 percent. The & 13C values of methane indicate that the coalbed gases are mainly thermogenic
and secondarily biogenic in origin. In the Powder River Basin, Fort Union and Wasatch coals have only
reached lignite and subbituminous rank. The threshold of significant methane generation (high-volatile B
bituminous) is not reached until 13,000 ft (3,965 m) (fig. ES-3). The 8 13C values of methane indicate that
Fort Union coalbed gases are biogenic in origin. In the Raton Basih, coals of the Vermejo Formation range
from high-volatile C to low-volatile bituminous rank (Ry values from 0.57 o 1.57 percent). Gas contents of
200 to 400 ft3/ton (6.2 to 12.5 m3A) at shallow depths (<3,000 ft [<915 m]) indicate excellent coalbed
methane potential. Coal rank is distinctly higher in an area parallel to the Purgatoire River (fig. ES-3). Hot
fluids, heated by nearby Tertiary intrusives and ascending to an ancestral Purgatoire River, may account
for high vitrinite reflectance values paralleling the river valley. Vermejo coalbed gases are very dry (C1/C1-s
~1.00) and very low in CO» (usually <1 percent). The §13C values of methane indicate that coalbed gases
are mainly thermogenic in origin.
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Figure ES-3. Vitrihite refléctance profiles and gas generation thresholds. Data from Law (1984),
Johnson and Nucclio‘ (1986), Nuccio (1990), and ARI, Inc. (1991).
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Basin Comparison

The minimum vitrinite reflectance value for significant gas generation (0.73 percent) has been
attained by coals in all basins, except the Powder River Basi'n;(table ES-1). Coal rank is higher in the east
part of the Greater Green River Basin than in the west. Significantly, Cretaceous coal seams at exploitable
depths have not reached the thermogenic threshold, yet they have high gas contents (>300 ft3/ton
[9.4 m3A]) (fig. ES-3 and table ES-1), suggest_ing the presence of mainly biogenic and/or migrated
thermogenic gas. Because gas content is not rank related, its distribution will be ‘more difficult to predict. In
the Piceance Basin, coal seams at depths of less than 6,000 ft (<1,830 m) range from high-volatile C
bituminous to medium-volatile bituminous in rank, indicating good coalbed methane potential. However,
ihe best potential, based on rank and depth, is in the Raton Basin, and the poorest is in the Powder River
Basin (fig. ES-3). Gas contents are hundreds ofk»c'ubic feet per ton in all basins, except the Powder River
Basin, where they are less than 100 ft3/ton (<3.1 m31). Ash content in all basins ranges from 8 to
13 percent and should have little or no impact on coalbed methane potential. In the San Juan Basin, coal
seams with two to three times that ash content are highly productive.

Production

In an analysis of gas and water production from Fruitland coal beds in the San Juan Basin, initial
potential (IP) for gas was found to be a predictor of long-term productivity (Kaiser and others, 1991a).
There was a positive correlation between IP gas and average daily production of a well's most productive
year. Initial water potential increases with permeability (Oldaker, 1991) and-high water potentials (several
hundred bbl/d) are indicative of high permeability. By water-well standards, coalbed methane wells are low-
yield water wells; that is, they produce less than 100 gal/min (<3,430 bbl/d [<545 m3/d]). Because IP gas
and water reflect productivity and permeability, respectivély, and were readily available, production
analysis was done here with emphasis on initial test data.

Greater Green River Basin

The Greater Green River Basin contains an estimated 29 Tcf (821 Bm3) of coalbed methane
resources and cumulatively has produced 4,651 MMcf (131 MMm?3) of coalbed methane as of January
1991 (table ES-1). In the past 18 months, 22 companies have been active at one time or another in the
basin, where drilling activity is greatest in the Sand Wash Basin and north flank of the Rock Springs Uplift.
Coal seams of the Fort Union Formation and Mesaverde Group (Williams Fork, Almond, and Rock Springs
'Formations) are being targeted. The Lance and Wasatch Formations are potential targets in other parts of
the basin. Coalbed wells typically have IP's of 50 to more than 200 Mcf/d (1,415 to >5,660 m3/d)
(table ES-1), whereas wells dually completed in Fort Union coal beds and sandstones have IP’s as high as

XXXii



2,500 to 5,690 Mcf/d (70,750 to 161,030 in"/d). The average completion depth is 2,671 ft (814 m),
althdugh deeper coal beds are common. Highest water IP’s (>500 bbl/d [80 m3/d]), indicating good
permeability, are from wells along the east and south margins of the Sand Wash Basin. They reflect
recharge over the Park Upiift and ground-waterﬂow to the west. '

Piceance Basin

The Piceance Basin contains an estimated 84 Tcf (2.38 Tm?)'of coalbed ‘methane resources, of
which 65 Tcf (1.84 Tm?) is contained in the Cameo coal group (table ES-1). Cumulative production of gas
is 7,854 MMcf (222.3 MMm3) from MesaVerde coal beds and sandstones as of January 1991. Thirteen
companies have been or are active in the basin; and drilling aciivity is concentrated in the south part of the
basin and is mainly targeted in the Cameo coal group'of,the Williams Fork Formation. The average depth of
coalbed methane wells is 5,930 ft (1,808 m). Gas IP’s typically range from 100 to 500 Mcf/d (2,830 to
14,150 md/d) in coal beds and are as high as 2,600 Mcf/d (73,580 m3/d) in wells dually completed in
Mesaverde coal beds and sandstones. Decline analysis of these wells indicates that much of the gasis
from Iow-p‘ermeability sandstones. Significant gas production occuis along the Colorado River Valley in
the north-central pa'rt of the basin, where convergent, regional ground-water flow may favor hydrocarbon
accumulation. Although water IP’s from coal beds are low (<100 bbl/d [<16 m3/d]), indicating low
permeability, coalbed methane wells along the Divide Creek Anticline have IP’s of more than 500 bbl/d
(80 m3/d) from artesian overpressured coal seams. |

Powder River Basin

-Coalbed methane resources in the Powder River Basin are estimated to range from 16 to 30 Tcf (453
to 849 Bm3). Cumulatively the basin has produced only 850 MMcf (24.1 MMm3) of coalbed methane as of
January 1, 1991. As many as 32 companies have been or are active in the basin (table ES-1) because
drilling depths are shallow (average‘completio'n depth ~is 478 ft [146 m)). Drilling activity centers on the
basin's eastern margin and is targeted in Tongue River-coal seams of:the upper Fort Union Formation. On
initial test the most productive coalbed wells produce less than 100 to 300 Mcf/d (<2,830 to 8,490 m3/d).
Conventional structural trapping, partial confinement, and dewatering by nearby surface mine’s probably
explain local low-water gas production. Water 1P’s typically range from 200 to 1000 bbl/d (32 td 160 m3/d)
and are highest basinward in Johnson County, reflecting artesian conditions and high ‘permeability.

Raton Basin

The Raton Basin contains an estimated 12 to 18 Tcf (340 to 509 Bm3) of coalbed methane
resources. However, its cumulative production, as of January 1, 1991, is-a minuscule 11.7 MMcf
(331,110 m3) because most coalbed methane wells are shut-in pending construction of pipelines
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(table ES-1). Seven companies have been active in the basin. Drilling activity is along the west margin of
the basin and is targeted in coal seams in the Vermejo and Raton Formations. The average completion
depth is 1,500 ft (457 m). Maximum gas IP’s of coalbed wells typically range from less than 100 to
300 Mcf/d (<2,830 to 8,490 m3/d); values of less than 150 Mcf/d (<4,245 m3/d) are common. Wells
located in the western part of the basin, cIose to the rechafge area, and in the Purgatoire River valley, have
water IP’s of several hundred barrels per day, indicating good permeability. Possible artesian conditions
and attendant higher reservoir pressures may contribute to higher gas contents in those areas.

Basin Comparison

Cumulative production of coalbed methane is highest in the Piceance Basin, followed by the Greater
Green River Basin (table ES-1). In the Raton Basin, most coalbed wells are shut-in for lack of pipelines,
accounting for the basin’s insignificant cumulative production. Gas IP’s are highest in the Piceance Basin
(100 to 500 Mcf/d [2,830 to 14,150 m3/d]), where they reflect gas-saturated coal seams, except at Divide
Creek field, where low IP’s (<100 Mcf/d [<2,830 m3/d]) complement high water IP’s of more than 500 bbl/d
(80 m3/d). In the Piceance and Greater Green River Basins, highest gas IP’s are, respectively, from wells
dually completed in Mesaverde and Fort Union coal beds and sandstones. The need for dual completions
may indicate low permeability or low-gas-content coal seams, or both. Gas IP’s are lowest in the Powder
River Basin (mostly <100 Mcf/d [<2,830 m?/d]), reflecting low gas content and high water production.
Industry activity is highest in the Powder River Basin because shallow drilling depths are attractive to small
companies. Water IP's are high in all basins, except the Piceance, where they are mbstly less than
100 bbl/d (<16 m3/d), indicating low overall permeability. Highest water IP’s (~ 1,000 bbl/d [~ 160 m3/d]),
indicating hlgh permeability, are from artesian Fort Union coal 'seams in the Powder River Basin
(table ES-1). Dewatenng and disposal costs wnII adversely affect the economics of coalbed methane
development. '

Conclusion

This report compares the Greater Green River, Piceance, Powder Rivér, and Raton Basins on the
basis of lessons learned in the San Juan Basin. The Greater Green River and Piceance Basins have
primary potential to make a significant near-term contribution to the nation’s gas supply. These basins
have large gas resources (29 and 84 Tcf [0.82 and 2.38 Tm?3], respectively), coals of vhigh rank
(Ro >0.73 percent) and high gas content (150 to 450 ft3/ton [4.7 to 14.0 m3/t]), and established coalbed
methane production (table ES-1). The Powder River and Raton Basins are judged to have secondary
potential. The Powder River Basin has coals of low rank (Ro <0.50 percent) and low gas content
(<100 ft3/ton [<3.1 m34]). The Raton Basnn has thin, discontinuous coal beds, smaII coal resources, a poor
data base (<250 geophysical logs), and lacks gas transmission pipelines. Low production and minimal
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industry activity further limit the basin’s near-term potential (table ES-1). However, if economic aspects are
discounted and aspects of depositional setting, hydrology, and thermal maturity are compared, the
Greater Green River and Raton Basins are judged to have primary potential. The Greater Green River Basin
has several coal-bearing intervals offering numerous coalbed methane targets, good coal-seam
permeability, and extensive hydrologic areas (pressure ti'ansition andcdnvergent flow) where exceptional
production could occur. The Raton Basin's shallow, high-rank coals of good permeability and high gas
content: are attractive coalbed methane'targets. Low coal-seam permeability Iirhits the coalbed methane
potential of the Picean‘ce Basin. A discussion of ekach basin and a reference list of more than 1,000 papers

compose the body of the report, which follows:this summary. o
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GREATER GREEN RIVER BASIN

Geologic Overview

The Greater Green River Basin is Wyoming'’s largest coal-bearing area, covering approximately
15,000 mi2 (38,870 km?) of southwestern Wyoming and 5,600 mi2 (14,511 mi2) of northwestern Colorado
(fig. 1). Fragmentation of the Rocky Mountain foreland basin resulted in the Greater Green River Basin
being bounded on three sides by basement-cored thrust sheets. The thrust sheets are now exposed in,
or adjacent to, the Gros Ventre, Wind River, and Granite Mountains in the north; the Lost Soldier and
Wertz Anticlines, Rawlins Uplift, and Hatfield and Miller Hill Anticlines in the east; the Sierra Madre and Park
Uplifts in the southeast; and the Wind River, Axial Arch, and Uinta Uplifts in the south (fig. 2) (Armstrong
and Oriel, 1965; Berg, 1961, 1962, 1983; Royse and others, 1975; Smithson and others, 1978; Griges,
1981, 1983a; Garing and Tainter, 1985). The emplacement of uplifts along thrust sheets has implications
for fracture patterns in buried and less deformed parts of the Greater Green River Basin. East-west
compression along salients in the thrust belt of the Tertiary uplifts could have caused east-west-striking
fractures and faults. Such fractures and faults may play a role in fluid-flow patterns within the basin.

The Greater Green River Basin encompasses four intrabasin uplifts (the north-trending Moxa Arch
and Rock Springs Uplift and the east-trending Wamsutter and Cherokee Arches) and four subbasins
(Green River, Great Divide, Washakie and Sand Wash) (fig. 2). Sedimentary rocks ranging from Cambrian
through Tertiary in the basin reach a maximum thickness of 32,000 ft (9,750 m). About 23,000 ft (7,012 m)
of these rocks are Upper Cfetaceous, Paleocene and Eocene in age (fig. 3) (Dickinson, 1989). Depth to
the Cretaceous coal-bearing strata varies from outcrop to more than 12,000 ft (3,600 m) in the east basin
and from outcrop to over 13,000 ft (3,960 m) deep in the west. Lower Tertiary coal-bearing strata range
from outcrop to 9,500 ft (2,900 m) deep.

Tectonic and Stratigraphic Setting

The Overthrust Belt (Sevier Orogenic Belt) (fig. 1), is a region of north-trending folds and thin-
skinned, generally west-dipping imbricate thrust faults that moved eastward in the Late Cretaceous to
early Tertiary times (fig. 4). The Greater Green River Basin, to the east of the Overthrust Belt, is a
structurally complex intermontane basin. The basin records three major progradationai cycles in Upper
Cretaceous, pre-Laramide sequences (fig. 3). The cycles were initiated by tectonic uplift and loadihg of
the Overthrust Belt but sedimentation patterns are also thought to be influenced by eustatic sea-level
fluctuations. Each cycle extended deltaic and coastal-plain deposits farther basinward than did the
preceding cycle, indicating an overall filling of the Western Interior Seaway. Progradation extended coal-
bearing strata (Frontier Formation) (fig. 3) as far east as the Rock Springs Uplift during the first cycle.
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Cross sections X=X’ and A-A’ through D-D’ are shown in figures 4 through 8.
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Figure 2. Tectonic map of southwestern Wyoming and adjacent states showing the major tectonic elements of the
Greater Green River Basin. The map is taken from King (1969) with modifications from Reynolds (1968), Blackstone
(1979), Love and Christiansen (1985), and Lickus and Law (1988). Structure contours, in feet relative to mean sea
level, are drawn on a bentonite marker in the Upper Cretaceous Lewis Shale in the Washakie and Sand Wash Basins.
Contours in the Great Divide Basin are drawn on top of the Upper Cretaceous Almond Formation. Contours in the
Green River Basin are drawn on a bentonite marker in the Upper Cretaceous Baxter Shale. Contours in the north part
of the Green River Basin are drawn on the Cretaceous—Tertiary boundary. Hachures show closed depressions. Major
tectonic features are identified as follows: AA, Axial Arch; AT, Absaroka thrust fault; BCMTT, Beaver Creek and
Mormon Trail thrust faults; CA, Cherokee Arch; CCT, Cache Creek thrust fault; CF, Continental Fault; DT, Darby
thrust fault; ETT, Emigrant Trail thrust fault; GDB, Great Divide Basin; GMU, Granite Mountain Uplift; GRB, Green
River Basin; GVU, Gros Ventre Uplift; HFT, Henry's Fork thrust fault; HMHA, Hatfield and Miller Hill Anticlines; HT,
Hogsback thrust fault; LSWA, Lost Soldier and Wertz Anticlines; MA, Moxa Arch; LP, La Barge Platform; NFT, North
Flank thrust fault; PA, Pinedale Anticline; PU, Park. Uplift; RSU, Rock Springs Uplift; RU, Rawlins Uplift; SCA,
Sweetwater Crossing Anticline; SGMT, South Granite Mountains thrust fault; SMU, Sierra Madre Uplift; ST, Sparks
thrust fault; SWB, Sand Wash Basin; UT, Uinta thrust fault; UU, Uinta Uplift; WA, Wamsutter Arch; WB, Washakie
Basin; WHRU, White River Uplift; WITB, Wyoming-Idaho Overthrust Belt; WRT, Wind River thrust fault; and WRU,
Wind River Upliit. Basement rocks are identified as follows: random-dash pattern, basement rocks of Archean age;
vertical-line pattern, basement rocks of early Proterozoic age; stippled pattern, basement rocks of middie
Proterozoic age.
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Equivalent strata basinward are ‘mud-rich prodelta and delta-front facies. The second major cycle
established coal-forming conditions in deltaic and back-barrier settings (Mesaverde Group) beyond the
present-day eastern limit of the Greater Green River Basin. Minor regressive and transgressive cycles are
recognized within the major Mesaverde’ Group cycle. The Fox»_HiIIs Sandstone represents the last
Cretaceous progradational event in the Rocky Mountain Foreland basin and is the platform upon which
Lance Formation coals accumulated (fig. 3). ' ’

Basement uplifts subsequently broke the foreland basin into smaller structural and depositional
. basins during Laramide deformation (mainly Tertiary in age, between 70 and 40 mya). Activation of the late
Campanian phase of uplift and erosion across the north margin of the present-day Greater Green River
Basin in Paleocene time produced the nonmarine beds of the Fort Union Formation (Ryder, 1988).' Fluvial
sandstone and conglomeratic sandstoh‘e, floodplain sandstone, siltstone, and:gray-green shale, as well
as paludal coal and carbonaceous shale are the major lithologic components of the Fort Union Formation
(Love, 1970; McDonald, 1972, 1975) (fig. 3). '

Early Eocene time brought an even greater period of crustal instability to the region. The Fort Union
Formation was uplifted throughout the region, tilted and truncated along the margins of the basement
uplift, and covered by sandstone and variegated shale of the Wasatch Formation (Love, 1970; McDonald,
1972, 1975; Reynolds, 1976). Sediments of the Wasatch Formation in the northern Green River Basin
and in the Great Divide, Washakie, and Sand Wash Basins are derived from a granitic terrane (Ryder,
1988). In contrast, the Wasatch of the south and west Green River Basin was derived from a sedimentary
terrane (Oriel, 1962; Hansen, 1965). ‘ '

By middle Eocene time, structural and topographic relief had developed to the extent that the
Greater Green River Basin probably became a closed topographic basin and contained an éxtensive
lacustrine system. Following the Laramide Orogény (Miocene to Pliocene) an extensional stress regime,
characterized by basin filling, faulting, and partial to complete collapse of several basement uplifts, further
modified the structural configuraﬁon, of the basin (Hansen, 1965; Love, 1970; Reynolds, 1976; Sales,
1983; Ryder, 1988). '

Geometry and Age of Intrabasin Uplifts and Subbasins

Intrabasin Uplifts -

The doubly plunging Rock Springs Uplift, having rocks as old as Santonian (Upper Cretaceous)
exposed in its core, is the most conspicuous uplift within the Greater Green River Basin (fig. 2; Ryder,
1988). This 60-mi (97-km) long and 35-mi (56-km) wide, north-trending anticline extends from the
southeastern part of the Wind River Uplift to near the east end of the Uinta Uplift, and separates the Green
River Basin on the west side from the Great Divide, Washakie, and Sand Wash Basins on the east.



Westward-facing asymmetry and curvature of the uplift was probably caused by east-west-oriented
compression and by east-dipping thrust faults that occur along the west margin of the uplift (Garing and
‘Tainter, 1985). The thrust fault along the west flank of the uplift formed in latest Cretaceous time because
its subcrop trace is buried beneath Paleocene rocks (Love and Christiansen, 1985). Intermittent growth of
the Rock Springs Uplift must have continued at least through the middle Eocene to Early Oligocene,
“because lacustrine rocks of that age are gently tilted by the uplift and are cut by northeast and east-
northeast normal faults (Roehler,' 19783; Ryder, 1988). | ‘

To the west of the Rock Springs U‘pliﬂ, the Moxa Arch is a broad, gently folded basement uplift in the
Green River Basin (Stockton and Hawkins, 1985) (fig. 2). This uplift is buried beneath uppermost
Cretaceous and lower Tertiary rocks along its entire length (Ryder, 1988). The north end of the arch,
commonly referred to as the La Barge Platform, is ‘a promineht structural feature that projects eastwards
approximately 6 mi (9.7 km) into the basin (Krueger, 1968). This structure is associated with large
accumulations of oil and gas in the Big Piney-La Barge area. Drill-hole data indicates that the arch plunges
to the south and is convex eastward in plan view (Ryder, 1988). Angular unconformities, recognized in
subsurface stratigraphic studies, indicate that the arch experienced initial uplift and truncation in early to
middle Turonian (Baxter/Hilliard shale) time and then a second period of major uplift and truncation in late
Campanian time (Merewether and others, 1984; Roehler, 1965b). Stratigraphic studies by Wach (1977)
indicate that the Moxa Arch-was only mildly active in latest Cretaceous and early Tertiary time.

~ Two subtle east-west-trending uplifts, the Wamsutter and Cherokee Arches, divide the east half of
the Greater Green River Basin into three subbasins (fig. 2). The Wamsutter Arch, a broad easterly
projection of the Rock Springs Uplift, is the larger of the two uplifts, separating the Great Divide Basin on
the north from the' Washakie Basin on the south. The Cherokee Arch separates the Washakie Basin on
the north from the Sand Wash Basin on the souih. Judging from isopach maps-of Lower Tertiary rocks
across the uplifts and the age of thé youngest rocks in-the uplifts, the Wamsutter and Cherokee Arches
probably developed in Eocene time (McDonald, 1975). However, Weimer (1966) suggested that the west
part of the Wamsutter Arch had a history of tectonic growth going back to early Late Cretaceous time.

Subbasins

The Green River Basin, covering approximately 10,000 mi2 (25,913 km?2) is a broad synclinal basin
that is covered almost entirely by rocks of Eocene age. The Eocene rocks dip south from 0.5° to 6°,
except along the margins of the basin where beds are nearly horizontal or dip at angles generally less than
1.5° (Bradley, 1964). The principal synclinal axis of the basin trends north-south and lies approximately
20 mi (32 km) west of the axis of the Rock Springs Uplift (fig. 2). To the north and northeast of the axis,
the basin is bounded by the Wind River Uplift forming‘a deep syncline (fig. 5). Within this zone, the
Pinedale Anticline is an asymmetric, ‘thrust-rooted‘ detachment structure that probably formed in response
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Figure 5. Southwest-northeast cross section A-A”showing relationship between structure and
top of regional overpressure. From Law and Dickinson (1985). Thrust faults may limit recharge to
coal-bearing units. Line of section shown in figure 1.



to southwest-directed compression associated with structural deformation of the Wind River Uplift'(Law _
and Johnson, 1989). Sedimentary rocks attain a thickness of approximately 30,000 ft ( 9,144 m) in the
trough of the Green River Basin Syncline,(Kmegér,,1960). To the east, where the basin is bounded by
the Rock Springs Uplift, the Upper Cretaceous rocks dip 3° to 12° to the west (McCord, 1984) (fig. 2), and
on the west where the basin is bounded by the Overthrust Belt, rocks dip at 2° to 8° to the east.

The Great Divide Basin, also known as the Red Desert and Shoshone Basin, is a large topographic
and structural basin hav‘ing interior drainage (fig. 6). The basin is a siniple synclinal basin modified by broad
shallow folds and widespread small-scale faults (Mroz and others, 1983). The synclinal axis trends north-
south in the southeast part of the basin and curves around to approximately N60°W in the northeast. In the
west and southwest part of the basin, the strata dip from 2° to 3° toward the east and northeast. In the east,
the strata as much as 20° west on the west flank of the Rawlins Uplift (McCord, 1984). .

The Washakie Basin is a deep synclinal basin that covers an area of about 3,000 mi2 (7,774 km?;
fig. 7). Along the basin margins the Eocene beds dip from 3° to §° toward the center of the basin. Away
from the edges of the basin, these strata.are essentially horizontal (McCord, 1984). Upper Crétaceous
sediments-dip steeply toward the center of the basin (fig. 2). This basin is the deepest part of the eastern
Greater Green River Basin, and depths to the Coal-bearing Mesaverde Group can exceed 18,000 ft
(5,486 m) (fig. 7).

The Sand Wash Basin is a southeast-trending synclinal prong of the Washakie Basin (fig. 8).
Haun and Weimer (1960) estimated as much as 11,000 ft (3,354 m) of clastic sediments were deposited
in the Sand Wash Basin during the Late Cretaceous. In the deepest part of the basin (T10N, R49W and
T11N, R94W) the top of the Mesaverde Group is at 9,000 to 9,500 ft (2,744 to 2,896 m; Siepman, 1985).
Therefore, basal Mesaverde sandstones probably attain maximum depths of 15,000 to 16,000 ft (4,570 to
4,800 m) in the Sand Wash Basin, with the total amount of Cambrian through Tertiary sedimentary rocks
being approximately 30,000 ft thick (9,144 m; Irwin, 1986).

Fracture Systems and Cleat in Coal

A survey of outcrops and mine highwalls of interbedded lenticular, channel-fill sandstone and coal in
several locations of the Greater Green River Basin shows that subbituminous coal seams have uniformly
developed, vertical to subvertical opening-mode extension fractures (face and butt cleats) arranged in
orthogonal map patterns that generally show little variation in orientation, dip, spacing, or frequency‘over
wide areas, (for example, Bridger and Black Butte coal mines, Fort Union Formation, east of Rock Springs;
Tyler and others, 1991). In the west and central parts of the basin, average face-cleat strikes are east to
northeast (fig. 9; N60°E to N90°E) and butt-cleat strikes are north to northwest (N to N30°W) in Cretaceous
and Tertiary coals. In the southeastern Greater Green River Basin, face-cleat strikes are generally
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Figure 7. West-east cross section C-C’ through Washakie Basin showing relationships among
structure, stratigraphy, top of regional geopressure, and ground-water flow. Modified from Law
and others (1989). Recharge over Park Uplift and Rock Springs Uplift. Ground water flows
basinward, turning upward upon aquifer pinch-out or convergence from the basin margins, or
both. Top of regional overpressure is a no-flow boundary. Line of section shown in figure 1.
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northwesterly. Generally, face-cleat strikes in the basin are parallel to tectonic shortening directions, and
they are typically oriented at right angles to orogenic thrust fronts. _

Cleat spacing ranges from 0.5 inch (1.3 cm) to greater than 12 inches (>30.5 cm) for fractures of
different sizes. Cleat spacing is less than 0.5 inch (<1.3 cm) for the smallest microfracture, 0.5 to 2 inches
(1.3 to 5 cm) for cleat within coal layers, greater than 2 inches (>5 cm) for primary cleats that terminate
vertically against bed boundaries, and greater than 12 inches (>30 cm) for master cleats that may extend
across coal seams. Cleat frequency, the inverse of spacing, ranges from less than 1 cleat per inch (2.5 cm)
to greater than 5 cleats per inch (2.5 cm).

Local variations in cleat strike are associated with low-amplitude folds caused by differential
- compaction (Tyler and others, 1991). The effect of compaction on fracture systems has not been
determined. Studies of folded subbituminous coal beds at Kemmerer and Rock Springs mines suggest
that cleat strike, dip, spacing, frequency, and type can vary onthe flanks and under fluvial-deltaic channel-
fill sandstones (Tyler and others, 1991). No typical regional face cleats are evident; instead, closely
spaced normal faults replace face cleats. These faults have slip surfaces that are mineralized, striated in a
downdip orientation, and curviplanar. The curviplanar slip surfaces are concave and convex, forming
sigmoidal patterns. The spacing of the faults, from1to 6 inches (2.5to 15 cm), is similar to.regional face-
cleat spacing. Cutoff angles of 45° to 60° between coal bedding and fault cleats indicate that they are not
simply reactivated face cleats, but closely spaced mode-ll fault cleat sets that formed instead of opening
mode (mode-I) cleats during coalification (Tyler and others, 1991). These fault cleats occurring together
with localized zones of opéning-mode face cleat systems, could enhance coalbed permeability. Any ability
to predict these cleat characteristics would be useful for methane exploration because areas for
degasification could then be identified using structural and lithofacies maps.

Stress Orientations

The Greater Green River Basin is within the Cordilleran Extension stress province, north of the
Colorado stress province and west and southwest of the Mid-Plate stress province, (fig. 10; Zoback and
Zoback, 1989). Sparse stress-direction measurements suggest that the maximum horizontal compressive
stress orientation is north-northwest in the southeast parts of the Greater Green River Basin, northeast
near Pinedale and north-south in the area northwest of the basin (fig. 10). Zoback and Zoback (1989)
tentatively included southwestern Wyoming in this province because their data ihdicated horizontal stress
orientations consistent with nearby regions of the Basin and Range and because available focal
mechanisms suggest normal faulting. In addition, this area (as well as the rest of the Cordilleran Extension
stress province) coincides with a broad zone of high regional elevation and heat flow.

Results of hydraulic fracture experiments in the Greater Green River Basin confirm northeast
maximum horizontal stress in the Pinedale area and suggest that locally, hydraulic fractures may have

14
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multiple, nonparallel wings (Power and others, 1976). Passive surface seismic detection of hydrofracture
hypocenters in the Pinedale area indicated that hydraulically induced fractures grew northeast (030° to
045°) (Power and others, 1976). The fracture also showed predominant growth of one wing, a curved
fracture trajectory, and possible growth of a third fracture wing ai right angles to the principal northeast-
trending fracture. This pattern may be due to the induced fracture intersecting with a natural fracture zone
or fault and possible reactivation of the fracture zone or fault.

Stratigra'phic and Depositional Setting of Coal-Bearing Formations

The primary coal-bearing formations in the Greater Green River Basin occur in Upper Cretaceous and
lower Tertiary strata (fig. 3; Baars and others, 1988). The Upper Cretaceous contains several coal-bearing,
nonmarine stratigraphic units (Rock Springs, lles, Williams Fork, Almond, and Lance Formations)
deposited in delta-plain and back-barrier settings, landward of delta-front and barrier-island systerﬁs (Haun,
1961; Asquith, 1970; Roehler, 1990). In the Sand Wash Basin, the Almond Formation is equivalent to the
Williams Fork Formation (Roehler, 1990). Lower Tertiary coal-bearing units in the Greater Green River
Basin include the Fort Union (Paleocené), Wasatch (Eocene) and Green River (Eocene) Formations
(fig. 3). Correlation of subunits in these formations is difficult because of the considerable thickness of
nonmarine rocks lacking consistent marker beds. Additionally, the Fort Union Formation is separated from
underlying Upper Cretaceous strata by a regional unconformity. Laramide deformation and uplift created
source areas for coarse-grained fluvial systems in the Fort Union and Wasatch Formations. '

The complicated stratigraphy of the Greater Green River Basin reflects a complex structural and
depositional history. Regional correlation of stratigraphic units across the basin is difficult because of
sandstone pinch-outs, multiple unconformities, and deposition in separate subbasins. Stratigraphic units
are difficult to correlate across the Greater Green River Basin because the Rock Springs Uplift separates
the basin into east and west halves. The east half of the basin includes the Great Divide, Washakie, and
Sand Wash Basins; the west half contains the Green Rivér and Pinedale Basins (fig. 2).

Eastern Greater Green River Basin

Cretaceous coal-bearing strata in the east part of the Greater Green River Basin include the
Mesaverde Group (Rock Springs, lles, Williams Fork, and Almond Formations) and the Lance Formation,
which is separated from the Mesaverde Group by the Lewis Shale and Fox Hills Sandstone. Tertiary coal-
bearing strata include the Fort Union, Wasatch, and Green River Formations. Cretaceous coal-bearing
strata are less than 5,000 ft (1,500 m) deep on the flanks of the Rock Springs Uplift, on the east margin of
the Greater Green River Basin, and in the Sand Wash Basin. However, these strata are more than
12,000 ft (3,660 m) deep in the Washakie and Great Divide Basins (fig. 11). Tertiary coal-bearing strata are

.16
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buried at depths ranging from 7,000 to 9,500 ft (2,130 to 2,900 m) in the Washakie and Great Divide
Basins (McDonald, 1975).

Rock Springs Formation

The Rock Springs Formation is the principal coal-bearing unit in the Mesaverde Group and rises. .
stratigraphically eastward, where it is lithologically equivalent to the Allen Ridge Formation (Roehler,
1990). In the deepest part of the Washakie Basin, the Rock Springs and Allen Ridge Formations are at a
structural elevation of more than 9,000 ft (2,740 m) subsea (Lickus and Law, 1988) or more than 12,000 ft
(3,660 m) below surface. '

In the east part of the Gréater Green River Basin, the Rock Springs Formation is best exposed on the
east flank of the Rock Springs Uplift, where it consists of wave-dominated deltaic deposits (Levey, 1985).
Peats (coal beds) fofmed in delta-plain environments, landward of Rock Springs delta-front deposits. Rock
Springs sandstones vary greatly in thickness and lateral continuity. Delta-front (shoreline) sandstones,
which extend northeastward in the basin (fig. 12) are 50 to 140 ft (15 to 43 m) thick at the Rock Springs
Uplift, whereas distributary-channel sandstones are 200 to 800 ft (61 to 240 m) wide and 20 to 55 ft (6 to
17 m) thick (fig. 13). Rock Springs distributary-channel‘ sandstones are flanked by thin (2 to 15 ft [0.6 to
4.5 m] thick) crevasse-splay sandstones, which were platforms for local peat accumulation and which partly
controlled coalbed continuity.

The Rock Springs Formation contains at least 12 coal beds, which average 6 ft (1.8 m) in thickness
(McCord, 1984). These coal beds are grouped into three types (A, B, and C) that are associated with
specific depositional environments (fig. 14) (Levey, 1985). Type-A coal beds, thickest in the Rock Springs
Formation and as much as 22 ft (6.7 m) thick, have areas of more than 500 mi? (1,300 km?2); they overlie
delta-front sandstones and formed in a lower delta-plain setting. Type-B coal beds are more variable in
thickness and less continuous than type-A, having an area of 50 to 200 mi2 (130 to 520 km2). These coal
beds formed in an upper delta-plain setting. Type-C coal beds, which formed on abandoned-delta lobes,
are the thinnest in the Rock Springs Formation; they are less than 10 ft (3 m) thick and have an area of only
50 mi2 (130 km2),

lles and Williams Fork Formations

The lles and Williams Fork Formations in the Sand Wash Basin are equivalent to the Allen Ridge and
Almond Formations, respectively (fig. 3) (Law and others, 1989). The lles Formation consists of shelf and
coal-bearing deltaic deposits (fig. 15) (Boyles and Scott, 1981). The thickest seams (individual seams as
much as 10 ft [3 m] thick) trend northeastward, parallel to the paleoshoreline. Other lles coal beds, 3 to 6 ft
(0.9 to 1.8 m) thick, overlie thin (<5 ft [<1.5 m] thick) crévasse-splay sandstones that were local platfdrms
for peat accumulation in interchannel swamps.

18
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Figure 13. Schematic section and characteristics of coal beds and sandstones in major coal-
bearing units at the Rock Springs Uplift in the Greater Green River Basin.
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Figure 14. Depositional setting of three types of coal beds in the Rock Springs Formation at the

Rock Springs Uplift. Modified from Levey (1985).
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Figure 15. Schematic section and characteristics of coal beds and sandstones in major coal-
bearing units in the Sand Wash and Washakie Basins in the Greater Green River Basin.
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The Williams Fork Formation consists of deltaic and fluvial deposits (Boyles and Scott, 1981;
Siepman, 1985). Coal beds occur in two zones in the Williams Fork Formation; the lower zone overlies the
Trout Creek Sandstone Member of the lles Formation and the upper zone overlies the Twentymile
Sandstone Member of‘ the Williams Fork Formation (Siepman, 1985; Roehler, 1990). Both of these
sandstone members consist of wave-dominated deltaic deposits that served as platforms for peat
accumulation (Siepman, 1985).

| Williams Fork coal beds occur in as many as 10 seams, with a net-coal thickness of as much as 60 ft
(18 m) and maximum-coal thickness of 12 ft (3.7 m) (fig. 15). Net-coal thickness trends are dominantly
strike-elongate (northeast-briented, parallel to the paleoshoreline), with minor dip-elongate (northwest-
oriented) components (Siepman, 1985), Upper Williams Fork fluvial coal beds are discontinuous and are
eroded by fluvial channel-fill sandstone deposits that are 30 to 50 ft (9 to 15 m) thick.

Almond Formation

The Almond Formation is equivalent to the Williams Fork Formation in the Sand Wash Basin (Law and
others, 1989). In the Washakie Basin, the Almond Formation is more than 10,000 ft (3,049 m) deep
(fig. 2). In outcrop along the Rock Springs Uplift, the Almond Formation ranges from 500 to 800 ft (150 to
240 m) in thickness (Jacka,k 1965). The Almond Formation cbntains as much as 35 ft (11 m) of coal in beds
thicker than 2 ft (0.6 m) (fig. 13). Average coalbed thickness in the lower part of the Almond Formation is
8to 12 ft (2.4 to 3.7 m) (Glass, 1981), whereas average coalbed thickness in the upper part of the
Almond Formation is only 2 to 4 ft (0.6 to 1.2 m) (Roehler, 1988).

At the Rock Springs Uplift, the Almond Formation grades seaward (eastward) into north-trending
barrier-island sandstones (fig. 16) (Weimer, 1965; Roehler, 1988; Roehler, 1990). Upper Almond barrier-
island complexes are more than 60 mi (96 km) long and approXimately 4 mi (6.4 km) wide; sandstones in
these complexes are as much as 100 ft (30 m) thick (McCubbin and Brady, 1969) (fig. 13). East of the
Rock Springs Uplift, coal beds have.an average thickness of 3 ft (0.9 h) and are present at the top of at
least four barrier-island sandstones. These coal beds split where they override tidal-inlet sandstones
(Roehler, 1988). Upper Almond net-coal thickness ranges from 6 to 12 ft (1.8 to 3.6 m) in three to four
seams (fig. 13). Many Upper Almond coal seams extend for 12 mi (19.2 km) along depositional strike
(Roehler, -1988), whereas they extend only 5 io 1(_5 mi (8 to 16 km) eastward along depositional dip
(McCubbin and Brady, 1969). | |

Lance Formation

The Lance Formation, the youngest Cretaceous stratigraphic unit in the Greater Green River Basin,
overlies and-intertongues with nearshore-marine depbsits of the Fox Hills: Sandstone and consists of
brackish and nonmarine shales, lenticular sandstones, and coal beds (Land, 1972). The Lance Formation
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is approximately 900 ft (274 m) thick in the east part of the Greater Green River Basin (Masters, 1961) and:
is separated from the overlying Fort Union Format‘ion by a regional unconformity. '

Coal beds are thicker and more abundant in the lower part of the Lance Formation above the platform
Fox Hills sandstone ‘and range from a few inches to 8 ft (2.4 m) in thickhess at the Rock Springs Uplift
(fig. 13) (Schultz, 1910). Locally, these coal beds merge into single seams that are 16 to 22 ft (4.9 to
6.7 m) thick (Glass, 1981). However, these coal beds have a limited lateral extent and can be traced for
only a few hundred to several thousand feet in outcrop, where they grade into carbonaceous shales
(Land, 1972). Sandstones in the coal-bearing part of the Lance Formation are thin (<10 ft [<3 m]) and also
pinch out over a few hundred feet (fig. 13).

Fort Union Formation

The Fort' Union Formation (Paleocene) is present throughout the Greater Green River Basin and
consists of fluvial, lacustrine, and paludal deposits (Ritzma, 1955; Masters, 1961; Colson, 1969). The Fort
Union Formation is sand-rich on the east margin of the Greater Green River Basin and at the Rock Springs
Uplift but grades into shales in the Washakie Basin, where it is approximately 9,500 ft (2,900 m) deep
(McDonald, 1975). At the Rock Springs Uplift, Fort Union coal beds are some of the thickest (individual
coal beds as much as 30 ft [9 m] thick) (fig. 13) in the Greater Green River Basin (Glass, 1981). At least five
Fort Union coal beds are thicker than 5 ft (1.5 m) at the Rock Springs Uplift (Roehler, 1979).

In the Sand Wash Basin, the Fort Union Formation contains dip-elongate (north- and northeast-
trending) fluvial sandstones and floodplain coal beds (Beaumont, 1979). Fort Union sandstones are
lénticular and discontinuous, pinching out over distances of less than 1,000 ft (305 m). Coal beds are
thicker (net-éoal thickness as much as 90 ft [27.4 m]) in floodplain areas but more numerous adjacent to
channel-fill sandstones, where they split and override and underlie sandstones. Net-coal thickness in the
Fort Union Formation ranges from 0 to 90 ft (0 to. 27.4 m) in as many as 12 seams (fig. 17) at depths as
much as 8,000 ft (2,400 m); average depth of Fort Union coal beds in the Sand Wash Basin is slightly less
than 4,000 ft (1,200 m). Net-coal thickness and coal-seam continuity in the upper Fort Union Formation
are greater than that in the lower Fort Union Formation, as a result of coal beds having formed in stabilized
floodplains. |

Wasatch Formation

The Wasatch Formation is the youngest stratigraphic unit in the Greater Green River Basin that
contains thick coal beds (individual coal beds Iocally 30 ft [9 m] thick) (Glass, 1981). The Wasatch
Formation exhibits similar net-sandstone trends and depositional systems to the underlying Fort Union
Formation (McDonald, 1975). However, the main body of the Wasatch Formation near the Rock Springs
Uplift consists of 1,500 to 2,500 ft (450 to 760 m) of conglomeratic fan-delta deposits that grade laterally
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Figure 17. Maps of (a) number of coal beds and (b) net-coal thickness of the Fort Union Formation
in the Sand Wash Basin, showing coal occurrence trends. Modified from Beaumont (1979).
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into fluvial sandstones, floodplain and lacustrine shales, and coal-bearing paludal deposits (Roehler,
1965a; Sklenar and Anderson, 1985) that are 8,000 ft (2,400 m) deep‘ in the Washakie Basin (McDonald,
1975). |

In the east part of the Greater Green River Basin, Wasatch coal beds vary greatly in thickne'ss,iwith
individuél coalbed thickness as great as 35 ft (11 m) (fig. 15). The thickest coal beds formed in stable
swamps that were widespread in the Great Divide Basin, where the Wasatch Formation is the major coal-
bearing unit. Two Wasatch coal beds in the Washakie Basin range in thickness from 10 to 32 ft (31to 10 m)
(McCord, 1984). Most Wasatch coal beds are moderately contkinuorus and pinch out at sandy fluvial
complexes over distances ranging from 2 to 10 mi (3.2 to 16 km) (Sklenar, 1982).

Green River Formation

The Green River Formation (Eocene) is the youngest coal-bearing formation in the Greater Green
River Basin. It intertongues with the underlying Wasatch Formation and consists of fluvial, paludal,
floodplain, and lacustrine deposits. However, Green River lacustrine deposits are much more extensive
than in the Wasatch Formation (Surdam and Stanley, 1980). During deposition of the' Green River
Formation, a widespread lake complex evolved in the basin; short-lived swamps were reflected by
numerous, thin (<5 ft [<1.5 m] thick) and discontinuous. peats (coal beds) grading laterally into
carbonaceous shales. Because coal beds in the Green River Formation are thin and discontinuous, they
probably represent the poorest coalbedy methane targets in the basin.

Western Greater Green River Basin

The wést half of the Greater Green River Basin is bounded on the west by the Wyoming Overthrust
Belt and on the east by the Rock Springs Uplift (figs. 1 and 2). During the Late Cretaceous, there was
complex interfingering of coarse clastic sediments from the west with finer grained marine sediments to
the east (Boyd and others, 1989). Léte Cretaceous thrusting and Tertiary extension produced additional
structural and stratigraphic complexity; as a result, strata in the west half of the Greater Green River Basin
are discontinuous and difficult to correlate.

The major coal-bearing units in thé western Greater Green River Basin are the Upper Cretaceous
Frontier and Adaville Formations (fig. 18) (Mesaverde Group) and the Fort vUnion Formation. Depths of
coal-bearing rocks in the western Greater Green River Basin vary greatly. The Mesaverde Group" is less
than 2,000 ft (600 m) deep on the La Barge Platform near the edge -of the' Wyoming Overthrust Belt
(Asquith, 1966). However, it is more than 13,000 ft (3,960 m) deep in the Pinedale Basin in the extreme
ndrthwest part of the basin, and more than 9,000 ft (2,740 m) deep in the Green River Basin, 15 mi (24 km)
west of the Rock Springs Uplift (fig. 11). Lower Tertiary coal-bearing stréta are more than 7,500 ft
(2,290 m) deep in the Pinedale Basin (Law and Spencer, 1989).
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Figure 18. Schematic section and characteristics of coal beds and sandstones in major coal-
" bearing units in the west half of the Greater Green River Basin.
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Frontier Formation

The Frontier Formation, separated from the overlying Mesaverde Group by the marine Hilliard Shale
(equivalent to the Mancos Shale in the east half of the Greater Green River Basin), consists of north- to
northeast-trending, eastward-thinning wedges of deltaic and shoreline sandstones that intertongue with
marine shales. Individual progradational Frontier wedges contain more than 200 ft (60 m) of net sandstone
along the basin axis near the Overthrust Belt (Hamlin, 1991). Thin coal beds (individual seams commonly
less than 10 ft [<3 m] thick) formed in coastal-plain environments landward (westward) of the
paleoshoreline. Thickest Frontier coal beds (individual seams as much as 20 ft [6 m] thick) are exposed on
the west margin of the basin (McCord, 1984). However, Frontier coal beds are thin (<5 ft [<1.5 m] thick)
and are more than 14,000 ft (4,270 m) deep along the south end of the Moxa Arch, only 25 mi (46 km)
eastward from outcrop. Along the north end of the Moxa Arch, Frontier coal beds a}e 6,000 to 7,000 ft
(1,830 to 2,130 m) deep (Hamlin, 1991). " |

Mesaverde Group

The Adaville Formation in the Mesaverde Group is equivalent to the Rock Springs Formation (fig. 3).
The Almond Formation, which is part of the Mesaverde Group at the Rock Springs Uplift, i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>