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Research Summary

Title
Geologic and Hydrologic Controls on Coalbed Methane: Sand Wash Basin, Colorado and Wyoming

Contractor

Bureau of Economic Geology, The University of Texas at Austin, GRI Contract No. 5091-214-2261

Principal Investigator
W. R. Kaiser

Report Period
August 1, 1991-April 30, 1993

Objectives

To identify geologic and hydrologic controls on the occurrence and producibility of coalbed
methane in the Sand Wash Basin, northwest Colorado and southwest Wyoming.

Technical Perspective

Coalbed methane production has been established in the Sand Wash Basin. Large coal resources,
gas shows during drilling of coal beds, and high gas contents in some coals triggered initial
development along the basin margins. Results to date have been disappointing. Coalbed wells have
yielded little gas and large volumes of water. In the absence of a regional analysis, neither production
data nor the basin’s ultimate coalbed methane potential could be fully evaluated. Thus, the need
arose for an integrated geologic and hydrologic study of the basin to provide the framework for .
evaluating development properties and the rationale for future exploration.

Results

Large coal resources occur in the Upper Cretaceous Williams Fork Formation and lower Tertiary
Fort Union Formation in the eastern part of the Sand Wash Basin. These coals are mainly
subbituminous to high-volatile B bituminous and have average gas contents of less than 200 ft}/ton.
(<6.24 m’t). Coalbed methane resources total 101 Tcf (2.86 Tm?® and are 24 Tcf (680 Bm?) at
shallow drilling depths of less than 6,000 ft (<1,830 m). More than 87 percent of them are in the
Williams Fork. The basin’s cumulative gas/water ratio is approximately 15 ft*/bbl (2.7 m*/m?). To date,
low gas content and high water production have limited coalbed methane activity in the basin.
Steep structural dip and coal distribution have restricted exploration to the eastern margins of the
basin. Prospective Williams Fork and Fort Union coals, respectively, lie basinward in association
with the Cedar Mountain fault system and westward along Cherokee Arch into the Powder Wash
field area. High productivity requires that permeability, ground-water flow direction, coal distribution
and rank, gas content, and structural grain be synergistically combined. That synergism explains
prolific and marginal production in the San Juan and Sand Wash Basins, respectively. On the basis
of a comparison between the basins, a basin-scale coalbed methane producibility model is proposed
whose essential elements are: ground-water flow through thick coals of high rank and high gas
content orthogonally toward no-flow boundaries and conventional trapping of gas along them.
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Technical Approach

In geologic studies, approximately 160 and 165 geophysical logs, respectively, were used to
evaluate Williams Fork and Fort Union structure, genetic stratigraphy, sedimentology, and coal
occurrence. A grid of interlocking cross sections was made to identify and define the major coal-
bearing stratigraphic units. Structure-contour maps were made on those units. Major structural
elements were further defined from 115 miles of seismic data.

The Williams Fork Formation was divided into four genetic stratigraphic units and the Fort Union
into four operationally defined lithostratigraphic units. Lithofacies and coal-occurrence maps were
made for each unit. Genetic units provided the foundation for subsurface correlation and mapping
and more importantly the basis for predicting the geometry and distribution of framework sandstones
and coal deposits in areas of meager control. In the absence of porosity logs, coals were operationally
identified by very high resistivity, low natural gamma response, and shale-like SP response. Individual
coal beds were correlated on the basis of their gamma-ray and density profiles, seam signatures
sensitive to minor fluctuations in the coal lithotypes.

A Mesaverde coal-rank map was made from 50 measured vitrinite reflectance (VR) values from
10 wells, 39 VR values calculated from proximate and ultimate analyses, and 55 VR values calculated
from a VR profile. A Fort Union map was made from 40 VR values from 15 wells. Coal heating
value (Btu/Ib) was converted to equivalent VR. In the absence of measured values and analyses, VR
values were calculated from equations established by regression analysis of Mesaverde coal and
shale data taken from profiles in the Sand Wash and Washakie Basins. The Fort Union VR profile
was established from Fort Union and Mesaverde data. Mesaverde and Fort Union gas-content data
(about 250 and 125 values) were obtained from the literature and operators. :

Mesaverde and Fort Union hydrology were evaluated in an analysis of hydraulic head, pressure
regime, and hydrochemistry. Hydraulic heads were calculated from SIP’s recorded in DST’s and
BHP’s calculated from WHSIP’s. Approximately 90 Mesaverde and 200 Fort Union head values
were used to prepare potentiometric-surface maps. Pressure regime and vertical flow direction were
evaluated from simple and vertical pressure gradients, respectively, calculated on data screened
from several hundred DST’s. Chlorinity and TDS maps, made from 155 water analyses from 66
Mesaverde wells and 136 analyses from 69 Fort Union wells, were used to further evaluate
ground-water flow.

Gas and coal resources were calculated from digitized structure, topographic, and net-coal-
thickness maps on a 3.5-mi? (9.1-km?) grid, using plots of gas content versus depth, density, and
coal volume. Production data were obtained from commercial companies, public agencies, the
literature, and operators and were related to the geology and hydrology to identify controls on
production.

Project Implications

Geologic and hydrologic controls on the occurrence and producibility of coalbed methane
identified in the San Juan Basin under a previous contract (no. 5087-214-1544) were further delineated
in this integrated study of the Sand Wash Basin. High productivity requires that these controls be
synergistically combined. The proposed basin-scale coalbed methane producibility model provides
a rationale for future exploration and development in the Sand Wash Basin and, upon further
refinement and testing, other United States coal basins.

Richard A. McBane
GRI Project Manager
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Tectonlc Evolution, Stratigraphic Settmg, and Coal Fracture
Patterns of the Sand Wash Basin

Roger Tyler and C. M. Tremain

Abstract

The principal tectonic features within the Sand Wash Basin of northwest Colorado and southwest
Wyoming are the result of latest Cretaceous to earliest Oligocene Laramide deformation. Tectonism
has affected depositional patterns, coal occurrence, hydrology, and thermal maturity (gas generation)
in the Sand Wash Basin. Tectonism has also determined the distribution and orientation of faults,
folds, and fractures within the basin and has produced a predominantly northwest structural grain.
Permeability in coals and adjacent rocks is largely due to the occurrence of fractures (cleats) and
faults.

Northwest-trending systematic fractures (face cleats) and faults on the southeast margin of the
Sand Wash Basin are generally parallel to current maximum horizontal stress directions and may
provide permeable pathways for both gas and water; fracture swarms may further enhance coal
permeability. This section provides the tectonic and stratigraphic setting for studies of depositional,
coal occurrence, hydrologic, and thermal maturity patterns in Cretaceous and Tertiary coal zones of
the Sand Wash Basin and includes a summary of observations of fracture patterns and stress
regimes. An understanding of the tectonic setting of the basin, combined with the studies in the
following chapters, provides a basis for predicting coalbed methane occurrence and producibility.

Location

The Sand Wash Basin of northwest Colorado and
southwest Wyoming is a subbasin of the Greater Green
River Basin, which is located east of the Wyoming—
Idaho segment of the Cordilleran thrust belt (fig. 1). The
subbasins are generally delineated by uplifts that resulted
from ‘latest Cretaceous to earliest Oligocene Laramide
deformation (Baars and others, 1988). The Sand Wash
Basin is located in the southeastern part of the Greater
Green River Basin and is essentially a southerly extension
of the larger Washakie Basin of southern Wyoming;
their synclinal axes trend north-south (fig. 1). The east-
west-trending Cherokee Arch (ridge), a complexly
faulted, westward-plunging anticline (Masters, 1961),
separates the Sand Wash Basin from the Washakie Basin.
To the east, the Sand Wash Basin is bounded by the
Sierra Madre and Park Uplifts, to the south. by the White
River Uplift, to the southwest by the Uinta Uplift and its
southeast extension, the Axial Arch, and to the northwest
by the Rock Springs Uplift (fig. 1). The Vermillion Basin
area (between T12N, R100W and T13N, .R102W), a
structural and topographic subbasin between the Rock
Springs and Uinta Uplifts (fig. 1), differs from the rest of
the Sand Wash Basin in that it has rapid structural and
facies changes, and stratigraphic thickness variations
(Colson, 1969).

In Kaiser, W. R., and others, 1993, Geologic and hydrologic controls on
coalbed methane: Sand Wash Basin: The University of Texas at Austin,
Bureau of Economic Geology, topical report prepared for the Gas Research
Institute under contract no. 5091-214-2261 (GRI-92/0420), p. 3-19.

In the Sand Wash Basin, basement rocks are as deep
as 17,000 ft (5,182 m) below sea level (Tweto, 1975),
and Cambrian through Tertiary-age rocks may be as
much as 30,000 ft (9,144 m) thick (Irwin, 1986). During

* the Upper Cretaceous, as much as 11,000 ft (3,353 m)

of clastic sediments were deposited (Haun and Weimer,
1960); Paleocene and Eocene rocks are at least 10,000 ft
(3,048 m) thick against the Sierra Madre—Park and Uinta
Uplifts. Upper Cretaceous and early Tertiary strata,
comprising the Mesaverde Group, Lewis Shale, Fox Hills
Sandstone, and Lance and Fort Union Formations (fig. 2),
crop out mainly on the eastern and southeastern margins
of the basin. On the southeastern side, the strata crop
out in a north-south-trending belt for about 50 to 60 mi
(80 to 97 km), and in a west-east-trending belt for about
40 to 50 mi (64 to 80 km). The strata dip moderately to
steeply basinward, with dips ranging from about 5° to
20°. A small area (6 mi [10 km] long and 2 mi [3 km]
wide) ‘'of Mesaverde Group strata is exposed on the
southwestern flank of the Sand Wash Basin adjacent to
the Uinta Uplift.

Tectonic Evolution

During Cretaceous time, the area of the present Sand
Wash Basin was near the western margin of the Western
Interior Seaway, a shallow sea that extended from north -
to south across much of the North American Mid-
continent (Kauffman, 1977) (fig. 3). The Western Interior
Seaway occupied a foreland basin bounded on the west
by the Cordilleran thrust belt. Greatest subsidence and
deposition was along the western margin of the seaway,
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Figure 2. Coal-bearing stratigraphic and confining units in the Sand Wash Basin and surrounding subbasins of the Greater

Green River Basin. Modified from Baars and others (1988).

adjacent to the Cordilleran thrust belt. The initiation of
deformation in the thrust belt during the Early to Late
Cretaceous Sevier Orogeny coincided with a major
episode of subsidence of the Western Interior Seaway
(Heller and others, 1986). Sediments derived. from the
uplifts to the west gradually filled the basin, causing
the northeast-trending shoreline to retreat eastward.
Numerous transgressions and regressions of the shoreline
are recorded in the Cretaceous sediments and reflect
episodic thrust belt deformation and eustatic sea-level
change. The Fox Hills Sandstone (fig. 2) represents the
- final regressive shoreline facies of the Western Interior
Seaway and the Lance Formation the succeeding aggra-
dational facies (irwin, 1986), terminating Cretaceous
sedimentation. The Fox Hills/Lance couplet is deposi-
tionally equivalent and homotaxial to the Pictured Cliffs/
Fruitland couplet, a prolific gas producer in the San
Juan Basin. '

In Late Cretaceous to early Miocene time, the
Laramide Orogeny caused major uplifts, folds, and faults
to propagate in the foreland of the Cordilleran thrust
belt. This structural event subdivided the foreland area
into individual basins and subbasins, such as the Greater
Green River and Sand Wash Basins, respectively
(fig. 1). During the Laramide Orogeny, the Sand Wash
Basin was filled with fluvial-lacustrine sediments of the
Fort Union and Wasatch Formations (fig. 2). The Fort
Union and Wasatch Formations contain sediment shed
from the surrounding Sawatch Range (Beaumont, 1979;
Tyler, this vol.), and the Sierra Madre-Park and Uinta
Uplifts (Osmond, 1986; Tyler, this vol.).

Precise timing of the uplifts remains controversial,
but preexisting structural grain may have controlled the
orientation of some uplifts. For example, structural grain
having east-west trends in 2.7-b.y.-old gneisses and
quartzites plus seismic data indicate that the Uinta
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Figure 3. Location of the Sand Wash Basin relative to the
Western Interior Seaway. Modified from Kauffman (1977).

Mountains and their southeast extension, the Axial Arch,
may have been influenced by faulting dating back to
the Proterozoic (Stone, 1975; Hansen, 1986). In addition,
the east-west trend of the Cherokee Arch on the northern
boundary of the Sand Wash Basin may also have been
inherited from major Precambrian structures (Osmond,
1986). Uplift occurred again during the Oligocene, and
extensional deformation began in the early Miocene
(Hansen, 1986). Extensional faulting continued at a
diminished rate into the Quaternary (Hansen, 1986).
Dikes, sills, and other intrusives were also emplaced
during the late Tertiary (Tweto, 1979) in the eastern
part of the basin and locally coked or metamorphosed
coals to anthracite (Bass and others, 1955). The dikes
exhibit northwesterly trends similar to fractures and faults
in the area.

Structure and tectonic maps of the Mesaverde Group
and the Fort Union Formation (figs. 4 through 7) indicate
that thrust, reverse, and normal fault systems and tight
anticlinal folds abound within the structurally complex
Sand Wash Basin. The fault systems generally strike
northwesterly in the southern portion of the basin but
are dominantly westerly striking in the northern part of
the basin, with some major faults having a north-
northwesterly structural grain. Left lateral strike-slip or
wrench faults also occur along the northeastern and

southwestern flanks of the Sand Wash Basin (T11N,
R85W to R88W and T7N, R94W, respectively). Reverse
and/or thrust faults occur on at least one or more sides -
of the major Laramide uplifts. Vertical separation across
the fault systems may exceed 10,000 ft (3,048 m). Faults
projected from the subsurface to outcrop parallel the
trace of the Mesaverde Group outcrop in the southern
and eastern Sand Wash Basin, and the outcrop of the
Mesaverde Group and Fort Union Formation in the
northern and northeastern Sand Wash Basin, respec-
tively. Major fold axes essentially trend north and
northwest in the eastern and central Sand Wash Basin
parallel to the strikes of the major fault systems. Minor
fold axes near the eastern edge of the basin also have a
northeasterly strike component.

Stratigraphic Setting

The Sand Wash Basin is a structurally complex inter-
montane basin containing three major progradational
cycles in Upper Cretaceous strata (fig. 2). The cycles
were initiated by tectonic uplift and loading of the
Cordilleran thrust belt and 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. 2) to the east of the Rock Springs
Uplift (fig. 1) during the first cycle. Equivalent strata
basinward are mud-rich prodelta and delta-front facies.
The second major cycle established coal-forming con-
ditions in deltaic and back-barrier settings (Mesaverde
Group) beyond the present-day eastern limit of the Sand
Wash Basin. Regressive and transgressive cycles are
recognized within the major Mesaverde Group cycle.
The Fox Hills Sandstone represents the last Cretaceous
progradational event in the foreland basin and is the
platform upon which Lance Formation coals accumu-
lated (fig. 2).

Basement uplifts subsequently broke the foreland
basin into smaller structural and depositional basins
during the Laramide Orogeny. Fluvial sandstone and
conglomeratic sandstone and floodplain shale, siltstone,
and coal are the major lithologic components of the
Paleocene Fort Union Formation. 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 sand-
stone and variegated shale of the Wasatch Formation
(McDonald, 1972, 1975; Tyler, this vol.). By middle
Eocene time, structural and topographic relief had
developed to the extent that the Sand Wash Basin
probably became a closed topographic basin and
contained an extensive lacustrine system. Following
the Laramide Orogeny an extensional stress regime,
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Tectonic Evolution, Stratigraphic Setting, and Coal Fracture Patterns of the Sand Wash Basin

Characterized by basin filling, normal faulting, and partial -

to complete collapse of basement uplifts, further
modified the structural configuration of the basin
(Hansen, 1965; Sales, 1983; Ryder, 1988).

Structural and Stratigraphic Settmgs of
Coal-Bearing Formations

The coal- and coalbed methane-bearing formations
in the Sand Wash Basin occur in Upper Cretaceous and
lower Tertiary strata (Tyler and others, 1991, 19923, b)
(fig. 2). The Upper Cretaceous contains several coal-
bearing, nonmarine  stratigraphic units (lles, Williams
Fork, Almond, and Lance Formations) deposited in
fluvial, delta-plain, and back-barrier settings, landward
of delta-front and barrier-island systems (Haun, 1961;
Asquith, 1970; Siepman, 1986; Roehler, 1990; Hamilton,
this vol.). Structural maps contoured on the base and
top of the Williams Fork Formation, the basin’s major
coal-bearing unit (figs. 4 and 5, respectively), show that
the deepest portion of the Sand Wash Basin is on the
~ flanks of the Uinta Uplift between T9N, R96W and
T10N, R99W. The synclinal ‘axis of the basin extends
northward into the Washakie Basin where the base of
the Williams Fork Formation is more than 17,000 ft
(>5,182 m) deep. In the deepest part of the Sand Wash
Basin, the base of the major coal-bearing Williams Fork
Formation is about 7,000 to 7,500 ft (~2,134 to
2,286 m) below sea level (fig. 4). The base of the
Mesaverde Group attains a maximum depth of about
13,500 to 14,000 ft (~4,115 to 4,267 m) below the

surface. The top of the Mesaverde Group is about 11,500

to 12,000 ft (~3,505 to 3,658 m) below the surface.
Coal-bearing strata are less than 5,000 ft (<1,524 m)
deep on the flanks of the Rock Springs Uplift and on
the western margin of the Sand Wash Basin; they crop
out along the southern and eastern margins. The basin
covers an area of approximately 5,600 mi? (~14,493 km?)
(Tyler and others, 1991) as defined by the outcrop trace
of the base of the Mesaverde Group (figs. 4 and 5).
Lower Tertiary coal-bearing units include the Fort
Union (Paleocene), Wasatch (Eocene), and Green River
(Eocene) Formations (fig. 2). The major coal and coalbed
methane targets in the Tertiary rocks of the Sand Wash
Basin occur in the lower coal-bearing unit .of the Fort
Union Formation. In the deepest portion of the basin
(T9N-T10N, R97W), the top of the Fort Union Formation
is approximately 8,500 ft (~2,591 m) below the sur-
face, with the base of the Fort Union Formation. about
3,000 ft (~914 m) below sea level (fig. 6). The Fort
~Union Formation coal beds crop out along the flanks of
the Rock Springs Uplift and on the eastern and southern
margins of the Sand Wash Basin. Tertiary coal-bearing
strata are buried at maximum depths ranging from 7,000
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to 9 500 ft (2,134 to 2,896 m) in the Washakle Basm‘
(McDonald, 1975).

lles and Williams Fork Formations

The lles Formation in the Sand Wash Basin consists
of shelf and coal-bearing deltaic- deposits (Boyles and
Scott, 1981). The thickest seams (individual seams as -
much as 10 ft [3 m] thick) trend northeastward, parallel
to the paleoshoreline. Thinner lles coal beds, 3 to 6 ft
(1 to 2 m) thick, overlie thin (<5 ft [<1.5 m] thick) cre-
vasse splay sandstones that were local platforms for
peat accumulation in interchannel areas.

The Williams Fork Formation consists of wave-
dominated deltaic, back-barrier, and fluvial deposits
(Boyles and Scott, 1981; Siepman, 1986; Hamilton, this
vol.). The thick sandstone sequences served as platforms
for peat accumulation (Siepman, 1986). Williams Fork
coal beds occur in as many as 14 seams, with a net-
coal thickness of as much as 220 ft (67 m) and
maximum-coal thickness of 45 ft (14 m). Net-coal thick-
ness trends are dominantly strike-elongate (northeast-
oriented, parallel to the paleoshoreline), with minor
dip-elongate (northwest-oriented) components (Siepman,
1986; Hamilton, this vol.). Williams Fork Formation coals
are the Sand Wash Basin’s prime coalbed methane target
(Hamilton, this vol.). '

Almond Formation

In outcrop along the Rock Springs Uplift and in
subsurface studies, the Almond Formation ranges from
500 to 800 ft (152 to 244 m) in thickness. The Almond
Formation contains as much as 35 ft (11 m) of coal;
average coalbed thickness in the lower part of the
Almond Formation is 8to 12 ft (2.4 to 3.6 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). East of the Rock Springs Uplift,
the Almond Formation grades seaward into north-
trending barrier-island sandstones (Weimer, 1965;
Roehler, 1988, 1990). Coal beds have an average thick-
ness of 3 ft (1 m) 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, and these
seams are potential coalbed methane targets.

Lance Formation

The Lance Formation, the youngest Cretaceous

“stratigraphic unit in the Sand Wash Basin, overlies and
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intertongues with nearshore-marine deposits of the Fox
Hills Sandstone and consists of brackish and nonmarine
shales, lenticular sandstones, and coal beds (Land, 1972).
The Lance Formation is approximately 800 to 1,000 ft
(~244 to 305 m) thick in the southern Sand Wash Basin,
and about 200 ft (~61 m) thick in the northwest. Coal
beds are thicker and more abundant in the lower part
of the Lance Formation above the platform Fox Hills
sandstone and range in thickness from a few inches to
20 ft (a few centimeters to 6 m). However, these coal
beds have lateral extents limited to only a few hundred
feet and are therefore unimportant as coalbed methane
targets.

The Lance Formation is separated from the overlying
Fort Union Formation by a massive fluvial sandstone
" sequence. The thick sandstone sequence, referred to
herein as the massive Cretaceous and Tertiary (K/T)
sandstone unit, contains the regional K/T unconformity,

overlies and intertongues with the upper part of the

Lance Formation, and underlies and intertongues with
the lower coal-bearing unit of the Fort Union Formation.
On geophysical logs the massive K/T sandstone unit is
recognized by its blocky-log signature, thicknesses of
hundreds of feet, and stratigraphic position below the
- coal-bearing Fort Union Formation. The massive K/T
sandstone unit is correlatable throughout the basin and
north into the Washakie Basin (Hettinger and others,
1991).

Fort Union Formation

In-the Sand Wash Basin, the Fort Union Formation
~ contains north- and northeast-trending, fluvial sandstones
and floodplain coal beds. Net-coal thickness in the Fort
Union Formation ranges from 0 to 90 ft (O to 27 m) in
as many as 12 seams at depths of as much as 8,000 ft
(2,438 m) below the surface (Tyler, this vol.). Net-coal
thickness and coal-seam continuity are greatest in the
lower Fort Union Formation, where coals formed on
floodplains above ‘fluvial sandstones that served as
platforms for peat accumulation. Coal beds are thicker
~ and more numerous above these sandstones. Fort Union
Formation coal beds are potential coalbed methane
targets (Tyler, this vol.).

Wasatch Formation

The Wasatch Formation exhibits net-sandstone trends
and depositional systems similar to ‘those of the
underlying Fort Union Formation (McDonald, 1975).
The main body of the Wasatch Formation near the
Rock Springs Uplift consists of 1,500 to 2,500 ft (457 to
762 m) of conglomeratic fan-delta deposits that grade
eastward into fluvial sandstones, floodplain and lacus-
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trine shales, and minor coal-bearing floodplain deposits
(Roehler, 1965a; Sklenar and Anderson, 1985). Wasatch
Formation coal beds are few and thin and are therefore
minor coalbed methane targets.

Green River Formation

The Green River Formation (Eocene) is the youngest
coal-bearing formation in the Sand Wash 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 those in the Wasatch
Formation (Surdam and Stanley, 1980). During depo-
sition of the Green River Formation, a widespread lake
system evolved in the basin; short-lived swamps are
reflected by numerous, thin (<5 ft [<1.5 m] thick) and
discontinuous coal beds grading laterally into carbo-
naceous shales. Coal beds of the Green River Formation
are thin and discontinuous and are minor coalbed
methane targets.

Faults, Folds, and Fracture Patterns

The subsurface and surface structures of the Sand
Wash Basin are characterized by northwesterly -and
westerly striking faults of diverse origins, strong
northwesterly striking anticlinal and synclinal folding,
and a complex history of fracture genesis. Three major
fault systems occur within the Sand Wash Basin, as
mapped on the Williams Fork and Fort Union For-

“mations. A west-east-trending fault system is associated

with the Cherokee Arch to the west of Baggs; a north-
and northwest-trending fault system is located to the
east of Baggs; and a northwest-trending fault system
occurs to the northwest and southeast of Craig (figs. 4
through 6). The orientation of fold axes generally parallel
the major faults, showing a gradual shift from north-
south on the eastern margin of the basin, to more
northwest-southeast in the western and central parts of
the Sand Wash Basin, suggesting shifting maximum
horizontal stresses. Natural fractures (cleats) similarly
record a complicated genetic history resulting from
Laramide and post-Laramide structural deformation.
These fault, fold, and fracture systems, and the thrusts
and faults that bound the uplifts surrounding the Sand
Wash Basin, result in a highly complex structural grain
both within and along the margins of the Sand Wash,
Basin (fig. 7).

Faults and Folds

Faults in the Sand Wash Basin may contribute to
coal permeability and conventional trapping of gas. Oil
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and gas fields occur on north-, northwest-, and west-
trending faulted structures on the flanks of the Cherokee
and Axial Arches and in the center of the basin. The
west-east-trending Cherokee Arch, located to the north
of the Wyoming-Colorado state line, is a westward-
plunging anticline cut by numerous faults which are
herein termed the Cherokee Arch fault system (figs. 4
through 7). Structural contours drawn on top of the
Mesaverde Group and the Fort Union Formation reveal
a major west-east-trending fault that splays out toward
the west and east, producing a complex normal and
reverse fault system, having a left-lateral strike-slip
component. The fault system extends for at least 30 mi
(48 km) in a west-east direction and is as much as 8 mi
wide (13 km) between T12N, R96W and R90W (figs. 4
- through 7). Downthrown blocks are generally on the
northern side of the faults and total displacement across
the system may be as much as 2,500 ft (762 m).
A small horst with a throw. of approximately 400 ft
(122 m) occurs in T12N, R92W. Lateral shearing on
strike-slip faults has also created local upthrust structures
(Stone, 1975), resulting in a complicated thrust, reverse,
and normal fault system (figs. 4 through 7).

To the east and northeast of the Cherokee Arch fault
system, two major northwesterly trending faults, herein
termed the Savery fault system (Scott and Kaiser, ‘this
vol., fig. 43), extend for approximately 40 mi (~64 km)
along the margins of the Mesaverde Group outcrop.
Maximum displacement across the fault. system may be
as much as 2,500 ft (762 m); downthrown blocks are
on the western side of the faults. The easterly trending
Cherokee Arch fault system and the northwesterly

“trending Savery fault system, when traced to the south-
east, connect with a strike-slip fault system that crops
out within the Sierra Madre Uplift (Petroleum Information
Corporation, 1992). Seismic lines were not available
for in-depth structural studies of these fault systems.
Cronoble (1969) proposed that the high-angle to vertical
faulting occurred after the deposition of the Fort Union
and Wasatch Formations, making the fault systems active
during or after early Eocene.

The southwestern part of the basin is bordered by
thrust, reverse, and strike-slip fault systems that extend
approximately 80 to 100 mi (~129 to 161 km) and
parallel faults on the northeast flank of the Uinta
Mountains and Axial Arch (fig. 7). Northwest of Craig
(figs. 4 through 8), a major system of faults, herein
termed the Cedar Mountain fault system, has been
recognized in the subsurface from geophysical logs and
seismic lines provided by Union Pacific Resources. The
fault system is at least 10 mi (16 km) wide and extends
approximately 30 mi (~48 km) northwest and 15 mi
(24 km) southeast of Craig. The projection of the fault
system boundaries southeastward coincides with thrust
and reverse faults mapped from seismic data (Livesey,
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1985, and herein), prominent northwest-trending
lineaments, and northwest-trending outcrop segments
of the Mesaverde Group-Lewis Shale contact (fig. 5).
As many as six faults trend northwest, range in length
from 5 to 45 mi (8 to 72 km), are all nearly vertically
downthrown to the northeast, parallel one another, and
individually have throws between 500 and 1,800 ft
(152 and 549 m) for a total displacement across the -
system of more than 5,000 ft (1,524 m) on the top of

the Mesaverde Group (fig. 8). In the subsurface, left-

lateral strike-slip motion is also inferred on the system’s

largest fault in T7N, R94W from Williams Fork Formation -
cross-fault sedimentology and stratigraphy. The Williams

Fork Formation in the USA 15-1 well in the upthrown

block is more akin to the fluvial-dominated Williams

Fork to the northwest than to coastal plain Williams

Fork typical of the Craig area and found immediately

across the fault in the downthrown block. In outcrop in

the Cedar Mountain area, the faults are mapped as

normal faults, where Miocene strata (Browns Park

Formation) are downfaulted against Paleocene strata (Fort

Union Formation) (Tweto, 1979).

Large predominantly northwest- and north-trending
folds occur along the southeast border of the basin
(Tweto, 1976). These folds include the northwest-
trending Williams Fork, Beaver Creek, Breeze, and Buck

Peak anticlines in the west (Hancock, 1925) and the

more northerly trending Tow Creek, Oak Creek, Fish
Creek, and Sage Creek anticlines on the far eastern
margin of the Sand Wash Basin (Bass and others, 1955).
Northwest faults, 5 to 10 mi (8 to 16 km) long, are
recorded parallel to the fold axes on surface geologic
maps (Bass and others, 1955; Hancock, 1925; Tweto,
1976). Smaller faults, oblique to. the folds, have also
been reported. Faults with displacements of 2 to 215 ft

(0.6 to 66 m) have been mapped in the subcrop in 11

abandoned and 6 operating mines (table 1). The majority
of these in-mine faults trend northwest although minor
east, west, and northeast faults (and a few northwest-
trending dikes) have also been mapped. Some of the
fault displacements observed in coal mines may be the
result of strike-slip motion as indicated by slickensides
(Robson and Stewart, 1990). In addition, faulting has
also created fracture swarms within or between several
fault planes that parallel the fault traces. Northwest-
trending faults also appear on subsurface maps of gas
fields such as Buck Peak, Craig Dome, Great Divide,
Tow Creek, and Big Gulch.

Preexisting structural grain (zones of weakness), dating
back to the Precambrian, may have controlled the
orientation of the fault and fold systems. During the
Laramide Orogeny there was extensive thrust, reverse,
normal, and/or strike-slip faulting. Maximum horizontal
stresses were oriented either southwest-northeast or
northwest-southeast, or both. Uplift occurred again
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Fault blocks downthrown to northeast. Throws range from 500 to 1,500 ft (152 to 457 m) Total displacement across the system

is about 5,000 ft (~1,524 m).
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Table 1. Coal mine faults ‘in the Sand Wash Basin.

MINE MINE FAULTS FAULTS FAULT
MINE NAME SECTION TWP  RGE  TYPE STATUS  MAPPED TRENDS THROWS (ft) NOTES
Apex 21,22 4N 86W U Abd. 2 ~ NW,NW 25 and 100
Bear River 11,2 6N 87W U Abd. -4 EW,NW NW,NW One at 8
Blair SW,NW 10 6N  91W U Abd. 1 ENE
Curtis NE,SW 22 6N 86W U Abd. 1 NW 70
Denton Strip 20,21 6N-  86W S Abd. 3 NNE,WNW,WNW
Hammond SE,NW 34 7N 87W U Abd. 2 NNE,NW
Harris 16,21,28,
. 15,22,27 6N 87W U Abd. 15 NwW 2-215
Keystone 19 4N 85W U Abd. 3 SW,WNW,NW
24 4N 86W
Lenox SW 22 6N 86W U Abd. 1 N7 W 6
Pinnacle 35,36 4N 86W U Abd. 4 WNW,NNW,NNW,NW 3-20 NW-trending dike
1,2 3N 86W
Wadge 9,10,15 6N 87W U Abd. 10 NW &9 at NNW 4-7 9-ft-wide NNW dike,
coked coals
18-22 ft per side
Seneca Strip 2,3,10,11 6N 87W S Act. 4 EW,NNW EW is 40-60 ’
: NNW are 4
Energy No. 1 13 - 5N 86W S Act. 1 major  NW-SE 60-100
Edna 19,30,31 5N 85w S Act. many major faults NW Pyrite in Wolf Creek
36 5N 86W smaller faults NE and Wadge seams
7,18,19 4N 85W
Trapper 5&6 5N 90w S " Act. 1 EW
1,2,3,4,5 5N 91W
30-32 6N 90 W
Eagle Mine 31,32 6N 91W V] Act. 7 WNW 1040
5,6 ‘5N 9TW
Foidel Creek 32 5N 86W Act. 1 NW 6
S Surface mine
U Underground mine
Act. Active mine
Abd. Abandoned mine

during the Oligocene, and following the Laramide
Orogeny in Miocene time, a tensional stress regime
was present in the Sand Wash Basin, and extensional
deformation occurred. Extensional faulting continued at
a diminishing rate into Quaternary time.

Fracture Patterns

Permeability in coal is largely due to the occurrence
of fractures (cleats) and faults. Cleat and fault char-
acteristics were recorded in the Sand Wash Basin from
field observations in the Mesaverde Group and Fort
Union Formation coal beds (at approximately 26 stations,
principally in the southeast corner of the basin), liter-
ature, and core descriptions (Colorado Oil & Gas
Commission’s well files). Additional information on faults
was obtained from maps (including 100 maps of
abandoned coal mines) and mine permits.

Cleat Types

According to the definition of Tremain and others

(1991a, b), the first formed and commonly better -

developed fracture set in coal is the face cleat;
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generally, face cleats are the more prominent because
their fracture traces are long and have smooth, planar
surfaces. The less well developed, more irregularly
shaped set, which abuts the face cleat, is the butt cleat.
Observations in the Sand Wash Basin commonly show
well-developed face cleats; butt cleats are less
pronounced. The face and butt cleats are usually
mutually perpendicular. They are also generally
perpendicular to the coal bedding planes, although some
cleat inclinations may vary between 60° to 90°. In
addition to the face and butt cleats, occasionally
crosscutting third- and fourth-order cleats were observed.
Also, striated and sheared coals were seen at several
locations, as were curved cleats and conchoidal fractures
(table 2).

Face-Cleat Strikes from Outcrop Observations

Boreck and others (1977) measured north to northwest
face-cleat directions in seven mines in the southeast
part of the basin. They reported face-cleat striking at
003° at the Apex Mine (T4N, R86W), 353° at the Edna
Strip (T4N, R85W), between 300° and 335° at four
Energy Strip pits (T5N, R86W-R87W), and 315° at the
Seneca Strip (T6N, R87W). Khalsa and Ladwig (1981)
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Tectonic Evolution, Stratigraphic Setting, and Coal Fracture Patterns of the Sand Wash Basin

also measured northwest face-cleat strikes of 300°-312°
at the Denton Strip (T6N, R86W) and 314°-320° at the
Eagle No. 5 underground mine (T6N, R89W) (figs. 4
through 6). Face-cleat orientations measured at 26 sta-
tions in the Sand Wash Basin (table 2, fig. 6) generally
trend northwest (Tyler and others, 1991, 1992a, b, c;
Laubach and others, 19923, b, c), parallel to the current
maximum horizontal stress direction (Zoback and
Zoback, 1989) and the major northwest-trending faults
in the area (fig. 7). However, the northwest strike of the
face cleats shifts south of Craig. On the Yampa River,
on Highway 789, and at the abandoned Walker Mine
(table 2), mutually crosscutting and abutting cleats strike
northwest and northeast. We tentatively interpret these
cleats as two major, possibly contemporaneous face-
cleat sets (Laubach and others, 1992a, b, c) that are
related to the shifting of the stress regime during
Cenozoic times. These mutually abutting, crisscrossing
fracture sets may also enhance permeability (Tremain
and others, 1991a, b). To the south in T5N, R90W-
RI1W, on Highway 13, face-cleat strike is nearly east-
west (fig. 7); major faults south of Craig, in T4N, R9TW-
R92W, also strike east-west.

Cleat Spacing and Fracture Swarms

In many coals, cleat spacing varies with coal rank,
coal lithotype, ash content, and bed thickness (Ammosov
and Eremin, 1960) and with position relative to struc-
tural deformation. The spacing between cleats is cur-
rently used in reservoir modeling as an indicator of
potential fracture permeability (Mavor and others, 1991),
although fracture interconnectedness and tortuosity are
more important controls. Interconnectedness and
tortuosity, however, cannot be measured in core, but
outcrop characterization can facilitate prediction of cleat
attributes and coal permeability in fractured reservoirs.

To standardize cleat-spacing description, Tremain and
others (1991a, b) divided cleats into four groups based

on their relationship to coal lithotypes or bedding -

surfaces. (1) Master cleats cut through an entire coal
seam including thin, noncoal interbeds, and spacing
can be highly variable. (2) Primary cleats are contained
within, but extend the entire height of a coal lithotype.
Since they are large, master and primary cleats may be
significant for fluid migration, but they are only rarely
seen in core because of their wide spacing. (3) Secondary
cleats are more frequent than primary cleats, but they
do not cut an entire lithotype. (4) Tertiary cleats are
very closely spaced fractures that occur between
secondary cleats, generally with heights of less than
0.5 inch (<1.27 cm).

Master and primary cleat spacing in high-volatile
C bituminous Mesaverde coals studied in mine and
outcrop are highly variable. Master cleat spacing in the
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Mesaverde group coals at the Seneca Mine varied from

6 to 12 ft apart. Primary spacing between face cleats in

Mesaverde coals at the Edna and Energy surface mines
is 2.4 to 6 inches (6.1 to 15 c¢m) (Boreck and others,
1977). Primary spacing between face cleats at the
Haybro roadcut is 0.5 to 1 inch (1.27 to 2.54 cm); at
Hayden Gulch, 1 inch (2.54 cm); and at the Thomas
Mine, 12 inches (30.5 cm) (see table 2 for locations).
Spacing between secondary cleats in high-volatile
C bituminous Mesaverde coal outcrops is generally
between 0.25 and 0.5 inch (0.6 and 1.27 cm). One- to
2-inch (2.54- to 5.1-cm) cleat spacing was recorded
in a Mesaverde coal -at 4,914 to 4,923 ft (1,498 to
1,500 m) in the Helmerich and Payne Colorado State
No. 1-31 well (Sec. 31, T7N, R88W). Spacing between
butt cleats in a Fort Union coal, from approximately
5,000 ft deep (~1,524 m) in the Chevron Federal Land
Bank (F.L.B.) No. 15-4C, is 0.25 inch (0.6 cm). Thin
vitrain bands in Fort Union coals, as in most coals, are
closely cleated, on the order of less than 0.25 inch
(<0.6 cm) in a Fort Union coal from 2,072 to 2,077 ft
(631 to 633 m) in the F.L.B. No. 1-29 well (Sec. 29,
T7N, R92W).

An intensification of cleat frequency and intercon-
nectedness was observed in fracture swarms and fault
zones parallel to the butt-cleat direction at the Haybro
roadcut and Thomas Mine. Some mine operators have
reported an influx of methane associated with fracture
swarms, and high gas contents have been measured
that are associated with faults along the southern part
of the basin (Kaiser and others, this vol.). Northwest-
striking face cleats, faults, and folds parallel the current
maximum horizontal stress direction and are permeable
pathways that probably contributed to the migration
and conventional trapping of gas. In addition, areas
with a pronounced northwest structural grain might be
areas of high-permeability anisotropy where in-mine
horizontal wells perpendicular to the face-cleat direction
or refracturing of coal seams (in which new fractures
may initiate perpendicular to the original fracture
[Palmer, 1993]) may be effective completion methods.
On the other hand, where mutually abutting face cleats
occur, as observed at the Walker Mine and Yampa
River sites (see table 2) or where northeast-trending (butt-
cleat direction) fracture swarms, faults, and folds such
as those noted on the eastern side of the basin create
low cleat permeability amsotropy, cavity completions
might be favored.

Cleat Mineralization

Minerals deposited in cleats can obstruct the per-
meability of fracture systems in coal seams. Although
cleats in many Sand Wash Basin coals lack cleat-filling
minerals in outcrop, several instances of mineralization
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have been noted (table 3). Calcite fills some cleats at
the Thomas Mine (table 3) near Savery, Wyoming.
Accompanied by pyrite, calcite lines cleats in a few
coals cored in the USGS C-IC-H well (Sec 23, T4N,
R93W). Calcite was also reported throughout cleats in
an 8-ft (2.4-m) coal cored in the Helmerich & Payne
Colorado State No. 1-31 well (table 3). Hancock (1925)
reported several instances of selenite (gypsum) along
joint planes in blocky coals at a few old mines and
prospects (table 3). Minor amounts of pyrite are also
frequently reported in coal mines and cores. The pyrite
occurs as isolated rosettes on cleat surfaces in fresh
coal samples. Reddish-brown staining in outcropping
coals and associated sandstones may be weathered pyrite
formerly present in the cleats and joints. -

Stress Regime

The interpretation and timing of the orientation. of
the principal shortening direction in the Sand Wash
Basin are controversial. The major compressive force
during the Laramide Orogeny was either east-west

(Livesey, 1985), southwest-northeast (Gries, 1983), west-

southwest—east-northeast (Stone, 1975), or -northwest-
southeast (Laubach and others, 1992a, b, ¢). Dynamic
analysis of subsurface and surface structures in north-
western Colorado (Stone, 1975, and herein) indicates
that the structural patterns of the Sand Wash Basin are
consistent with the regional tectonic patterns of the
Rocky Mountain foreland. The complex fault, fold, and
fracture patterns were either produced by east-northeast—
west-southwest and/or northwest-southeast maximum
horizontal compressional stresses and lateral shearing
at depth, during the early Laramide Orogeny. Spatially,
the orientation of the faults and fold axes shows a gradual
change from almost north-south on the eastern margin
of the Sand Wash Basin, adjacent to the Sierra Madre-
Park Uplift, to a more northwest-southeast orientation
in the western and central parts of the basin, suggesting
a counterclockwise shifting of the maximum horizontal
stresses about a vertical axis from east-west to northeast-
southwest. This shift in maximum horizontal stresses
can be interpreted as progressing to a nearly north-
south-reoriented maximum horizontal stress that could
have resulted in the emplacement of the west-east-
oriented, northerly thrusted Uinta Uplift (Stone, 1975).
Laramide and post-Laramide stresses associated with
the genesis of natural fractures (cleats) in the Sand Wash
Basin have similarly shifted about a vertical axis both
spatially and with time. Upper Cretaceous and Early
Tertiary coal beds are cut by a complex network of
extensional fractures and cleats. Fracture data reveal at
least three principal face-cleat strikes and corresponding
stress orientations in the Mesaverde Group coals of the

Sand Wash Basin. The first formed and better developed

fracture set (face cleat) in coal beds of the lles Formation
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commonly strike north in T4N, R85W (table 2),
northwest in T6N-T8N, R87W (table 2), and west in
T5N, R90W (table 2). The dominant face cleats in the
Williams Fork Formation strike north to northwest in
T4N-T6N, R86W (table 2), northwest to west-northwest
in T5N, R87W-R89W (table 2), and west-northwest to
west in TSN-T6N, R90OW-RI2W (table 2). The youngest
and less well developed butt cleats generally strike
northeast. Regionally the lles Formation has dominant
face-cleat strikes of west and north-northwest, and the
Williams Fork Formation has a dominant northwest face-
cleat strike with evidence for mutually abutting northeast
face-cleat strikes. A gradual change in face-cleat strike
from northwest to more north on the eastern edge of
the basin suggests a shifting of the principal horizontal
stresses through Cenozoic time. A record of Laramide
and post-Laramide stress. rotation has also been
documented for joints in the Piceance and Washakie
Basins (Verbeek and Grout, 1986; Grout and Verbeek,
19923, b)..

In summary, southwest-northeast and/or northwest-
southeast maximum horizontal stresses have produced
the northwest structural grain to the Sand Wash Basin
and resulted in northwest-striking thrust, normal, and
strike-slip fault systems and fold axes. This maximum
horizontal stress is consistent with stresses that produced
the regional tectonic patterns of northwestern Colorado;
this stress also produced the northwest-striking face
cleats, which parallel the fault systems and fold axes of
the Sand Wash Basin.

The present stress regime of the Sand Wash Basin is
extensional and lies. within the Cordilleran stress
province of Zoback and Zoback (1989) between the
Colorado Plateau interior and the southern Great Plains
stress province (fig. 9). Using sparse stress measurements,
Zoback and Zoback (1989) suggest that the maximum
horizontal compressive stress orientation is north-
northwest in the Sand Wash Basin.

‘Conclusions

1. Major coal-bearing and coalbed methane targets
occur in Upper Cretaceous strata of the Williams Fork
Formation (Mesaverde Group) and lower Tertiary strata
of the lower coal-bearing unit, Fort Union Formation.

2. The complex subsurface and surface structures of
the Sand Wash Basin are characterized by important
northwest- and west-striking faults of diverse origins,
strong northwest-striking anticlinal and synclinal folding,
and a complex history of fracture genesis.

3. Northeast-southwest and/or northwest-southeast
maximum horizontal stresses are expressed dynamically
in a combined thrust and strike-slip (wrench) fault
segmentation of the Sand Wash Basin accompanied by
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Table 3. Cleat mineralization in the Sand Wash Basin.

COAL DEPTH

INTERVAL MINERALS REFERENCE
176-800 ft P,CR Tremain and Toomey, 1983
Surface G Hancock, 1925
Surface G,P Hancock, 1925
Surface G Hancock, 1925
4,914-4,923 ft C COGCC Files
4,649-4,706 ft P,R Tremain and Toomey, 1983
Surface C,P Personal observation
1,530-1,790 ft P COGCC Files
5,420-5,890 ft P COGCC Files
Surface ) P ‘COMLRD Files
Surface P Boreck and others, 1977

Figure 9. Stress province map showing major stress province
boundaries in the vicinity of the Sand Wash Basin. Inward-
pointing arrows indicate SHmax direction. CP = Colorado
Plateau stress province; SGP = Southern Great Plains stress
province. Study area is near the boundary between the
Cordilleran extensional province and the midplate
compressional province. Modified from Zoback and Zoback
(1989).

AREA LOCATION FM
USGS C-IC-H coal core hole Sec. 23, T4N, R91W Kwf
Prospect, Locn. No. 251 Sec. 29, T4N, R92W Kwf
Battle Era Mine, Locn. No. 47 Sec. 14, T4N, R94W Kwf
Prospect, Locn. No. 405 , Sec. 6, T5N, R92W Kwf
Helmerich & Payne State 1-31 ‘Sec. 31, T7N, R88W Kwf
Energy Reserves Van Doren No. 1 Sec. 29, TN, R90W Kwf
Thomas Mine Sec. 5, T12N, R89W Kmv
Meridian No. 11-23 State Sec. 23, T12N, R92W Kfu
Mountain Fuel No. B-6 Allen Sec. 33, T12N, R97W Kfu
Edna Mine Sec. 36, T5N, R86W Kwf
Energy Strip No. 1A Sec. 32, T5N, R86W Kwf
COGCC Colorado Oil and Gas Conservation Commission
COMLRD ' Colorado Mined Land Reclamation Division
G Gypsum
P Pyrite
R B Resin
C Calcite
110° 100°
- 50°
MIDIRLATEN
COMRRESSION
- 40°
— 30°
T T QA19402ca

19

intense anticlinal folding of Late Cretaceous and earlier
sediments, resulting in significant structural relief.

4. High water production (Kaiser and others, this
vol.) from coalbed methane wells in the Sand Wash
Basin indicates high permeability. This permeability may
in part reflect open northwest-trending face cleats in
the southeast part of the basin, where face cleats are
parallel to current maximum horizontal stress directions.

5. Local areas of crosscutting and mutually abutting
face cleats and fracture swarms in the butt-cleat direction
may be areas of increased cleat connectedness and
decreased permeability anisotropy. Such areas could
be favorable targets for completion techniques such as
cavity completions that have proved successful in the
northern San Juan Basin. Fracture swarms and faults
could also create conventional traps for gas.

6. Laramide and post-Laramide stresses shifted about
a vertical axis both spatially and with time from east-
northeast, northeast, and north to northwest.

7. Prediction of fracture patterns at depth in the Sand
Wash Basin may be improved by additional detailed
outcrop characterization of fracture attributes. Core holes
do not contain oriented core, and very few wells are
available for core analysis.
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‘Stratigraphy and Coal Occurrence of the Upper Cretaceous Mesaverde

Group, Sand Wash Basin
Douglas S. Hamilton

Abstract

The upper Mesaverde Group ‘is divided into the Williams Fork and Almond Formations. The
Williams Fork Formation is the most important coal-bearing unit in the Sand Wash Basin. It is
divided into four genetic depositional sequences, each bounded by regionally extensive, low-
resistivity shale markers. Units 1 through 3 were characterized by linear shoreline systems. in the
easternmost part of the basin that were bounded landward by coastal plain systems, which in turn
graded landward into fluvial systems. Unit 4 deposition was dominated by a mixed-load fluvial
system. The Almond Formation is a minor coal-bearing unit that was deposited as a wave-dominated
delta system. _ ’

The thickest, most laterally extensive coals occur in Williams ‘Fork Units 1 and 2, the two"
lowermost genetic units. These coals are concentrated in the eastern half of the basin, east of the
Little Snake River, and are thickest near Craig, where net coal thickness of Unit 1 averages 90 ft
(27.4 m) and Unit 2 averages 40 ft (12.2 m). Average net coal thicknesses of Units 3 and 4 are 30
and 40 ft (9.1 and 12.2 m), respectively, but the coals are less continuous. Unit 3 and 4 coals are
thickest northwest of Craig, and Unit 4 contains the only appreciable coal west of the Little Snake
River. Variability in coal continuity was demonstrated by the coal-seam profiles. Whereas some
seams could be traced by their characteristic density and gamma-ray log profiles over most of the
eastern half of the basin, others could be correlated only when grouped as broad coal packages.
- Unit 1 and 2 coals are continuous from the subsurface to the outcrop belts in the south and
" northeast and are thus potential conduits for basinward flow of ground water. Unit 3 and 4 coals
are less continuous in the subsurface and are unlikely to provide potential for interconnected
aquifer systems. Data are scarce on Almond coal distribution, but three areas—(1) west of Craig,
(2) southeast of the Rock Springs Uplift, and (3) west of the Sweetwater-Carbon County line—
contain net coal thickness of as much as 25 ft (7.6 m). _ -

Ideal conditions for peat accumulation and preservation occurred on the coastal plain of Units 1
and 2 immediately landward of equivalent shoreline sandstones. Bypassing coarse clastic sediment,
maintenance of high water-table levels, and optimum subsidence combined in this setting. Gradual
westward thinning of Unit 1 and 2 coals toward the coastal-plain/alluvial-plain transition is explained
by a lowering water table associated with the rise in surface gradient of the alluvial piedmont. Coals
also thin to the east as they overrode the shoreline sandstones. Marine conditions ultimately limit
coal distribution to the east. Unit 3 coals, despite occupying a similar coastal plain setting, are not
as thick or extensive as those of Units 1 and 2 probably because the area of sediment bypass was
smaller and subsidence rates were not optimal. Unit 4 coal distribution was controlled by a mixed-
load fluvial system, and peats accumulated in isolated interchannel areas between fluvial axes.
Almond coals are located behind shoreline sandstones and between dip-oriented distributary facies.

Introduction

A general assessment of all coal-bearing intervals of
“the Sand Wash Basin was undertaken to target those
units with greatest potential for coal-bed methane
production. The Williams Fork Formation was quickly
identified as containing the thickest, most extensive,
and greatest number of coal seams, and was selected as

In Kaiser, W. R., and others, 1993, Geologic and hydrologic controls on
coalbed methane: Sand Wash Basin: The University of Texas at Austin,
Bureau of Economic Geology, topical report prepared for the Gas Research
Institute under contract no. 5091-214-2261 (GRI-92/0420), p. 23-49.
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the principal focus of the study. The Almond Formation
was not studied in detail.

The Williams Fork and Almond Formations form the
upper part of the Mesaverde Group, which .is a major
pre-Laramide, Upper Cretaceous coal-bearing sequence
(fig. 10). During the Upper Cretaceous, the area of the
Sand Wash Basin was occupied by the Western Interior
Seaway, which received clastic sediment in cycles
initiated by tectonic uplift and loading of the Overthrust
Belt to the west. Sedimentation patterns are also thought
to be influenced by eustatic sea-level fluctuations
(Kauffmann, 1977).
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Stratigraphy and Coal Occurrence of the Upper Cretaceous Mesaverde Group, Sand Wash Basin

The first step taken in this study was to establish a
stratigraphic framework in which detailed and mean-
ingful analysis of the coals, and their enclosing sedi-
ments, could be carried out. A genetic approach to
stratigraphic analysis was applied to the upper
Mesaverde Group. The genetic stratigraphic framework
then provided the basis for delineation of the major
depositional systems and mapping the distribution and
thickness of the coals. This stratigraphic framework

further provided a basis for investigating the depositional -

controls on coal occurrence.

Genetic Approach to Stratigraphic
Analysis

The best way to achieve meaningful understanding
of a sedimentary sequence is to identify and investigate
strata that are genetically linked. Ideally, genetic units
to be mapped should be correlatable over widespread
areas and should have been deposited during discrete
episodes of general tectonic, climatic and/or base level
stability (Galloway, 1989). Such units are the funda-

mental time-stratigraphic increments of the basin fill, .

and they provide the foundation. for establishing a
correlation framework and construction of basic litho-
facies maps necessary for further interpretation. More
detailed analysis allows the delineation of the component
depositional systems, which are characterized by specific
geometries and bedding architecture (Galloway and
Hobday, 1983) that are readily determined from sub-
surface data. :

Depositional systems are also characterized by
specific processes of sediment dispersal that can be
observed directly in modern-day analogs. Herein lies
the real strength of the genetic approach. Recognition
of the depositional system, in conjunction with an
understanding of its sediment dispersal processes,
provides a powerful guide for predicting lateral changes
in geometry and distribution of the framework sandstone
facies and associated coal-bearing mud rocks. Detailed
understanding at the facies level is the ultimate objective
in coalbed methane research because it is at this scale
that (1) the lateral continuity and thickness of the coalbed
reservoirs are determined, and (2) the basin’s fluid
migration pathways, including the target coalbed gases
and the produced waters, are established.

Interrelated with the task of delineating the major
genetic units is recognizing the hiatal surfaces that bound
these units. The hiatal surfaces record major interruptions

in basin depositional history and represent significant

~ periods of nondeposition or very slow clastic accumu-
lation. The bounding surfaces are generally easily
recognized in marginal marine basin settings where
widespread marine shales separate successive pro-
gradational clastic wedges (Frazier, 1974; Galloway,
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1989). However, recognition of the bounding surfaces
in nonmarine basin-fills is more problematic, and
possibly only the erosional unconformities provide
obvious sequence boundaries. More subtle, conformable
bounding surfaces are important but require considerably
more intensive investigation for recognition.
Recognition of the principal bounding surfaces of
the upper Mesaverde genetic sequences was relatively
straightforward in the eastern half of the basin. The
basin occupied a marginal marine setting along the
western edge of the Western Interior Seaway during
upper Mesaverde deposition, and the successive clastic
wedges are bracketed by transgressive marine flooding
surfaces. Defining bounding surfaces in the continental
facies to the west was more difficult but still possible.

Genetic Stratigraphy of the Upper
Mesaverde Group

A genetic stratigraphic framework was established
for the upper Mesaverde Group. The unit can be divided
genetically into the Williams Fork and Almond
Formations. The Williams Fork Formation can be further
subdivided into four genetic units, Units 1 through 4
(fig. 11), each representing a discrete depositional
episode within the basin’s history. The genetic units are
bounded by regionally extensive, low-resistivity shale
markers that have been mapped from the southeastern
margin of the basin to at least as far west as T13N,
R102W on the southern flank of the Rock Springs Uplift,
and to the north beyond the limits of the study area
(figs. 12 and 13). The shale markers are attributed to
marine flooding surfaces in the basinward direction (east
and southeast), where they are easily recognized
separating aggradational coal-bearing coastal plain facies
of one depositional episode from overlying upward-
coarsening progradational sequences of the next. In the
landward direction, genesis of the shale markers is less
clear. Either the marine flooding events that punctuated
the Williams Fork extended further west than is generally
recognized, or the controls on the flooding events, such .
as shutting-off sediment supply, similarly affected the
nonmarine environment and are also recorded by low-
resistivity shale markers indicative of sediment starvation.
Units 1 through 4 are thus true genetic depositional
sequences as defined by Galloway (1989) because they
are depositional units bounded by flooding surfaces (and
their nonmarine correlative surfaces).

Comparison with Traditional
Stratigraphy

The Williams Fork Formation as defined here varies
from the traditional stratigraphy in three main ways.
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Figure 11. Genetic stratigraphy of the upper Mesaverde Group in the eastern Sand Wash Basin. Coal beds are identified on an
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1. The Trout Creek Shale and overlying Sandstone
Member, which are traditionally assigned to the
uppermost part of the underlying lles Formation
(Siepman, 1986) are in this study included with the
Williams Fork Formation. Depositionally, the Trout Creek
Shale/Sandstone couplet records. an episode of marine
transgression and subsequent progradation. Thus, the
progradational Trout Creek sequence belongs genetically
with the Williams Fork Formation (figs. 1 and 2).

2. The Williams Fork Formation is distinct or separated
from the Almond Formation. In his. published cross
section, Roehler (1987) showed the Almond Formation
as partially equivalent to the upper part of the Williams
Fork Formation. The Almond Formation, as traditionally
defined, includes two dissimilar sedimentary sequences,
that is, a prominent aggradational sequence of inter-
bedded sandstones, siltstones and coals, and an
overlying, strongly progradational sequence of upward-
coarsening and blocky sandstones with coal beds. Here
we restrict the term Almond Formation to the upper,
strongly progradational sequence and the Williams Fork
to the underlying aggradational coal-bearing sequence
(fig. 3). A regionally extensive, low-resistivity shale
marker separates these two sequences, and the change
in their character is evident on gamma-ray, spontaneous
potential (SP), and resistivity logs. Genetically, the
Almond Formation represents a barrier-bar/strandplain
complex that lies above the main Williams Fork coal-
bearing interval.

3. The genetic depositional sequences of the Williams

" Fork Formation (Units 1, 2, 3, and 4) cut across many

of the traditionally defined lithological members. For

example, the top of Unit 1 cuts through the middle of

the Canyon Creek Member (fig. 3), and the top of Unit

2 cuts through the middle of the Pine Ridge Sandstone
Member (as illustrated in Roehler and Hansen, 1989).

Coal Occurrence of the Upper
Mesaverde Group

Coal Identification

Coals were identified in this study from geophysical
‘well logs by low bulk density, low -natural gamma
response, very high resistivity, high neutron and density
porosities, low sonic velocity, and/or low neutron count.
Some combinations of these criteria were used because
no uniform well log suite was available. Bulk density or
sonic logs were run in most wells, and these are the
most reliable logs for coal identification. However,
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natural gamma response was consistently low for all
coal beds and was used in conjunction with very high
resistivity, and shalelike SP response to operationally
define coal in some wells.

Coal Seam Continuity

Continuity of the Williams Fork coals is variable.
Some individual seams were correlatable in the sub-
surface throughout the eastern half of the Sand Wash
Basin and extend to the southern and northeastern
outcrop belts. Other seams could only be correlated
extensively when grouped as broad coal packages. Data
were too scarce to demonstrate continuity of Almond
coals. Understanding coal seam continuity is critical to

-coal gas production and water production because

(1) coal seams with considerable continuity provide
pathways for diffusion and long-distance migration of
coal gases and (2) continuous coals act as major aquifers.

Coal seams are correlatable because of their unique
seam signature. They are biochemical sediments com-
posed of discrete bands (or lithotypes) that are a function
of the original peat-forming plants and the physical and
chemical conditions that prevailed in the peatswamp.
Coal-seam correlation is achieved by recognizing the
unique seam signature in adjacent wellbores.

Seam signatures of some typical, laterally continuous,
Williams Fork coals are illustrated in figure 14. The
seam signatures are defined by the gamma-ray and
density logs, which are sensitive to minor fluctuations
in the coal-seam lithotypes. The seam 1 gamma-ray
and density-log profile has a serrate key-like shape.
Seam 2 is characterized by several splits that display an
upward decrease in density. Seam 3 is recognized
by its three parts, or plies, and the middle plie is
consistently the most prominent. The top coal, seam 4,
is characterized by its blocky signature. A number of
discontinuous coals are also illustrated in figure 5. These
show a featureless. spike on both the gamma-ray and
density logs.

Detailed discussion of individual Williams Fork coals
will be framed within the context of their encompassing
depositional system, which controls the coal distribution
and thickness. Discussion of Almond coals is much less
detailed.

Williams Fork Genetic Depositional
Sequences |

Unit 1

The lowermost genetic depositional sequence of the
Williams Fork Formation, Unit 1, is a clastic wedge that
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extended coal-bearing coastal-plain deposits to beyond
the present-day basin margin. The unit is bounded by
~ regionally extensive, low-resistivity shale markers. The
lower bounding surface occurs near the base of the
Trout Creek Shale Member in the eastern and south-
eastern parts of the basin, where the sequence is
characterized by the upward-coarsening, progradational
Trout Creek Sandstone Member and overlying aggrada-
tional coal-bearing rocks. There is a prominent facies
change to the west as the coal-bearing strata are replaced
by thick, stacked sandstone units and interbedded
mudstones of the Ericson Sandstone (fig. 15). Strati-
graphically, Unit 1 is equivalent to the Trout Creek
Shale and Sandstone Members and lower one-third of
the Williams Fork Formation in the eastern part of the
basin, and the middle part of the Ericson Sandstone in
the west. To the north, this unit is equivalent to the
upper part of the Allen Ridge Formation (Roehler, 1987).
‘Unit 1 thickness ranges from 900 ft (274 m) in
the southeast, where basin subsidence was at a maxi-
mum, to 400 ft (122 m) in the northeast. Basin
subsidence trends have a pronounced northeast-
southwest alignment. ‘ '

Depositional Systems

Three major depositional systems are recognized in
Unit 1 from the geometry of framework sandstones
and log facies mapping. A linear shoreline system
dominates the easternmost part of the basin and is
backed landward by a coastal plain system that grades
westward into a mixed-load to bed-load fluvial system
(fig. 15).

A number of parallel strike-oriented (northeast-
southwest) sandstone-rich trends are apparent in the
easterly shoreline system (fig. 15). This, coupled with
the strong upward-coarsening log motifs, provides
evidence of shoreline progradation. The shoreline system
is backed by a sand-poor area (net sandstone less than
125 ft [38 m]) that defines the coastal plain system. The
coastal plain was largely an area of sediment bypass,
and the aggradational log patterns that characterize this
system reflect thick coals and interbedded mudrocks. A
dip-oriented sandstone-rich trend extending southeasterly
from Baggs cuts across the coastal plain (fig. 15), and
is interpreted as a distributary channel complex that
fed sediment to the shoreline system. Log patterns of
this zone are blocky and upward-fining, consistent with
such an interpretation. The coastal plain passes landward
(westerly) into the alluvial plain- where contributary
patterns in sandstone distribution define a major fluvial
system (Ericson Sandstone). Log patterns are aggrada-
tional and associated with thick,:stacked channel
sandstones with interbedded floodplain muds.
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Coal Stratigraphy

Unit 1 coals are the thickest and most extensive in
the Sand Wash Basin. Three discrete coal packages are
recognized, and each extends over the entire eastern
part of the basin (fig. 12). The first (or lowermost) package
immediately overlies, and is genetically related to, the
Trout Creek Sandstone, Three coal seams from 3 to
10 ft (0.9 to 3 m) thick are typically present in this
package, but as many as five much thinner (2 to 5 ft
[0.6 to 1.5 m] thick) seams may be present locally,
where seam splitting occurs.

The second coal package overlies the first and consists
of two coal seams that can be correlated individually
over most of the eastern part of the basin. Correlation is
achieved by matching their characteristic profiles, as
displayed on the gamma and density logs. Correlatability
is further enhanced by the presence of the distinctive
Yampa bentonite bed (fig. 11), which occurs within the
lower of the two seams. The seams merge in T6N,
R89W, where the combined coal thickness is 43 ft
(13 m), but elsewhere seam splitting is common.
Individual seam splits range from 5 to 25 ft (1.5 to
7.6 m) thick.

The third (or uppermost) coal package consists of as
many as five seams ranging in thickness from 2 to 20 ft
(0.6 to 6 m) (fig. 12). Correlation of individual seams in
this coal package was possible only over an area of
approximately 80 mi? (207 x 10° m?) (T7-8N; R92W),
where one 15 to 20 ft (4.5 to 6 m) seam had a
characteristic gamma-ray and density-log profile.

Coal Distribution

Net coal thickness is at a maximum in the Craig
area, where it is as much as 129 ft (39.3 m) thick and
averages 90 ft (27.4 m) thick (fig. 16). Net thickness
decreases westward and is absent along a line from
T8N R9I5W to Baggs, Wyoming, approximately parallel-
ing the course of the Little Snake River in Colorado.
There is no significant Unit 1 coal west of the Little
Snake River in the structurally deepest and most
thermally mature part of the basin. Thinning also occurs
in the southeasternmost part of the basin, where net
coal thickness is 30 to 40 ft (9.1 to 12.2 m). The
pronounced northeast-southwest alignment of coal-seam
thickness trends parallels the basin subsidence trends.
Unit 1 isopachs indicate a northeast-southwest depo-
sitional strike and gradual thickening of the section to
the southeast. Coals are also thin along a narrow, dip-
oriented zone extending in a southeasterly direction
through Baggs, where they are partially replaced by
stacked sandstone units. Although some of the coals
are replaced, the net coal thickness map indicates that



Douglas S. Hamilton

. . ‘siSeg woiy piemiseayinos spualxa WiAsAs puueyd Asenquisip pajudiio-dip v (3uojspueg
uosd113) wajsAs [eiany a81e| e ojul premisam sapesd yoiym ‘([w g>] 3 ST ueY) ss3| duojspues Jau) wasAs urejd [e)seod e Aq piempue] paxoeq ‘JuapiAd
a1e SAUI[2I0YS D1ISE|D Jedul] (JSIMYIN0S-JSEaYLIou) PajudLIo-aNI]S JO JIqUINU Y "UOHEWIO] }J04 SweljjIA ‘L Hun Jo dew auojspues-jaN S| aundiy

229€2eVD
00e< 00€-0S¢ 062-00¢ 002-0S5} @ 0S1-001 001> l
mosH mssd moeH mzed Mred Mo6H msed MO0+YH M2oLH :
|00 MMM MM e M) M| (meow) Moo |
— SIXe au|[ai0ys \ doiojno apianesspy Krenus] /snosoejar) 1M
¢ . &
_ N juiod eyeq . uidn sbuudg ooy NSH
N
e |99 OO e —
hpl ¥ G¢ |enssul .SoEoO
wy 0e 0
] __ 1 1 1 1 _“
N w 0z 0
S
1
- N
.
N CNuf\/
N -~
1
N
N
6
1
N
N
L
1
opeiojon
mc_Eo>>>\\
N

€l
1

1_\>>mmm _

[ mosu | | mosu | mosn |

32



Stratigraphy and Coal Occurrence of the Upper Cretaceous Mesaverde Group, Sand Wash Basin

. ‘s33eg woay premiseaynos Juipualxa wajsAs Arenquisip (3seayinos-jsamypiou)
pajuario-dip e Suoje uiyy osje si [eo) ‘uonisues} urejd [eIANjje-[RISEOD B} JE JSIM Y] 0} UIY} S|EO)) "SWIISAS dUIRIOYS Jeaul] Ay} puiyaq ured jejseod
3y} uo pajejnwndoe jead asaym ‘ease Zies) Y} Ul SINDI0 [0 JBU ISAPIY] "UONBWLIO] Y404 SWEIIM ‘L Nun Jo dew ssawdiyl-leod-1aN 9| dinSiy

9€9€2EVD
0L1-06 06-09 09-0€ 0€-0
_ MmosH _ _§Sm _ _ MosH _ _ Mmzed _ _ Mv6d _ _ MosH _ l msey | | Moot | | Meord |
- SIXe auljaioys \ doiojno apianesspy Alena| /snoadejai) 1M
.
_ N juiod ejeq . widn sbuudg xo04 - NSYH
] 1 00 oonvia o § ) VR
€ >~ 05 Linow 00 1vi4OW .
hl Y 01 [eassjul JNOUOD
wy o¢ 0
1 1 1 | I 1 N
I T T T 1
R w 0¢ 0
S
1 .
. ./p\\/\.
.\I\. m ..m\..\m\\WQ)\(.\U.\J
—t~ ~~ e ey [N
1 ~ 3
m ’
1 \u\
_ /
13 o \0.
.h. .
-_— N \)l. L ]
Ope.J0|0) (R .
BuiwoApm s .
z -
€l .
1

:00::NO8HVYD + OO H3ILVML3IIAMS )
[ | mosu | | masu | | mosu | | meeu | | mreu | I mosu | | mesu | I moorul I mzorul

33



Douglas S. Hamilton

the coal packages are continuous from the subsurface
to the eastern, northeastern, and southern outcrop belts.
They are thus exposed to meteoric recharge and are
potential conduits for basinward flow of ground water.

Geologic Controls on Coal Seam Occurrence

Peat accumulation and preservation as coal is
dependent on three critical factors: (1) substantial growth
of vegetation, (2) maintenance of the water table at or
-above the sediment surface, and (3) nondeposition of
clastic sediment during peat accumulation. Substantial
~ vegetation growth is mostly determined by climate, and
the second two critical factors are controlled by the
depositional systems, basin subsidence, and hydrology.
The depositional systems provide the framework within
which the peat swamps are established, and, combined
with subsidence and hydrologic regime, are important
in maintaining optimum water table levels for peat
preservation. :

Distribution of the Unit 1 coals is intimately related
to the depositional systems and basin subsidence trends.
Three salients (net coal greater than 100 ft {30 m]) are
apparent on the net coal thickness map (fig. 16). Each
lies immediately landward of successive strandplain axes
of the linear shoreline system (compare figs. 15 and
16). The coastal plain is an area of sediment bypass
and provides an opportunity for uninterrupted peat
accumulation. The ideal location for preservation of the
peat is immediately behind the shoreline system where
water tables are maintained at optimum levels. Basin
* subsidence is also an important underlying control on
coal occurrence. It determines the location of clastic
sedimentation and accommodation space for peat
accumulation. The Unit 1 coals are oriented northeast-
southwest, which parallels the basin subsidence trend.
The coals thin to the southeast and are ultimately limited
by the final position of the shoreline, beyond which
marine conditions existed.

Net coal thickness gradually thins westward at the
transition between the coastal and alluvial plain systems.
The alluvial plain probably resembled a piedmont
surface that graded slowly down to the low-lying coastal
plain. This surface gradient would have strongly influ-
enced ground-water levels such that the water table
was highest immediately behind the shoreline and
progressively lower in the landward direction. Lowering
of the water table is postulated to account for the gradual
westward thinning of the coastal plain coals. Thick coals
were not preserved toward the landward side of the
-coastal plain, despite there being a uniformly broad
area bypassed by coarse clastic ‘sediments (as defined
by the 125 ft [38 m] contour; fig. 15).

Unit 1 coals are also thin along a narrow, dip-oriented
zone that extends southeastward through Baggs (fig. 16).
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The coals are partially replaced by stacked sandstone
units that are interpreted as distributary channels. These
distributaries cut across the coastal plain and were the
dispersal pathways for coarse clastic sediment delivered
to the prograding shoreline system.

Unit 2

The second genetic depositional sequence of the
Williams Fork Formation, Unit 2, is a clastic wedge
similar to that of Unit 1, except that it did not prograde
as far basinward. Unit 2 is bounded by regionally
extensive, low-resistivity shale markers. The lower
boundary is a flooding surface that terminates the coal-
forming conditions of Unit 1 (fig. 11). The upper bound-
ing surface is another maximum flooding surface that
underlies the progradational Twentymile Sandstone.
Unit 2 is characterized by upward-coarsening,
progradational log patterns of the Sub-Twentymile
Sandstone in the eastern and- southeastern parts of the
basin (Siepman, 1986). Log facies change to the
west into aggradational, blocky channel-fills and
interbedded mudstones of the upper Ericson Sandstone
(Canyon Creek Member; fig. 12). Unit 2 is therefore
stratigraphically equivalent to the Sub-Twentymile
Sandstone sequence in the eastern part of the basin,
and the Canyon Creek Member of the Ericson Sandstone
on the southern flank of the Rocks Springs Uplift.
Unit 2 ranges from 200 to 350 ft [61 to 107 m] thick,
and basin subsidence is greatest in the southeast. ’

Depositional Systems

Depositional setting of Unit 2 is comparable to that
of Unit 1, and three major depositional systems are
recognized from the geometry of the framework sand-
stones and log facies mapping. The eastern part of the
basin was characterized by a linear shoreline system
that was backed landward by the coastal plain and
farther landward by the alluvial plain.

The shoreline system is defined by two subparallel
strike-oriented (northeast-southwest) sandstone-rich
trends (fig. 17). The progradational character of this sys-
tem is indicated by the prominent upward-coarsening
log profiles of the sandstones (figs. 12 and 13). The
Unit 2 shoreline system is similar to that of Unit 1

- except that progradation did not extend as far basinward.

The seaward-most sandstone-rich shoreline trend is
crosscut by a sand-poor trend interpreted as a tidal-inlet
complex. Farther northwest, the inlet complex passes
into a dip-oriented distributary channel complex that
cuts across the coastal plain. The coastal plain, landward
of the shoreline system, is defined by net sandstone
from approximately 75 to 150 ft (22.8 to 45.7 m). As in
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“Unit 1, the Unit 2 coastal plain was largely an area of
coarse clastic sediment bypass, and log patterns are
aggradational, reflecting thick coals and interbedded
mudrocks. The coastal plain grades landward into the
alluvial plain to the west. Sandstone trends are ill-defined
on the alluvial plain, but the aggradational log patterns
result from stacked channel-fills and interbedded muds.
The alluvial plain was probably an elevated piedmont
broadly traversed by a sandy bed-load fluvial complex.

- Coal Stratigraphy

Unit 2 contains two coal seams that can be indi-
vidually correlated over broad areas by their distinctive
density and gamma-ray profile (fig. 14). The seams do
not extend to the east as far as those of Unit 1 because
they were limited by the extent of the Unit 2 pro-
gradational platform. Unit 2 was a minor progradational

episode. The lower of the two coals (seam no. 3;

fig. 14) is correlated throughout T6-8N; R92W and varies
in thickness from 15 to 20 ft (4.5 to 6 m). The upper
coal (seam no. 4; fig. 14) is correlated from the southern
outcrop belt (T5N; R91-92W) to the northeastern outcrop
(T13N; RI9OW) where it is equivalent to the Pioneer
Coal in the Dixon field (fig. 13). This coal is as much as
25 ft (7.6 m) thick but splits locally into three seams,
5 to 15 ft (1.5 to 4.5 m) thick (fig. 18). The upper coal
“appears to be continuous as far east as T6N; R89W,
where a 6-ft (1.8-m) seam is present. However, the
seam character is not definitive where the coal is thin.

Coal Distribution

and most continuous on the coastal plain immediately
landward of shoreline system (compare figs. 17 and
19). Isolation from sediments and maintenance of high
water table levels provided by the coastal plain make it
the optimum site for peat accumulation and preservation.
Unit 2 coals trend north-northeast, which parallels the
shoreline trend. Net coal thickness gradually thins to
the southeast (fig. 19), reflecting increasingly marine-
dominated deposition, and is limited ultimately by the
seaward extent of the shoreline system. A cross section
illustrating the relationship between the thick Unit 2
coals and the prograding shoreline system is shown in
figure 20. Peat accumulation is greatest on the
aggradational coastal plain. The peats can override the
shoreline sandstones to achieve greater lateral extent,
but are thinner.

As was the case in Unit 1, the Unit 2 coals also thin
gradually westward and are lost just beyond the

~ transition between the coastal and alluvial plain systems.

Net coal thickness within Unit 2 is af a maximum to

the west and northwest of Craig, where it averages 40 ft
(12.2 m) thick (fig. 19). There is a pronounced north-
northeast/south-southwest alignment to coal-thickness
trends. Net thickness decreases westward to less than
10 ft (3 m) along a line approximately defined by R94-
95W. Thinning also occurs in the easternmost part of
the basin where coal is absent beyond R87W, and along
a narrow, northwest-southeast-trending zone from T13N;
RI3W to TIN; R8IW (fig. 19). Although the coals are
thinned along this trend, the net coal thickness map
indicates that the coal-bearing packages are continuous
from the subsurface to the northeastern and southern
outcrop belts. Similar to Unit 1 coals, these coals are
exposed to meteoric recharge and are potential conduits
for basinward flow of ground water.

Geologic Controls on Coal Seam Occurrence

Geologic .controls on Unit 2 coal distribution are
comparable to those of Unit 1. The coals are thickest
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Gradual westward thinning of the coastal plain coals is
again thought to be the result of a lowering water table
with increased gradient on the piedmont surface of the
alluvial plain system. :

Thinning of the Unit 2 coals along the narrow, west-
northwest/east-southeast-trending  zone. from T11N;
RI3W to T10N; R88W overlaps the distributary channel
and tidal-inlet complex illustrated on the net-sandstone
map (fig. 17). Peat accumulation was probably inhibited
along this zone by clastic deposition in the distributary
complex and by marine influence associated with the
tidal complex.

Unit 3

The third genetic depositional sequence of the
Williams Fork Formation, Unit 3, is a clastic wedge that
extended shoreline and coastal plain deposits farther
basinward than Unit 2, but not as far as Unit 1. Unit 3
is also bounded by regionally extensive, low-resistivity
shale markers. The lower boundary is the maximum
flooding surface that precedes the Twentymile Sandstone
progradation (figs. 11 through 13). The upper boundary
represents a minor transgressive event, and the facies
offset above this marker is subtle (fig. 12). Unit 3 is
dominated by the upward-coarsening and blocky log
profiles of the Twentymile Sandstone over the eastern
half of the basin. To the west, the log facies change to
mud-rich aggradational patterns (fig. 12). Strati-
graphically, Unit 3 includes the Twentymile Sandstone
and overlying coals in the east, and the lower part of
the Almond Formation (as defined at the Rock Springs
Uplift by Roehler, 1987) in the west. Unit 3 is also
equivalent in part to the Pine Ridge Sandstone to
the north. Thickness of the unit varies from 200 ft
(61 m) in the northeast to 450 ft (137 m) in the southeast.
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