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accuracy, completeness, or usefulness of the information contained in this report, or
that the use of any apparatus, method, or process disclosed in this report may not
infringe privately owned rights; or

b. Assumes any liability with respect to the use of, or for damages resulting from the use of,
any information, apparatus, method, or process disclosed in this report.
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Geologic controls on reservoir properties of low-permeability sandstone,
Frontier Formation, Moxa Arch, southwest Wyoming

Bureau of Economic Geology, The University of Texas at Austin, GRI Contract
No. 5082-211-0708, entitled “Geologic Analysis of Primary and Secondary
Tight Gas Sands Objectives.”

S. P. Dutton

April 1989 — April 1992
Topical Report -

To summarize the results of geologic studies of the Frontier Formation on the
Moxa Arch in the Green River Basin, southwest Wyoming, and to document
the stratigraphic, diagenetic, and structural geologic parameters that influence

" reservoir behavior in the Frontier.

Since 1982, the Gas Research Institute (GRI) has supported geologic
investigations designed to develop knowledge necessary to . efficiently
produce natural gas from low-permeability sandstone reservoirs. As part of that
program, the Bureau of Economic Geology has conducted research on low-
permeability sandstones in the Upper Cretaceous Frontier Formation along
the Moxa Arch in the Green River Basin, southwest Wyoming. Information
gained from three Frontier cooperative wells, combined with geologic
characterization of the Frontier throughout the study area, led to the drilling
by GRI of a Staged Field Experiment (SFE No. 4) in 1990. The SFE well was
drilled and tested for the purpose of research .on low-permeability gas
reservoirs. This report summarizes the results of geologic studies of the
Frontier Formation, and it focuses on the contribution of geology to
evaluation and completion of tight gas sandstone wells.

Geologic characterization of the Frontier Formation focused on four major
areas: (1) stratigraphy and depositional systems, (2) diagenesis of reservoir
sandstones, (3) distribution of natural fractures, and (4) horizontal stress
orientation. ‘Along the Moxa Arch, the Frontier Formation was deposited in
fluvial and wave-dominated deltaic systems, in which strike-aligned shoreface

'sandstone and dip-oriented fluvial channel-fill sandstone form the most

important reservoirs. Frontier sandstone reservoirs are enclosed in coastal-

k plain and nearshore-marine shale and sandy shale.

The Frontier is divided into several sandstone-bearing intervals. Marine
shoreline sandstones in the First (upper) Frontier and the Third and Fourth
(lower) Frontier occur only at the north end of the Moxa Arch (La Barge
Platform) and are locally productive there. Second Frontier sandstone extends
along the length of the Moxa Arch and contains the most prolific gas
reservoirs. The Second Frontier is composed of several sandstone benches, of
which the First and Second Benches are most widespread. The First Bench
comprises laterally discontinuous fluvial channel-fill sandstones, whereas the
Second Bench is a single progradational shoreface sandstone having good
lateral continuity. The main depositional and stratigraphic controls on
distribution and quality of Frontier reservoirs are sandstone continuity and
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detrital clay content. On the La Barge Platform, Second Bench upper
shoreface sandstone has the lowest detrital clay content and consistently
occurs at the top of the laterally continuous shoreface sequence. Most
Frontier wells on the La Barge Platform have Second Bench perforations,
although variable thickness and diagenetic modification influence the
productivity of individual wells. The First Bench contains numerous
discontinuous fluvial channel-fill sandstones, each composed internally of a
complex arrangement of clay-rich and clay-free zones. Reservoir quality in the
First Bench is highly variable, although it improves southward along the Moxa
Arch.

According to petrographic examination of 247 thin sections from 13 wells,
Frontier sandstones are fine- to medium-grained litharenites and
sublitharenites having an average composition of 64 percent quartz, 6 percent
feldspar, and 30 percent rock fragments. Clean sandstones contain an average
of 1.6 percent primary intergranular porosity and 4.2 percent secondary
porosity, which formed because of dissolution of feldspar, chert, and
mudstone clasts. Microporosity, estimated as the difference between
porosimeter porosity and thin-section porosity, averages 6.5 percent. Calcite,
quartz, mixed-layer illite-smectite, and illite are the most abundant cements.
Authigenic mixed-layer clays consist of about 80 percent illite layers,
suggesting that clays may be only moderately sensitive to fresh water. On the
basis of petrographic evidence, the relative order of occurrence of the major
events in the diagenetic history of Frontier sandstones was found to be
(1) mechanical compaction by grain rearrangement and deformation of ductile
grains, (2) formation of illite and mixed-layer illite-smectite rims,
(3) precipitation of quartz overgrowths, (4) precipitation of calcite cement,
(5) generation of secondary porosity by dissolution of calcite cement and
detrital feldspar, chert, and mudstone, (6) precipitation of kaolinite in
secondary pores, and (7) chemical compaction by intergranular pressure
solution and stylolitization and additional precipitation of quartz cement.

Low permeability in Frontier sandstones is caused by (1) loss of porosity due to
compaction, (2) occlusion of pores by cements, particularly calcite and quartz,
and (3) lining of primary pores by fibrous illite. Unstressed permeability to air
averages 0.19 md in 65 upper-shoreface sandstones (porosity = 14 percent),
0.13 md in 132 fluvial channel-fill sandstones (porosity = 10 percent), and
0.08 md in 271 lower-shoreface sandstones (porosity = 13 percent).

Fractures are sparse in Frontier Formation core, but this does not necessarily
mean that natural fractures are not an important reservoir element in these
rocks. Fracture networks in outcrops that likely resemble fractures existing at
depth have attributes such as wide spacing and great lateral extent that would
tend to make them both effective fluid conduits and difficult to intersect and
detect with vertical wells. Frontier outcrop studies show that fractures are in
networks where fracture connectivity is locally highly variable and
anisotropic. The direction of fracture strike can shift by 90 degrees between
adjacent beds. Moreover, fractures commonly are in discrete, irregularly
spaced swarms separated laterally by domains that have few fractures, rather
than in regularly spaced, orthogonal fracture sets. Strikes of some fracture sets
can be predicted from regional tectonic extension directions; an optimum
direction for drilling in flat-lying rocks can thus be determined. More
challenging to predict are fracture orientation in a specific bed, fracture
density, and the probability of encountering a dense cluster of fractures by
means of hydraulic fractures or horizontal wells.

The Green River Basin is in the cordilleran east-west extension stress province
but near the boundary between that province and the east-northeast
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compressional mid-plate stress province. The boundaries between stress
provinces are vague and may be characterized by transitional or inconsistent
stress directions. Features that are consistent with east-west extension are the
young north-striking normal faults along the western margin of the basin; they
could be interpreted to indicate approximately north-south trending Sgmax. In
contrast, stress-directions from GRI tests in the basin suggest azimuths are
widely scatterend in the Frontier Formation in the vicinity of the Moxa Arch,
with some measured directions more consistent with the east-northeast Syjmax
direction of the nearby mid-plate stress province.

Correlation and interpretation of logs from more than 800 wells and cores
from 16 wells established the stratigraphic framework of the Frontier at
regional and local scales. Cores were used for interpretation and
characterization of depositional facies and for lithologic calibration of well logs.
The lateral variability in thickness and continuity of individual sandstone
bodies were mapped and displayed on cross sections. Frontier production data
were compared with sandstone development to better determine the
influence of depositional facies on gas productivity.

The composition of Frontier sandstones was determined using core samples
from 13 wells on and adjacent to the Moxa Arch. Most cores were from the
First and Second Benches of the Second Frontier, but cores of the First and
Third Frontier and the Third, Fourth, and Fifth Benches of the Second
Frontier also were studied. From each core, representative samples were
selected from different facies. Composition of Frontier sandstones and
mudstones was determined by standard thin-section petrography, scanning
electron microscopy using an energy dispersive X-ray spectrometer, electron
microprobe analysis, and X-ray analysis. Analyses of more than 600 core plugs
form the data base for porosity and permeability. All porosity and permeability
samples were measured under unstressed conditions, and some were also
measured under stressed conditions, at calculated in situ overburden pressure.

Fractures in five cores were studied in detail, and six additional cores were
surveyed for fracture occurrence. Ninety-two fractures were encountered in
ten Frontier wells having more than 1,580 ft (481 m) of core. Oriented core
and borehole-imaging geophysical logs provide information on fracture strike.
Fracture patterns in Frontier sandstone outcrops were mapped on aerial
photographs and topographic base maps. Locations of individual fractures
were surveyed using plane table and electronic distance-measuring devices.
Fracture descriptions are based on petrographic observations, large-scale
outcrop descriptions, scanline measurements, and field maps at scales of 1:50,
1:100, 1:300, and 1:12,000. Fracture- attributes in map areas were compared
with regional fracture patterns observed during basinwide reconnaissance. The
box method was used to estimate fractal dimensions of Frontier fracture
networks. This method involves placing grids of square elements of side-
length r successively over a map and counting the number of grid elements
(N) containing a fracture trace.

Stress-direction indicators used include the orientation of remotely monitored
microseismicity from hydraulic fractures, wellbore breakouts, coring-induced
fractures, and core-scale phenomena such: as core-strain relaxation (ASR),
acoustic P-wave velocity anisotropy, and rock-strength anisotropy measured by
means of indentation tests. Regional neotectonic deformation, expressed in
western Wyoming as earthquakes and young (Quaternary-Recent) fault scarps,
also provided an indication of current stress directions.
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Project
Implications

This report is one of a series of reports funded by GRI to cover geologic
descriptions of tight gas sandstone reservoirs. Other reports were issued on
the Travis Peak Formation and Cotton Valley Group. These reports provide a
good resource for producers researching the geology of tight gas sandstone
reservoirs.

GRI Project Manager
Larry R. Brand
Manager, Fracturing Fluids
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INTRODUCTION

The vFrontier Formation in the Green River Basin, Wyoming, produces gas from sandstone
reservoirs that are generally low in permeability. Many Frontier reser&oirs along the Moxa
Arch, a major area of Frontier gas production in the westefn Green River Basin, have been
designated as “tight gas sandstones.” Stratigraphic, diagenetic, and structural variations,
however, contribute to significant reservoir quality differences wi’thin and between the fields
along the Moxa Arch. This réport summarizes the results of integrated geologic studies of the
Frontier Formation on the Moxa Arch in the Green River Basin that were conducted by the
Bureau of Economic Geology. |

The Frontier Formation was studied as part of the Tight Gas Sands project, a reseérch
program supported by the Gas Research Institute (GRI) that focuses on low-permeability
sandstones. Many of the data used in this study were derived from three Frontier cooperative
wells and the GRI Staged Field Experiment No. 4-24 well (SFE No. 4-24). (Cobperative wells are
gas wells from which operating compa‘nies allow GRI contractors to collect data necessary for
formation evaluation.) Information gained from the cooperative wells, combined with geologic
characterization of the Frontier throughout the study area, led to the drilling by GRI of
SFE No. 4-24 in 1990. SFE No. 4-24 was a research well drilled by GRI on a lease acqﬁired
through the cooperation and assistance of Enron Oil and Gas Company.

The Frontier Formation in the Green River Basin contained an estimated 36 Tcf of original
gas in place, of which an estimated 1.7 Tcf had been produced by 1988 (Haas and others, 1988).
The goal of the GRI Tight Gas Sands project is development of advanced technology that can
be applied to the Frontier and other tight gas sandstones to enable greater recovery of gas in
place in low-permeability reservoirs. Geologic research is one aspect of this broad,
multidisciplinary program designed to increase knowledge about, and ultimate recovery of,
unconventional gas resources by integrating geologic characterization, log analysis, reservoir
engineering, and hydraulic fracture modeling to complete low-permeability sandstone

reservoirs more effectively.



The fundamental objective of the geologic study of the Frontier Formation was to develop
a complete description of the physical characteristics of the reservoir sandstones, which is
necessary to (1) understand the distribution and reservoir behavior of the tight gas resource and
(2) test and apply new technologies for resource extraction. Geologic studies can explain the
physical characteristics of Frontier sandstones and provide information necessary for accurate
formation evaluation, reservoir modeling, and fracture analysis. Geologic characteristics that are
critical to an understanding of Frontier reservoirs, or any other tight gas sandstone, are
(1) depositional systems and the distribution of reservoir sandstones, (2) diagenetic history of
the formation and mineralogic composition of the reservoir, and (3) structural history and

current structural setting of the basin and its contained reservoirs.

Stratigraphic studies help us place reservoirs in the context of a depositional systems
framework in order to identify productive facies and determine lateral continuity of individual
sandstone bodies. Depositional history helps us determine the regional distribution, geometry,
and texture of reservoir sandstones, as well as the characteristics of the nonreservoir facies that
may act as barriers to hydraulic fracture growth. Field-scale reservoir analyses provide geologic
information necessary for engineering simulation studies. This report discusses (1) regional
stratigraphic framework, (2) depositional patterns and sandstone geometries on the La Barge
Platform, and (3) depositional facies and reservoir development in GRI cooperative wells.
Potential stratigraphic and depositional controls on Frontier reservoir distribution and quality
are discussed in each section.

Production characteristics of tight gas reservoirs are partly controlled by diagenetic
modifications to the reservoirs; extensive cementation is commonly the reason .for low
permeability. An understanding of the diagenetic history can help to predict zones of low
permeability in a formation and to determine appropriate production methods. Petrographic
studies of Frontier core samples were used to investigate the effects of diagenet‘ic history on
reservoir porosity and permeability. Composition of detrital minerals and authigenic cements,

as well as the type of pores, were correlated with petrophysical properties such as porosity and
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permeability, and the effect of diagenetic changes on reservoir properties was thereby
identified. |

Structural setting significantly influences the producibility of a tight gas sandstone because
structural setting controls the state of stress and the abundance and pattern of natural fractures.
Natural fractures are potential fluid conduits in low-permeability-sandstone gas reservoirs such
as the Frontier Formation. Attributes of fracture networks in the subsurface are, however,
difficult to measure, which hampers efficient exploration and development of tight gas
resources. The identification of fractures in Frontier Formation core and on borehole-imaging
logs and limited gas- and water-production data indicate that fractures are present in the
subsurface and that fracture permeability is probably important, at least locally, in. this
formation. Analysis of fractures in Frontier outcrops provided descriptions of fracture attributes
such as fracture spacing, orientation, length and connectivity, and the size and shape of
fracture clusters and intervening unfractured areas. In the section on natural fractures, p. 112,
we describe fractures in Frontier Formation core and outcrops and show that fractures are

appropriate targets for gas exploration and should be incorporated into reservoir models.

STRATIGRAPHY AND DEPOSITIONAL SYSTEMS

In the Green River Basin of southwest Wyoming (fig. 1), the Frontier Formation comprises
marine and nonmarine sandstone and shale facies, which record early Late Cretaceous foreland-
basin sedimentation. Frontier shorelines, composed of wave-dominated deltaic headlands and
delta-flank strandplains, prograded eastward into the western interior Cretaceous seaway
Myers, 1977; Winn and‘ others, 1984; Moslow and Tillman, 1986, 1989) during Cenomanian
and Turonian times (Merewether and others, 1984). The formation thickens and becomes
increasingly more dominated by nonmarine facies westward into the Wyoming-Utah-Idaho
Thrust Belt, whereas it thins and becomes increasingly more marine to the east. In the west
part of the Green River Basin, both nonmarine (fluvial or distributary) channel-fill sandstone

and marine shoreline sandstone are well developed in the Frontier and form important low-
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Figure 1. Structure-contour map on the top of the Second Frontier, showing major structural
elements of the western Green River Basin (from Dutton and Hamlin, 1991). Location of thrust
faults (surface traces) based on Love and Christiansen, 1985, and Ryder, 1988. Locations of wells
from which Frontier cores were collected for this study are also shown; see table 1 for well
names. The north-south cross section along the Moxa Arch is shown in figures 4 and 6.
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permeability gas reservoirs. Frontier  sandstone reservoirs are enclosed in coastal-plain and
nearshore-marine shale and sandy shale. Stratigraphy and depositional environment are
important controls on reservoir geometry and quality in the Frontier.

This section presents results of a study of Frontier stratigraphy and depositional
environments along the Moxa Arch, which i§ the main area of Frontier gas production in the
western Green River Basin (Crews and others, 1973; Law and others, 1989). Drilling activity has
provided abundant well log and core data for mapping and characterizing Frontier sandstone
along the Moxa Arch. Previous studies on Frontier stratigraphy in this area (for example,
McDonalci, 1973; De Chadenedes, 1975; Myers, 1977; Moslow and Tillman, 1986; Hamlin and
Buehring, 1990; Hamlin, 1991) provided a starting point and context for this study, which
extends the earlier work by using mdre abundant and closely spaced well log and core data and
by focusing on subsurface mapping on the La Barge Platform. Additionally, local Frontier
geology is described for several wells (GRI cooperative wells and a staged field experiment well)
for which extensive engineering, reservoir modeling, and log and core analysis data are publicly

available through the GRI Tight Gas Sands program.

Methods

Logs from more than 800 wells and Cores from 16 wells form the data base for subsurface
geologic analysis of the Frontier Formétion along the Moxa Arch (fig. 1, table 1). Most of the
cores and about 500 of the logs are from wells on the La Barge Platform at the north end of the
arch. The La Barge Platform (also known as the Big Piney-La Barge area) is the largest Frontier
gas-producing area in the basin and includes Hogsback, Tip Top, Chimney Butte, Fontenelle,
and other important fields (fig. 2). GRI cooperative wells were completed in Fontenelle and
South Hogsback fields on the La Barge Platform and in Church Buttes field near the south end
of the Moxa Arch (fig. 2, table 1). SFE No. 4-24 was completed in Chimney Butte field near the
northeast margin of the La Barge Platform (fig. 1). The cooperative wells and SFE No. 4-24

provided complete log suites and continuous cores through the main Frontier sandstone
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Table 1. Frontier cores used in this study.

Well and field

S. A. Holditch & Associates SFE No. 4-24
Chimney Butte field

Mobil Tip Top No. T71X-6G-27N-113W
Tip Top field

Mobil Hogsback No. T72X-29G-27N-113W
Hogsback field

Enron South Hogsback No. 13-8A
South Hogsback field (cooperative well)

Natural Gas Corporation of California
Fontenelle No. 22-22B, Fontenelle field

Natural Gas Corporation of California
Federal No. 32-31, Fontenelle field

Natural Gas Corporation of California
Federal No. 23-7F, Fontenelle field

Natural Gas Corporation of California
Federal No. 41-14E, Fontenelle field

Terra Resources (Pacific Enterprises)
Anderson Canyon No. 3-17, Fontenelle field
(cooperative well)

Natural Gas Corporation of California
Federal No. 2-19, Fontenelle field

Natural Gas Corporation of California
Federal No. 32-8, Fontenelle field

Energy Reserves Group
Blue Rim Federal No. 1-30, Megas field

Texaco State of Wyoming UNCT 2 No. 1
Bruff field

Wexpro Church Buttes No. 41
Church Buttes field

Wexpro Church Buttes No. 48
Church Buttes field (cooperative well)

Forest Oil Corporation
Henry Unit No. 2, Henry field

County
Sublette

Sublette
Sublette
Lincoln
Lincoln
Lincoln
Lincoln
Lincoln

Lincoln

Lincoln
Lincoln
Sweetwater
Sweetwater
Sweetwater
Sweetwater

Uinta

Depth (ft)
6,777-6,796; 7,226-7,240.2;

7,310-7,493; 7,607-7,647;
7,753-7,785; 7,963-8,004
6,970-7,030

6,369-6,396; 6,856-6,941
7,006-7,284

7,600-7,660

8,541-8,572

8,722-8,782

8,613-8,640; 8,652-8,710

9,015-9,142; 9,151-9,188

8,941-8,982

. 8,252-8,288; 8,302-8,322

16,053-16,134
11,501-11,550

12,186-12,245

12,045-12,072; 12,145-12,203

13,025-13,072
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Wexpro Church Buttes No. 48 (WCB) wells are shown.



intervals. Additional cores and many well logs used in this study were made available by
operators. Other logs were purchased from commercial sources.

Correlation and interpretation of gamma-ray, resistivity, and spontaneous potential (SP)
logs established the stratigraphic framework of the Frontier at regional and local scales. A series
of generally continuous horizons in marine shale facies were correlated throughout the Moxa
Arch study area. Although of undetermined origin, these correlation horizons are recognized by
recurring resistivity and gamma-ray signatures. Moreover, because these horizons are
interbedded with the Frontier sandstone-bearing intervals, they help establish the equivalency

and continuity of individual sandstone bodies.

Cores were used for depositional facies interpretations and lithologic calibration of well

logs. Detailed descriptions of lithologies, sedimentary structures and textures, grain sizes, and
accessory components were made for each core. Facies interpretations, such as fluvial channel
or marine shoreface, were based on core descriptions in the context of the regional
depositional systems framework. Calibrated log responses were used to determine sandstone
thicknesses, and these thickness values were then used to map the distribution and geometries
of Frontier reservoir sandstones. A more limited data base of porosity logs (density, neutron,
and acoustic) was also used for sandstone mapping.

Frontier gas production data for wells along the Moxa Arch were compiled by the
Geological Survey of Wyoming as a part of this project. Data were collected on initial potential,
completion date, and cumulative production for most of the wells in the well log data base on
the La Barge Platform. Production data from wells perforated in the Second Bench of the
Second Frontier were mapped and compared with sandstone development to better determine
the influence of geologic parameters (such as shale content and depositional facies) on gas

productivity.



C

(”\/w S N S
IR R G S G SR

(3

T
O

Regional Geologic Framework
Structural Setting

The Green River Basin is part of the Rocky Mountain foreland region, an extensive
foreland basin that has been segmented by Laramide uplifts. Foreland basins are elongate
asymmetric troughs that commonly occur on the cratonic side of thrust belts. In a foreland
basin, strata thicken and dips steepen toward the thrust belt. Thrust loading causes the thickest
sediment to accumulate near the thrust front (Jordan, 1981). Because the thrust belt also forms
the sediment source area, foreland basins typically fill With thick, dominantly nonmarine strata
that thin and become more marine dominated down depositional dip (away from the thrust
front). The Frontier Formation conforms to this structurally related depositional pattern. The
present form of the Green River Basin re‘sulted from folding and faulting during the Late
Cretaceous-early Tertiary Laramide orogeny. The Thrust Belt, which bounds the Green River
Basin to the west, is a region of north-trending folds and thin-skinned, imbricate thrust faults
that dip westward: thrust movement occurred from the latest Jurassic to the early Eocene
(Wiltschko and Dorr, 1983). Basement-cored Laramide uplifts, such as the Wind River and Uinta
Mountains, formed in the foreland area predominantly in early Tertiary time. They structurally
subdivide the foreland area and define Tertiary depositional basins.

A major structure within the Green River Basin is the Moxa Arch, a broad north-trending
uplift near the east margin of the Thrust Belt (fig. 1). Major uplift of the Moxa Arch apparently
occurred during the Late Crétaceous (Wach, 1977), related partly to deep-seated thrust-fault
movement (Kraig and others, 1987). Uplift largely postdated Frontier depositibn, but
stratigraphic thinning indicates that some uplift was occurring along the south part of the Moxa
Arch during Frontier déposition (Thomaidis, 1973; Wach, 1977). The present attitude of the
Moxa Arch ihdicates that more recent uplift has been concentrated in the north and has
resulted in a southward tilt (fig. 1). Depth to the Frontier Formation increases from north to

south along the Moxa Arch, ranging from about 6,000 to 15,000 ft (1,830 to 4,600 m) below



ground surface. The north segment of the Moxa Arch, which trends northwest and intersects
the Thrust Belt (fig. 1), is called the La Barge Platform (fig. 2). The La Barge Platform
encompasses some Frontier gas fields along the margin of the Thrust Belt, such as Tip Top and
Hogsback, that are structurally complex. Most of the Frontier gas fields along the Moxa Arch,
however, consist of simple unfaulted anticlines or mixed structural/stratigraphic traps

(McDonald, 1973).

Stratigraphy

The stratigraphy of Upper Cretaceous and Tertiary formations in the Green River Basin
(fig. 3) was shaped by the interplay of tectonics and sedimentation. Early Tertiary sediments
comprise a heterogeneous suite of alluvial plain and lacustrine facies, which was deposited in an
extensive intermontane basin system (Sullivan, 1980). Intermittent uplift of peripheral and
intrabasinal structures provided varied sources and volumes of sediment to subsiding areas in
the basin. The Moxa Arch is buried by a northward-thinning wedge of Paleocene-Eocene
sediments, ranging from 10,000 to 3,000 ft (3,050 to 900 m) in thickness (fig. 4). The main
sources for Moxa Arch Tertiary sediments were the Uinta Mountains (south part of arch), the
Wind River Range (north part of arch), and the Thrust 'Belt (entire arch) (Sullivan, 1980).

Uppermost Cretaceous stratigraphy is also highly variable and includes major
unconformities (figs. 3 and 4). In the west part of the Green River Basin, the uppermost
Cretaceous Mesaverde Formation (Rock Springs Formation and Ericson Sandstone) and the
Lance Formation form the proximal parts of several eastward-prograding regressive/transgressive
cycles composed of interbedded fluvial, shoreline, and marine-shelf facies (Law and others,
1989). Along the Moxa Arch uppermost Cretaceous strata are dominantly nonmarine, although
the lower part of the Rock Springs Formation includes shoreline sandstones that interfinger
eastward and southward with the marine Hilliard Shale. The Rock Springs Formation is
erosionally truncated across the crest of the south part of the arch (fig. 4); thick Ericson

channel-fill sandstones overlie this unconformity (Thomaidis, 1973). Uppermost Cretaceous
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Figure 3. Upper Cretaceous stratigraphy in the western Green River Basin. Modified from Law

and others (1989).
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strata are variably truncated by the regional unconformiiy at the base of the Tertiary, which
rests on Ericson and Lance strata along the south part of the arch and o'n Rock Springs strata at
the north end (Asquith, 1966; Law and others, 1989) (fig. 4). Thus, uplift and erosion along the
Moxa Arch were greatest in the south during most of the Late Cretaceous (Frontier through
Ericson depositioh, Cenomanian to Campanian), but shifted to the north at the end of the
Cretaceous and in the early Tertiary.

The Frontier Formation along the Moxa Arch contains marine shoreline sandstone and
nonmarine fluvial channel-fill sandstone enclosed in thick, rbegionally extensive marine shalés.
Overlying the Frontier, the Hilliard (or Baxter) Shale is 2,000 to 3,000 ft (600 to 900 m) thick
and extends throughout the Green River Basin. The Hilliard Shale is partly chronostrati-
graphically equivalent to the Mancos Shale in Utah and Colorado (Molenaar and Wilson, 1990);
the Hilliard-Mancos interval records a time of w;videspread marine-shelf conditions in the Rocky
Mountain foreland region. Underlying the Frontier is the Mowry (or Aspen) Shale, which also
records a time of widespread marine-shelf deposition. The Mowry Shale (uppermost Lower
Cretaceous) is only 200 to 300 ft (60 to 90 m) thick but extends throughout Wyoming and parts
of gdjacent states (Byers and Larson, 1979). Both the Hilliard Shale and the Mowry Shale
include some sandstone in the Thrust Belt to the west.

The uppermost sandstone in the Frontier Formation is the First Frontier y(fig. S), a distal-
deltaic to nearshore marine sandstone that occurs only on the La Barge Platform (McDonald,
1973; De Chadenedes, 19715). First Frontier séndstone and sandstones in the overlying Hilliard
Shale are similar in well log expression, stratigraphic position, and geographic distribut‘ion. First
Frontier sandstone is separated from underlying Frontier sandstones by several hundred feet of
regionally continuous marine shale (fig. S).

Second Frontier sandstone extends the length of the Moxa Arch (fig. 6) and contains the
most prolific Frontier gas reservoirs in the western Green River Basin. The Second Frontier is
composed of several sandstone “benches” interbedded with shale (fig. S). The First, Fourth, and

Fifth Benches are laterally discontinuous fluvial channel-fill sandstones, whereas the Second

13
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Figure 5. Typical gamma-ray/resistivity log, Frontier Formation, north Moxa Arch (from Dutton
and Hamlin, 1991). Frontier sandstones are shaded.
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Bench is a marine shoreline sandstone having widespread continuity. Correlation of facies
sequences suggests that the Second Bench is continuous with the Oyster Ridge Sandstone that
crops out in the Thrust Belt. The Third Bench is a shoreline sandstone that underlies and
merges with the‘ Second Bench in the west part of the La Barge Platform. Nonmarine organic-
rich shales, thin coal beds, and bentonites (altered volcanic ash) are associated with the fluvial
channei-fill sandstones, whereas marine and marginal marine shale and sandy shale commonly
bound Second Bench shoreline sandstone.

The Second Frontier thins southward along the Moxa Arch, owing mainly to erosional

truncation (fig. 6). On the La Barge Platform in the north, the First Bench includes erosionally

based fluvial channel-fill sandstone, which is typically separated from the underlying Second-

Bench shoreline sandstone by 5 to 20 ft (2 to 6 m) of transitional, fine-grained facies
(bay/lagoon, swamp, and marsh). In fields along the middle and south parts of the arch, such as
Whiskey Butte and Church Buttes (fig. 2), erosional down;utting by First Bench channels
generally removed the transitional shale and variable amounts of the underlying Second Bench
shoreline sandstone. Whereas Second Bench shoreline sandstone forms the most productive
reservoirs in the north, First Bench fluvial channel-fill sandstone forms the most
productive reservoirs in the south (Moslow and Tillman, 1986, 1989). The Fourth and Fifth
Benches of the Second Frontier also disappear southward along the arch, apparently owing to a
combination of stratigraphic pinch-out and erosional truncation. Fourth and Fifth Bench fluvial
channel-fill sandstones form reservoirs iocally, but only on the La Barge Platform.

The Second Frontier formed in an eastward-prograding fluvial-deltaic depositional system,
in which the reservoir sandstone facies are primarily fluvial channel fill and marine shoreline
“(strandplain). Sandstone thickness in the Second Frontier generally decreases to the east and
south (fig. 7), partly because the Second Frontier interval thins in those directions. Net
thickness of sandstone is greatest in northeast Lincoln County and northwest Sweetwater
County (fig. 7), delineating a major deltaic depocenter in the Frontier along this part of the

western interior Cretaceous seaway. Because the map of Second Frontier sandstone thickness
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Figure 7. Map showing thickness of sandstone in the Second Frontier along the Moxa Arch.
Several sandstone bodies (the benches) are combined on this map. Thick sandstone in
northeast Lincoln County and northwest Sweetwater County delineates a major deltaic
depocenter. :
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(fig. 7) includes multiple sandstone bodies of varying origins, facies-related trends are not
clearly displayed. Nevertheless, southeast-trending contours along the southern Moxa Arch
reflect the dominance of dip-oriented fluvial channel-fill sandstones, and crudely developed
northeasterly trends in the north suggest the presence of thick strike-aligned marine shoreline
sandstone (fig. 7). Previous studies (McDonald, 1973; Moslow and Tillman, 1989), as well as
more detailed sandstone mapping (to be discussed), confirm that Second Frontier shorelines
trended generally northeastward.

On the La Barge Platform, the Second Frontier is underlain by interbedded marine shales
and shoreline sandstones known as the Third and Fourth Frontier (fig. 5). Sandstones are thin
and laterally discontinuous in the Third and Fourth Frontier; these intervals are generally
transitional with the underlying Mowry Shale. Southward along the Moxa Arch, the Third and
Fourth Frontier intervals thin and become shalier, essentially grading into the upper part of

the Mowry Shale (fig. 6).

Second Frontier Sandstone on the La Barge Platform

Sandstone Depositional Patterns

Second Frontier sandstone bodies display thicknesses, continuities, and elongations
inherited from the depositional environment but modified by shoreline progradation and
variable subsidence. On the La Bérge Platform, the Second and Third Benches of the Second
Frontier together form a continuous, northeast-thinning sheet of sandstone (fig. 8).
Distinguishing the Second Bench from the Third Bench using well logs alone is difficﬁlt, and
because they were deposited in similar environments, both benches will be discussed as a single
unit, and (following common usage) will be termed “Second Bench.” Studies of core indicate
that the Second Bench of the Second Frontier was deposited in a marine shoreline
environment comprising lower shoreface (below wave base) shaly sandstone and upper

shoreface (above wave base) clean sandstone. The sandy shoreface was relatively narrow but
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Figure 8. Map showing thickness of sandstone in the Second and Third Benches of the Second
Frontier on the La Barge Platform. The Second and Third Benches merge across much of this

area. Cross section shown in figure 11.
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built seaward (prograded) through time by longshore sana transport and deposition. Sediment
was supplied to the shoreline by rivers and reworked along the shoreface by wind- and wave-
driven currents. Shoreline progradation resulted in a laterally continuous sheet of sandstone
composed of amalgamated shoreface sequences (fig. 9). Although the dominant Second Bench
shoreline trend was probably northeast, differential subsidence during deposition and
proximity to the deltaic depocenter (fig. 7) are probably responsible for southwestward-
increasing sandstone thickness (fig. 8).

The First Bench of the Second Frontier was deposited on a lower coastal plain (delta plain)
and includes discontinuous fluvial channel-fill sandstone bodies. Southeast-trending belts of
sandstone (fig. 10) delineate the positions occupied by river channels on the coastal plain.
Through time the channels migrvated laterally or changed course abruptly, preserving a network
of lenticular sandstone bodies (fig. 10). During ‘floods, overbank flow spread sand across the
coastal plain, causing the First Bench to have at least some thin sandstone in most wells.
Thicker, more lobate First Bench sandstone near the southeast margin of the La Barge Platform
reflects deposition in a deltaic shoreline environment.

Second Frontier stratigraphy and sandstone development in the vertical dimension are
displayed on a well log cross section (fig. 11). The Fourth and Fifth Benches of the Second
Frontier together comprise a heterogeneous zone of fluvial channel-fill sandstones, nonmarine
and transitional-marine shales, and volcanic ash deposits. This zone apparently becomes more
marine to the southeast. Semicontinuous volcanic ash deposits (bentonites), identified by high
gamma-ray spikes, form chronostratigraphic horizons useful for dividing the Fourth and Fifth
Benches (fig. 11). The upper boundary of the Fourth Bench is a transgressive surface of erosion
(marine facies abruptly overlying nonmarine facies), recording a time when relative sea level
rose and the shoreline encroached on the coastal plain.

After the sea had completely transgressed the Fourth Bench coastal plain on the La Barge
Platform, renewed sediment input z/md shoreline progradation resulted in the Second and Third

Benches. The lateral continuity of sandstone in this interval was caused by seaward building of
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the shoreface at a rate sufficient to keep pace with subsidence. This process effected a
sheetlike geometry that is superficially homogeneous but is actually compartmentalized
internally by facies boundaries and depositional surfaces (fig. 9). In individual wells the Second
Bench commonly forms a single progradational shoreline sequence of lower shoreface shaly
sandstone overlain by upper shoreface clean sandstone. Gradational “upward cleaning” is
reflected in upwardly decreasing gamma-ray response and upwardly increasing resistivity. The
Third Bench forms a poorly defined upward cleaning sequence, which apparently pinches out
toward the east (fig. 11).

The First Bench is separated from the Second Bench by a widespread high gamma-ray/low
resistivity shale (fig. 11). Origin of this shale is problematic. In core it appears to be composed
of depositional facies, such as bay/lagoon or coastal marsh, that are transitional between the
marine Second Bench and the nonmarine First Bench. Its widespread distribution, however,
suggests that this shale may actually record a relative sea-level rise and partial flooding of the
coastal plain. The First Bench is a heterogeneous zone of primarily nonmarine facies, which is
similar to the Fourth and Fifth Benches. Fluvial channel-fill sandstone is best developed in the
lower part of the First Bench, where it generally causes blocky to upward increasing gamma-ray
responses (fig. 11). The upper part of the First Bench forms an eastward-thickening zone that is
transitional into the overlying, regionally extensive marine shale. Sandstone of probable

shoreface origin occurs in the upper First Bench in the southeast part of the La Barge Platform

(fig. 11).

Clean Sandstone Distribution

Studies of core show that the clay content of Frontier reservoirs influences porosity and
permeability. Frontier pay zones commonly lie in sandstones having low detrital clay contents,
although framework grain composition and postdepositional diagenesis severely limit reservoir
quality even in clean Frontier sandstone. Therefore, net clean sandstone does not necessarily

equal net pay, but distinguishing low-clay (clean) sandstone from clay-rich (shaly) sandstone is
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an important first step in determining the distribution of potential Frontier reservoirs. By
comparing core properties with corresponding log responses, gamma-ray and resistivity cutoffs
were established fof measuring thicknesses of clean sandstone (sandstone having less than
about 10 percent clay content). Neutron/density logs, where available, aided in the
determination of clean sandstone. Other variables besides clay content influence well log
responses so that core-calibrated log measurements of clean sandstone are most accurate in
limited areas where these other variables, such as connate water compésition and formation
mineralogy, are relatively constant. Net clean sandstone maps reveal depositional-facies-related
trends, such as shorelines and channels, that can be projected into sparsely drilled areas and
that lead to areas having potentially favorable reservoir development.

The apparent distribution of clean sandstone in the Second Bench (fig. 12) is influenced
by factors other than depositional processes. Increasing thickness of clean sandstone to the
west is related partly to increased subsidence and thicker gross sandstone in that area (fig. 8).
Carbonate cement and calcareous shell debris are more abundant in the west part of the
La Barge Platform and cause high resistivity responses, whichi can lead to overestimation of
clean sandstone thicknesses. Thus, figure 12 probably most accurately reflects clean sandstone
distribution in the east half of the mapped area.

Within the Second Bench sheet sandstone, net clean sandstone displays distinct northeast
trends (fig. 12). Clean sandstone in the Second Bench lies primarily in upper shoréface facies,
where waves and vigorous currents strongly agitate the sediment and winnow finer particles
(silt and clay). In a progradational, wave-dominated delta and delta-flank strandplain system,
foreshore and beach-ridge facies;- also composed of clean sandstone, generally overlie the upper
shoreface (Heward, 1981) but apparently are poorly preserved in the Second Bench. Thus, the
Second Bench clean sandstone map (fig. 12) is essentially a map of the thickness. of upper
shoreface facies, and the northeast trends probablyk delineate successive positions of the
shoreline as it prograded seaward (southeastward). The fact that northeast trends are absent in

the gross thickness of Second Bench sandstone (fig. 8) is problematic, but it apparently can be
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attributed to westward- and southwestward-increasing sub.sidence and sedimentation rates that -
deemphasize the influence of depositional environment on sandstone thickness patterns.
In the First Bench, clean sandstone forms narrow southeast-trending belts (fig. 13), which
are similar to but thinner than those seen on the map of First Bench gross sandstone (fig. 10).
These sahdstone belts record the positions of fluvial channels. The rivers that deposited First
Bench sandstones did not supply sediment to Second Bench shorelines. First Bench shoreline
facies occur mainly east and southeast of the Moxa Arch and postdate the Second Bench.
Fluvial channel-fill facies in the Second Bench are located west of the Moxa Arch and were
rarely observed in core from wells on the La Barge Platform.
| On the La Barge Platform, the First and Second Benches of the Second Frontier contain
most of the clean sandstone in the lower (Second, Third, and Fourth) Frontier interval (fig. 14).
The Fourth and Fifth Benches of the Second Frontier and the underlying Third Frontier and
Fourth Frontier are more discontinuous and contain only isolated clean zones. The Third
Frontier and the Fourth Frontier probably represent isolated shoreface sequences in a mud-
dominated shoreline system. The Fourth and Fifth Benches are fluvial channel-fill deposits ’that
formed on a mud-rich coastal plain that had isolated fluvial channels. The First Bench, in
contrast, formed on a relatively sand-rich coastal plain. First Bench fluvial channels migrated
laterally, forming belts of sandstone that are several times wider than the driginal river channel
and that are flanked by broad aprons of thinner sandstone (fig. 10), which were deposited by
overbank flow during floods. First Bench clean sandstone is more limited and discontinuous
(figs. 13 and 14), occurring primarily within thicker channel-fill facies. Clean sandstone is most
continuous in the Second Bench (fig. 14), but even there its thickness is highly ‘variable
(fig. 12). Lateral continuity is characteristic of progradational shoreface sandstone sequences

(Heward, 1981).
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Figure 13. Net clean sandstone map of the First Bench of the Second Frontier on the La Barge
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Sandstone Porosity Maps

Density, neutron, and acoustic logs were also used to help determine the distribution and
quality of Frontier reservoirs. In Frontier sandstones, porosity determined from logs has a weak
correlation with permeability determined from core analysis. Even the correlation between
core-measured porosity and permeability is relatively weak, and porosity commonly is thus a
poor predictor of permeability in Frontier sandstones. However, porosity maps are useful,
especially when compared with net clean sandstone maps, to help delineate potential
reservoir rock.

Because the relationship between porosity and permeability in Frontier sandstone is poor,
the cutoff used for measuring porosity thickness from logs was set at 15 percent. This value
yielded thickness variations that were readily mappable. Additionally, this cutoff yielded results
that are qualitatively valuable: log porosities are typically highest in areas where sandstone
having at least 15 percent log porosity is thickest. To avoid significant shale effects, only clean
sandstone and slightly shaly sandstone (clay volume less than approximately 20 percent) were
included in porosity-thickness measurements.

In the northwest part of the La Barge Platform (Tip Top-Hogsback area), Second Bench
sandstone having at least 15 percent log porosity displays thickness trends (fig. 15) that are
similar in orientation, although not always in location or magnitude, to those on the clean
sandstone map (fig. 12). Porosity in Frontier clean sandstone is commonly low, because of
postdepositional compaction and cementation. In slightly shaly sandstone, abundant
microporosity may cause total porosity to be greater than 15§ percent. Thus, the distribution of
clean sandstone (fig. 12) only imprecisely matches that of porous sandstone (fig. 15), but
permeability is likely to be highest in areas where the two coincide.

In the southeast part of the La Barge Platform (Fontenelle area), net porous Second Bench
sandstone occurs in lobate bodies that display no clear trend (fig. 16) but that coincide
approximately with areas having thick gross sandstone (fig. 8). In this area sandstone having at

least 15 percent log porosity includes not only the clean upper shoreface facies but also much

30



N |
o H3wW 2w
N
28N
zmi
°
o) 2 4mi
:7 T . - i !
o 3 6km SUBLETTE CO
Contour interval 10 ft LlN—COLN co T

GA 16289

Figure 15. Map showing net thickness of Second Bench sandstone having at least 15 percent
log porosity, northwest part of the La Barge Platform. Location of GRI research well, SFE No. 4,
is also shown.
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Figure 16. Map showing net thickness of Second Bench sandstone having at least 15 percent
log porosity, southeast part of the La Barge Platform. Location of Terra Anderson Canyon

No. 3-17 well (TAC) is also shown.
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of the underlying, slightly shaly, lower shoreface facies. Core data indicate that Second Bench
lower shoreface sandstone in the Fontenelle area commonly has 15 percent porosity but rarely
has appreciable (stressed) permeability (0.009 md average). Of the maps illustrated here, the
clean sandstone map (fig. 12) probably best indicates the distribution of permeable Second
Bench sandstone in the southeast part of tﬁe La Barge Platform, although studies of core show

that much of this clean sandstone has low permeability (<0.1 md).

Second Bench Production Trends

Second Bench production trends reflect sandstone depositional patterns, but other
variables also influence well productivity, as illustrated by an initial potential (IP) map (fig. 17).
Most Frontier wells on the La Barge Platform have perfo;ations in the Second Bench, and
although net pay zones on the platform are typically much thinner than in other areas, a rough
correlation exists between well productivity (fig. 17) and gross sandstone thickness (fig. 8).
Production trends (fig. 17) also show some coincidence with clean sandstone (fig. 12) and
porous sandstone (fig. 15). Although the productive limits of the Second Bench may be more
attributable to sandstone thinning and low permeability than to structural position (McDonald,
1973; Schultz and Lafollette, 1989), the distribution of wells having high initial potentials
coincides roughly with the structurally highest part of the La Barge Platform. Permeabilities in
many of the wells having high initial potentials apparently are‘anonialously high for Frontier
sandstone, and sandstone maps based on SP logs reveal a correlation between high IP in the
Second Bench and large negative SP deflections. The initial potentials shown on figure 17 are
typically measured or calculated after the wells received a hydraulic fracture treatment, and
variations in the effectiveness of these stimulation treatments can influence well productivity.
Natural fractures may be important to Second Bench productivity, but the location, abundance,
and orientation of natural fractures in the subsurface is difficult to measure directly (Laubach,

1991). Finally, commingling of gas production from several Frontier zones is a common
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completion practice and further obscures causal relationships, although the Second Bench is

typically the dominant contributor in such cases.

GRI Cooperative Wells

Core and log data gathered in GRI/industry cooperative wells allowed field-scale and well-

site studies of Frontier reservoir sandstones at several locations along the Moxa Arch (fig. 1).
Terra Resources Anderson Canyon No. 3-17

The Terra Resources (now Pacific Enterprises) Anderson Canyon No. 3-17 cooperative well
is located at Fontenelle field on the southeast margin of the La Barge Platform (well 9 in fig. 1;
fig. 2). Fontenelle field lies in a broad, unfaulted, structural nose, which dips 200 ft/mi
(38 m/km) (2°) to the southeast. Continuous core was taken in Terra Anderson Canyon No. 3-17
from 9,015 to 9,188 ft (2,747 to 2,800 m). The cored interval includes the lower First Bench, all
of the Second Bench, and a small part of the upper Fourth Bench (fig. 11).

The deepest core recovered is about 15 ft (5 m) of shale and sandy shale (9,172.5 to
9,188 ft [2,796 to 2,800 m]) from below the Second Bench, which displays the indistinct
mottling and root traces commonly observed in soil profiles. This is the uppermost part of the
Fourth Bench coastal-plain depositional facies. The Third Bench is generally indistinguishable at
Fontenelle field (fig. 11). A sharp erosional surface occurs at 9,172.5 ft (2,796 m) and is overlain
by bioturbated shaly sandstone in the lower part of the Second Bench. This surface, which
forms the lower boundary of the Second Bench shoreface sequence throughout the La Barge
Platform, was cut into the underlying Fourth Bench by shoreface erosion that accompanied
westward shoreline retreat.

At the Terra Anderson Canyon No. 3-17 well site, the Second Bench is a well-developed
progradational shoreface sequence, comprising 74 ft (23 m) of lower shoreface shaly sandstone
(9,098 to 9,172.5 ft [2,773 to 2,796 m]) overlain by 20 ft (6 m) of upper shoreface clean

sandstone (9,078 to 9,098 ft [2,767 to 2,773 m]) (fig. 18). The lower shoreface facies are
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Figure 18. Log responses and rock properties in core from the First and Second Benches of the
Second Frontier (fig. 11), Terra Anderson Canyon No. 3-17 well, Fontenelle field (from-Dutton
and Hamlin, 1991). Porosity and stressed permeability data from core are shown.
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thoroughly bioturbated mixtures of sand, silt, and clay; primary stratification was destroyed by
burrowing organisms. Clay content decreases gradationélly upward, ranging from 50 to
10 percent of rock volume. This upward cleaning reflects gradual shoaling as the shoreline
approached the position of this well. The upper part of the lower shoreface contains 1- to
2-ft-thick (0.3- to 0.6-m) clean sandstone beds that were deposited during storms: The upper
shoreface facies comprise clean, well-sorted sandstone having prominent horizontal lamination
and crossbeds. The upper shoreface facies were deposited in shallow water where wave- and
wind-driven currents agitated and winnowed the bottom sediments and inhibited the activity
of burrowing organisms.

The Second Bench is capped by a shale (9,057 to 9,074 ft [2,760 to 2,766 m]) (fig. 18),
having a widespread distribution and a complex depositional history. This shale, together with a
3-ft (1-m) transition zone of bioturbated shaly sandstone at the top of the Second Bench,
apparently records an episode of relative sea-level rise, partial flooding and reworking of the
upper part of the shoreface sequence, and then relative sea-level fall accompanied by a return
to a coastal-plain setting. Most of this interval (9,070 to 9,057 ft 2,764 to 2,760 m]) contains
well-developed root mottling and abundant plant debris, indicating a heavily vegetated
floodplain environment.

On the La Barge Platform, First Bench fluvial channel-fill sandstone commonly overlies the
organic-rich nonmarine shale described above. At the Terra Anderson Canyon cooperative well,
a 19-ft (6-m) channel-fill sandstone was cored (9,034 to 9,053 ft {2,753 to 2,759 m]) (fig. 18). An
erosional base and internal erosional surfaces, mud-clast conglomerates, large crossbeds, and soft-
sediment deformation are distinctive features of the First Bench sandstone from the Terra
Anderson Canyon well. The sand-sized fraction in the First Bench is coarser and less well sorted
than it is in the Second Bench (fig. 18). Clay volume in this First Bench sandstone averages
about 10 percent and occurs mainly as sand- and gravel-sized rip-up mud clasts, which were
eroded from the muddy river banks and incorporated into the sandy bed load of the river

channel. A zone in the middle part of the sandstone (9,044 to 9,050 ft [2,756 to 2,758 m])
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contains several 1-ft (0.3-m) beds in which volume of mud clasts exceeds S0 percent. A higher
gamma-ray response marks this clay-rich zone (fig. 18). First Bench cﬁannel-fill sandstone is
overlain by channel-flank shaly sandstone and shale in the uppermost part of the core.

At Terra Anderson Canyon No. 3-17, as is the case with most of the wells in Fontenelle
field, the Second Bench is the primary reservoir. The pay zone is about 7 ft (2 m) thick
(9,079 to 9,086 ft [2,767 to 2,769 m], approximate core depth) and lies within Second Bench
upper shoreface facies. This zone is distinguished by higher core permeabilities than those in
adjacent, apparently similar, upper shoreface sandstone (fig. 18), and it contains a lower
percentage of ductile rock fragments than does the closely adjacent sandstone (Dutton, 1991).
These factors, along with subtle variations in stratificatibn type, suggest that the pay zone was
deposited either in a foreshore (intertidal) environment or in a very high energy
subenvironment of the upper shoreface. The strong bottom currents in this environment
winnowed not only the silts and clays but also the less durable sand-sized particles (Dutton,
1991). Clearly, depositional environment exerted a strong control on reservoir quality in the

Frontier at the Terra Anderson Canyon well site.

Wexpro Church Buttes No. 48

The Wexpro Church Buttes No. 48 cooperative well is located in Church Buttes field along
the south part of the Moxa Arch (well 15 in fig. 1; fig. 2). The field lies in a north-trending,
doubly plunging anticline, which is about 14 mi (22 km) long and coincides with the crest of
the Moxa Arch. The Church Buttes cooperative well is located on the north end. of the
anticline near the fold hinge. The top of Frontier sandstone is at 12,153 ft (3,704 m) in this
well. A single Second Frontier sandstone interval is present in this area. Core was taken in
marine shale above the sandstone (12,045 to 12,072 ft [3,671 to 3,680 m]) and through most of
the Second Frontier sandstone (12,144 to 12,204 ft [3,701 to 3,718 m]),

At Wexpro Church Buttes No. 48, the Second Frontier sandstone comprises a

progradational shoreface sequence truncated by a fluvial channel. The lower part of the core
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(12,177 to 12,204 ft [3,712 to 3,718 m]) consists of bioturbated lower shoreface shaly sandstone
in which stratification was almost completely destroyed 'by pervasive burrowing. Upwardly
increasing grain size and sandstone percent are well displayed (fig. 19). The lower shoreface is
capped by 2 ft (0.6 m) of marine mudstone, which is abruptly overlain by fluvial channel-fill
sandstone (12,161 to 12,175 ft [3,707 to 3,711 m]) containing abundant mud clasts, crossbeds,
soft-sediment deformation, and upwardly decreasing grain size (fig. 19). A heterogeneous suite
of nonmarine, organic-rich shale and thin sandstone (12,144 to 12,161 ft [3,701 to 3,707 m])
overlies the fluvial channel-fill sandstone.

Regional stratigraphic correlations indicate that the Second Bench shoreface sequence was
erosionally truncated by downcutting of First Bench fluvial channels along the south part of

the Moxa Arch. Studies of cores such as this one reveal a shoreline sequence in which the

~ upper shoreface and transitional-marine facies are commonly missing, and fluvial channel-fill

sandstone rests directly on offshore marine facies. This erosional unconformity can be traced
northward on well logs into the shale that separates the Second and First Benches on the
La Barge Platform. Erosional truncation and interval thinning increase southward along the
Moxa Arch (fig. 6), indicating that subsidence increased northward during Frontier deposition.
The geometry and quality of Frontier reservoifs are affected by these variations in
deposition and erosion. Along the south part of the Moxa Arch, where upper shoreface facies
are commonly missing, First Bench fluvial channel-fill sandstone forms the primary reservoir
facies (Moslow and Tillman, 1986, 1989). First Bench fluvial sandstone forms dip-oriented,
laterally discontinuous reservoirs, whereas Second Bench shoreface sandstone reservoirs are
strike aligned and more continuous (figs. 12 and 13). At the Wexpro Church Buttes codperative
well site, the upper part df the fluvial channel fill (12,161 to 12,167 ft [3,707 to 3,709 m]) has
the highest core (stressed) permeabilitigs (0.28 to 0.79 md), probably because the upper fluvial
channel-fill sandstone is coarser grained and contains much fewer mud clasts than does the

lower part (fig. 19). Lesser quality reservoir rock exists in the lower part of the channel fill and
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Figure 19. Log responses and core description, Wexpro Church Buttes Unit No. 48 well, Church
Buttes field (fig. 2). The core includes bioturbated sandstone (Second Bench) overlain by

laminated, mud-clast-bearing sandstone (First Bench).
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* the upper part of the lower shoreface (approximately 12,i67 to 12,187 ft {3,709 to 3,715 m]),

where core (stressed) permeabilities average 0.23 md.

Enron South Hogsback No. 13-8A

The Enron South Hogsback No. 13-8A cooperative well is located in South Hogsback field
on the west part of the La Barge Platform (Well 4 in fig. 1; fig. 2). The easternmost of the major
Thrust Belt faults (Darby Thrust) crops out near this well. In South Hogsback field, Frontier
strata are folded into a south-plunging anticline between two smaller reverse faults (fig. 20).
Several reverse faults in the Hilliard Shale intersect the Enron S§. Hogsbaék cooperative well
(fig. 21).

The geometries and orientations of Frontier fluvial and shoreface sandstones are well
displayed in South Hogsback field and probably influence production patterns. The Second
Bench forms a continuous sheet of shoreface sandstone that is 50 to 70 ft (15 to 21 m) thick
throughout the field (fig. 22). Within this sheet upper shoreface clean sandstone occurs in
discontinuous northeast-trending belts (fig. 23). Southeast-trending belts of fluvial channel-fill
sandstone are prominent on a map of the First Bench, and wells that are perforated in and
produce gas from the First Bench are located within these belts (fig. 24). Because the First
Bench interchannel areas are composed largely of shale, they are unlikely to be productive.
Thus, no wells having First Bench perforations lie outside the channel belts (fig. 24). Wells
having Second Bench perforations, however, do occur outside of the upper shoreface clean
sandstone trends (fig. 23) because these areas do contain abundant, although shaly, lower
shoreface sandstone. The Enron S. Hogsback No. 13-8A well is located within but near the
margins of these high-sandstone belts (figs. 23 and 24). Nearly continuous core was taken in
this well from 7,007 to 7,285 ft (2,136 to 2,220 m), including the First through the Fourth
Benches of the Second Frontier (fig. 25).

In South Hogsback field the Fourth Bench includes several laterally discontinuous fluvial

channel-fill sandstones, but only the uppermost of these was cored (fig. 22). The Fourth Bench
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Figure 20. Structure-contour map on the top of the Second Frontier, South Hogsback field;
location of Enron S. Hogsback No. 13-8A well (ESH 13-8A) also shown. The positions of the La
Barge and Calpet Thrust faults (Blackstone, 1979) are shown at the mapped horizon. The much
larger Darby Thrust carries Paleozoic rocks to the surface near the Enron well. Cross section

shown in figure 21.
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Figure 21. West-east structural cross section in South Hogsback field showing the attitudes of
several prominent horizons in the Frontier Formation and the Muddy Sandstone. Line of

section shown in figure 20.
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Figure 22. West-east stratigraphic cross section showing SP and resistivity logs from the Enron
S. Hogsback No. 13-8A well (SH 13-8A) and the nearest offset wells. Line of section shown in
figure 23. Second Frontier producing intervals in these wells are shown as stars.
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Figure 24. Thickness map of sandstone in the First Bench of the Second Frontier, South
Hogsback field. SP, gamma-ray, and resistivity logs were qualitatively analyzed to determine this
gross (clean plus shaly) sandstone thickness. Wells producing gas from the First Bench are
shown as stars. Cross section shown in figure 22.
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core contains many features that typify Frontier fluvial c;hannel-fill facies: erosional surfaces,
upwardly decreasing grain size, large crossbeds, mud rip-up clasts, and soft-sediment deformation
(fig. 26). Clay volume increases from 10 percent near the base of the channel (7,270 ft
[2,216 m]) to 30 percent near the top (about 7,240 ft [2,207 m]). Abundant biotite (probably
volcanoclastic) between 7,249 and 7,255 ft (2,209 to 2,211 m) may be responsible for the high
gamma-ray response in this zone (fig. 26). In this Fourth Bench core, porosity averages
9 percent, and permeability is less than 0.01 md (from core analysis). The Fourth Bench
sandstone is enclosed in nonmarine and transitional-marine, organic-rich shale, sandy shale, and
bentonite, which cause very high (off-scale) gamma-ray responses (fig. 25). The same
transgressive surface that was cored in the Terra Anderson Canyon cooperative well occurs in
the shale that ovérlies the Fourth Bench in this well (fig. 11). |

At Enron S. Hogsback No. 13-8A, the Second and Third Benches form an amalgamated
marine shoreline saﬁdstone (fig. 22), which is composed of two progradational shoreface
sequences (7,109 to 7,207 ft [2,167 to 2,197 m]) (fig. 27). In both benches, lower shoreface
facies are thoroughly bioturbated and contain abundant clay (10 to 40 percent). The Third
Bench lower shoreface (7,185 to 7,207 ft [2,190 to 2,197 m]) includes abundant sandstone/shale
interlamination, whereas the Second Bench lower shoreface (7,145 to 7,171 1t [2,178 to
2,186 m]) consists of a more homogeneous mixture of sand and mud, discrete lamination having
been destroyed by burrowing. The Second Bench upper shoreface sandstone (7,113 to 7,145 ft
[2,168 to 2,178 m]), which has the highest core permeabilities (fig. 27), is also pervasively
bioturbated but is relatively clean (less than 10 percent clay) and has well-preserved medium-
to small-scale trough crossbedding. The Third Bench upper shoreface (7,171 to 7,185 ft
[2,186 to 2,190 m]) contains local shale laminations and abundant carbonate cement.

The Second Bench is overlain by 8 ft (2.4 m) of interbedded sandstone and shale (7,101 to
7,109 ft [2,164 to 2,167 m]) having abundant bioturbation and oyster shells in the upper 2 ft
(0.6 m). The oyster shells are overlain by 19 ft (6 m) (7,082 to 7,101 ft [2,159 to 2,164 m]) of

marine and marginal-marine shale. This shale caps the Second Bench throughout the La Barge
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Figure 26. Log responses and core description from the Fourth Bench of the Second Frontier
(fig. 25), Enron S. Hogsback No. 13-8A well, South Hogsback field.
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S. Hogsback No. 13-8A well, South Hogsback field.
Porosity and stressed permeability data from core are shown.
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Platform (fig. 11), although it appears to be more marine-dominated in the Enron S. Hogsback
well than it is in the Terra Anderson Canyon well.

At the Enron S. Hogsback cooperative well site, the First Bench comprises a fluvial
channel-fill sandstone enclosed in coastal-plain shale and thin sandstone (fig. 27). The lower
part of the channel-fill sandstone (7,067 to 7,075 ft [2,154 to 2,156 m]) includes large mud rip-
up clasts and coal fragments, which together make up 10 to 70 percent of the rock volume. The
upper part of the channel-fill sandstone (7,060 to 7,067 ft [2,152 to 2,154 m]) consists of
crossbedded sandstone having about 20 percent sand-sized clay clasts. Abundant mud rip-up
clasts significantly limit First Bench reservoir quality on the La Barge Platform. Locally high core
(stressed) permeabilities (0.5 to 1.5 md) in the First Bench in this well (fig. 27) occur in isolated
thin zones.

A thick (7,015 to 7,060 ft [2,138 to 2,152 m]) zone of root-mottled organic-rich shaly
sandstone and sandy shale lies between the First Bench channel-fill sandstone and marine
sandstone and shale contained in the uppermost 8 ft (2.4 m) of core. A thin, transgressive
marine sandstone (7,012.5 to 7,014.5 ft [2,137 to 2,138 m]) (fig. 27) marks the top of the
Second Frontier in the Enron S. Hogsback cooperative well.

Perforations (7,110 to 7,202 ft [2,167 to 2,195 m]) extend across both the Second and
Third Benches in Enron S. Hogsback No. 13-8A (fig. 22), encompassing lower and upper
shoreface facies. Core permeabilities, however, are generally very low throughout the
perforated interval, except in a 17-ft-thick (5-m) zone (7,113 to 7,130 ft [2,168 to 2,173 m])
within the Second Bench upper shoreface, where stressed permeability averages 0.36 md
(fig. 27). Unlike the Terra Anderson Canyon well, no high-energy subenvironment or fdreshore

facies appears within the upper shoreface in the Enron S. Hogsback cooperative well.

S. A. Holditch & Associates SFE No. 4-24

The SFE No. 4-24 well is a research well drilled by GRI on leases acquired through the

cooperation and assistance of Enron Oil and Gas Company. SFE No. 4-24 is located in Chimney
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Figure 29. Gamma-ray/resistivity log from the S. A. Holditch & Associates SFE No. 4 well showing

Frontier sandstone zones and cored intervals.
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