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- DISCLAIMER

LEGAL NOTICE This report was prepared by the Bureau of Economic Geology as an account of
work sponsored by the Gas Research Institute (GRI). Neither GRI, members of GRI, nor any
person acting on behalf of either:

©a. Makes any warranty or representation, expressed or implied, with respect to the

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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Title Geologic controls on reservoir properties of low-permeability sandstone,
Frontier Formation, Moxa Arch, southwest Wyommg

Contractor Bureau of Economlc Geology, The Umversnty of Texas at Austin, GRI Contract
No. 5082-211-0708, entitled “Geologic Analysis of anary and Secondary
Tight Gas Sands Objectives.” :

Principal ‘ :
~ Investigator S. P. Dutton

Report Period  April 1989 — April 1992
Topical Report .

Objectives  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 stratlgraphlc diagenetic, and structural geologlc parameters that influence

" resefvoir behavior in the Frontier.

Technical
Perspective 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 completlon of tight gas sandstone wells.

Results Geologic charactenzation of the Frontier Formatlonvfocused 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-
plam and nearshore-marine shale and sandy shale :

The Frontier is divided 1nto 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 dep051tional and stratlgraphlc 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 intemally 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

viii



e}

N

S

o

e
I

/
N

{

D

D

Technical
Approach

compressxonal m1d 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 apprommately north-south trending Symax. 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 Symax
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 determme the

, mfluence of deposmonal facnes on gas productmty

The composntion of Frontier sandstones was determmed 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 reglonal 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 relaxatnon (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 (Quatemary-Recent) fault scarps,
also provided an indication of current stress directions.

ix



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 froiﬁ sandstone
reservoirs that are generally low in permeability. Many Frontier feser?oirs along the Moxa
Arch, a major érea of Frontier gas production in the westefn Green River Basin, have been
designated as “tight gas sandstones.” Stratigraphic, diagenetic, and 'structﬁral 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 B
Frontier Formation on the Moxa Arch in the Green River Basin that weré 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) thét focuseS on low-permeability
sandstones. Many of the data used in this study were derivéd froni three Frontier Cdoperative,
wells and the GRI Staged Field Experiment No. 4-24 well (SFE No. 4-24)..(C06perative wells are
gas wells from which operating companies‘allow GRI contractors to collect data necessary for
formation evaluation.) Information gained from the coopérative 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 we‘ll drilled by GRI on a lease acqﬁired
through the coopetation and assistanée‘ of Enron Oil aﬁd Gas Company.

The Frontier Formation in the Green River Basin tbntained an estimated 36 Tcf of original
gas in place, of which an estimated 1.7 Tcf had been produced by 1988 (Haas ahd Others, 1988).
The goél of the GRI Tight Gas Sands project is development of ad;(anced techﬁology 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 knowlédge’aboixt, and ultimate recovery“of,
unconventional gas resources by integrating geologic characterization, log analysis, reservoir
engineering, and hydraulic fracture modeling to complete low-pefmeabili'ty 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 characteristicé 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 diagenetic 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 §andst_one,because
structural setting controls the state of stress and the abundanceT and pattern of natural fractures.
Natural fractures are potential fluid conduits in low-permeab‘ivlity-san‘dstone gas reservoirs such
as the Frontier Formation. Attributes of fracture networks in t‘h'e subsurface are, however,
~difficult to measure; which hampers efficieﬁt exploration and development of tight gas
resources. The identification of fractlares 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 imﬁortant, at least locally, in. this
formation. Analysis of fractures in Frontier ‘butcrops pfovided'descripfions of fracture,avttributes
such as fracture spacing, orientation, length and conheéti'vity, 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 shdw 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 reéord eaﬂy Late Cretaceous foreland-
basin sedimentation. Frontier shorelines, composed of wave-dominated deltaic headlands and
delta-flank strandplains, prograded eastward into the weﬁtem interibr Cretaceous seaway
(Myers, 1977; Winn a‘nd‘ others, 1984; Moslow-and Tillman, 1986, 1989) during Cenoxﬁanian
and Turonian times (Merewether and others, 1984). The formation thickens and becomes
increasingly more dominated by ﬁonmarine facies westwafd 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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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 Y(Crews and others, 1973; Law and others,' 1989). Driliing 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,
McDonald, 1973; De Chadenedes, 1975;' Myersv, 1977; Moslowv 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 more 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 Formation along the Moxa Arch (fig. l,‘ 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) i$ the largest,Frovntier‘
gas-producing area in the ba‘sin and includes Hogsback, Tip Top, Chimney Butte, Fonterielle,
and other important fields (fig. 2). GRI cooperative wells were completed in Fontenelle and
South Hogsback fields on the La Barge Platform and in Chvurch» 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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intervals.v Additional cores and many well logs used in this study were made available by
operators. Other logs were purchased from corﬁmercial 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 interpfetations, such as fluvial channel
orb marine shoreface, were based on core descriptions in the context of the regional
depositional systems framework. Calibrated log responses werbe 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 develdpment to bettér determine
the influence of geologic parameters (such as shale content and ‘depo‘sitional facies) on gas

productivity.
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~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 crato_m‘c side of thfust belts. In a foreland
basin, strata thicken and dips steepen toward the th;ust bélf. Thrust loading causes the thickest
sediment to alccumﬁlaté near the thrust front (Jordan, 1981). Because the thrust belt also fdrms
the sediment source area, foreland basins typically fill Wivth thick, d»orrvlinantly nonmarine sfrata
that thin and become more marine dom_inated‘down depositi‘ona'l dip (away from 'the thrust
front). The Frontier Formation f:onforms to ithis structufally related depositional pattern. The
present form of the Green River Basin revsulted from foldi‘n'g and faulting dtblringr the Late
Cre‘taceous-eabrly Tértiary Laramide orogeny.k The Thrust Belt, which bounds the Green River
Basin to the west, 1s a region of north-tren‘ding folds and thin-skinned, imbricate thrust fé’ults
that dip westward: thrust movement occurred from the latest Jurassic to the early Eocene
(Wiltschko and Dorr, 1983). Basement-cored Laramide uplifts, $uch as the Wind River and Uinta
Mountains; formed in the foreland area pr.édomi_nantly in early Tertiary time. They structur'allyvk
subdividé the foreland érea and definé 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 th’ev Thrust Belf (fig. 1). Major ﬁpliftvof the Moxa A’rch apparéritly
occurred during the Late Crétaceous (Wach, 1977), related partly}‘ to deep-seated thrus't-fault
movement (Kraig and others, 1987). Uplift largely postdated Frontier depositibn, but .
stratigraphic thinning incylicates‘that some uplift was occurring along the south pért of the Moxa
Arch duting Frontier d‘epositbion (Thomaidis, 1973; Wach, 1977). The pr’esbe‘nt' attitude of the
Moxa Arch ihdfcates that more recent uplift has been concent’r‘afed in the north and has
resulted in a southward tilt (fig. ’l). Depth to the Frontier Formation incréases from north,tb

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 wvariable 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 régressive/transgressive
cycles composed of interbedded fluvial, shoreline, and marine-shélf 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

10
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strata are variably truncated by the regional unconformity 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 deposition, Cenomania_n to Campanianj, but vs'hifted‘ to the north at the end of the
Cretaceous and in the early Tertiary. | |

The Frontier Formation along the Moxa Arch contains maririe shoreline sancistone and
nonmarine fluvial channel-fill sandstone enclosed in thick, tegionally 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 eqnivalent to the-Mancos Shale in Utan and Colorado (Molenaar and Wilson, 1990);
the Hilliard—Mancos'interval records a time of w;vi'despread marine-shelf conditions in the Rocky
Mountain foréland region. Underlying the Frontier is thé Mowry (or Aspén) 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 adjacent states (Byers and Larson, 1979). Both the Hilliard Shale and the Mowry Shale
include somé sandstone in the Thrust Belt to the west. |

The uppermost sandstone in the Frontier Formation is theb First Frontier ‘(fig. 5), a distal-
deltaic to nearshore marinve sandstone that occur.s only on the La ,Bargé Platform (McDonald,
1973; De ChadenedeS, 197‘5). First Frontier sandsto’ne and sandstones in the overlying Hilliard
Shale are similar in well log expression, stratigraphic position, and geographic distribution. Fifst
Frontier sandstone is separated f_rOm underlying Frontier sandstone‘s‘ by several hundred feet of
regionally continuous marine shale (fig. S).

Second Frontier sandstone extends the leng‘th of the Moxa Arch (fig. 6) and contains the
most prolific Frontier gas reservoirs in the wesbtem Green River Basin. The Second Frontier is
composed of several sandstone “benches” interbedded with shale (fig. 5). The First, Fourth, and

Fifth Benches are laterally discontinuous fluvial channel-fill sandstones, whereas the Second
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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
channel-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 S 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 locally, 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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(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 ﬁarine shales
and shoreline sandstones known as the Third and qurth 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 fofm a continuous, northeast-thinning sheet of sandstone (fig. 8).
Distinguishing the Second Bench from the Third Bench using well‘logs alone is diffichlt, 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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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 migrﬂated 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 sandstohes, 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 transgfessive 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 a(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 depositionél 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 availéble, aided in fhe‘
determinatibn 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 conhate water compésition and fdrmation

mineralogy, are relatively constant. Net clean sandstone map$ reveal depositional-facies-related
trends, such as shorelines and channels, that canvbe projected into spéfsely drilled areas and‘
that lead to areas havirig potehtially favorable »reservoif 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 thicke; gross sandstone in that area (fig. 8).
Carbonate cement and calcareous shell debris are more abundarit in fhe west pért of the
La Barge Platform and cause high resistivity résponses, whi‘c‘h> can lead to overestimation of
clean sandstone thicknesses. Thus, figure 12 probably most accurétely reflects clean sandstone
distribution in the east half of the mapped area. |

‘Within the Second Bench sheét sandstone, net clean saﬁdstone 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 é progradational, wave-dominéted delta and delta-flank strandplaixﬁ system,
foreshore and beach-ridge fa‘cies‘, also composed of clean sandistone, generally overlie the upper
shoreface (Heward, 1981) but apparently are poorly pres¢rved in bthe 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 probably delineate successive positions of the

shoreline as it prograded seaward (southeastward). The fact that northeast trends are absent in

the grdss thickness of Second Bench sandstone (fig. 8) is problématic, but it apparently can be
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Figure 12. Net clean sandstone map of the Second Bench of the Second Frontier on the
La Barge Platform. Cross section shown in figure 11.
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atfributed to westward- and southwestward-increasing sub-sidence’and sedimentation rates that -
deemphasize the influence of dgpositidnal environment on Sandstone thicknesspatterns. |
In the First Bench, clean sandstone forms nafrow southeast-trending belts (fig. 13), which
are similar to but thinner than those seen on the map ovf'vFirst’ Bench gross ’sar}dstone (fig. 10).
These sahdstone belts record the positions of fluvial chanhels. 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 pdstdate the Second Bench.
Fluvial channel-fill facies in thé- .Se;dnd Bench are located wéSt of the Moxa Arch and Weré
rarely observed in core from wells on the La Barge Platfbrm.
| On the La Barge Platform, the First a“nd Secbnd Bénches of the Second Frontier contain
most of the déan sandstone in the lower (Second, Third, and Fourth) Frontier iriterval (fig.  14).
The Fourth and ’Fifth Benches of the Second Frontier and the underlying Third Frontiér and
Fourth Frontier are more disconﬁnuous aﬁd confain only isolated clean zones. The Third
Frontier and the Fourth Frontier probably represent isolated shbreface sequences in a rﬁud-
dominated shboreline sysfem. The Fourth and Fifth Benches are fluV_ial.charinel-fill deposits ﬁthat
formed on a mud-rich coast.alvplain that had isolated fluvial channels. The First Bench, in
contrast, formed o‘nva relatively sand-rich coastal plain. First Bench fluvial channels migréted,
laterally, forming belts of sandstone that aré several times wider th‘an the»briginal rivér channei ,
and that are flanked by broad aprons of thinner sandstone (fig. 10), which were depos'ite‘d'by

overbank flow during floods. First Bench clean sandstone is more limited and discontinuous

(tigs. 13 and 14), occurring primarily within thicker channel-fill facies. Clean sandstone isvmost

continuous in the Second Bench (fig. 14), but even there its thickness is highly ‘variable
(fig. 12). Lateral continuity is characteristic of progradational shofeface 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

Platform. Cross section shown in figure 11.
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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. Eveh 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 alwéys 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
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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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of the underlying, slightly shaly, lower shoreface facies. Core data indicate that Second Bench
lower shoreface sandstone in the Fontenelle area commonl}; hés 15 percent porosity but rarely
has appreciable (stressed) permeability (0.009 md> average). Of the vmapS' illustrated here, the
clean sandstone map (fig. 12) probably best indicates the distribution of permeable Second
Bench sandstone in the southeasf 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 depositibnal patterns, but other
variables also influence well productivity, as illustrated by anvinitial potential (IP) map (fig. 17).
Most Frontier wells on the La Barge Platform have perforations in the Second Bench, and
although net pay zones on the platform are typically much thinner thah in other areas, é rough
correlation exists between wellv_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 broducﬁve limitsvof‘tvhe 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 poténtials apparently are anomalously 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 productivify.
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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Figure 17. Initial potential map of wells on the La Barge Platform having Second Bench

perforations. These wells commonly have additional perforations in other Frontier zones, and

in those cases production is commingled. Locations of S. A. Holditch & Associates Staged Field
Experiment No. 4 well (SFE 4), Terra Anderson Canyon No. 3-17 (TAC), and Enron South

Hogsback No. 13-8A (ESH) are shown.
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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 Te’rra‘ Andersoh 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 sharﬁ erosional surface occurs at 9,172.5 ft (2,796 m) and is overlain
by bioturbated shaly Sandstoﬁe in the lower part of the Second Bench. This surface, which
forms the lower boundary of the Second Bench shoreface sequence throughdut 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.



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 coqtains 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 rqot 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 50 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 pért 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 shofeface 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 honmarine, 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 chanhels 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 Bérge Platform. Erosional truncation and interval thinning increase southward along the
Moxa Arch (fig. 6), indicating that subsidenée increased northward during Frontier deposition.
The geometry and quality of Frontier reservoirs 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 thé primary reservoir
facies (Moslow and Tillman, 1986, 1989). First Bench fluvial sandstone forms dip-oriented,
laterally discontinuous reservoirs, whereas Second Bench shoreface ‘sandsto’ne reservoirs are
strike aligned and more continuous (figs. 12 and 13). At the Wexpro Church Buttes codperative
well site, the upper part of 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 ubper 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
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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. InvSouth Hogsback field, Frontier
strata are folded into a south-pluhging anticline between twé 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 isv 50 to 70 ft (15 to 21 m) thick
throughout the field (fig. 22). Within this sheet upper shoreface clean sahdStone 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, nd wells haﬁing First Bench perforations lie outside the channel belts (fig. 24). Wells
having Second Bench pé\rforations, 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 coré 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 thé 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
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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 23. Thickness map of high-resistivity (low clay content) sandstone in the Second Bench
of the Second Frontier, South Hogsback field. The Third Bench, although present in this field,
is not included on this map. Wells producing gas from the Second Bench are shown as stars.
Cross section shown in figure 22.
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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 7,24‘9 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 sandstone (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 ft [2,178 to
2,186 m]) consists df a more homogeneous mixture of sand and mud, discrete lamination having
been destroyed by burrowing. The Second Bench upper shoreface sandstone (7,113 to 7,14S 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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Figure 27. Log responses and rock properties in core from the First, Second, and Third Benches
of the Second Frontier (fig. 25), Enron 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
clas&s 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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shoreline fhat could supply coarse-grained detritus to the inner shelf. The Hilliard and Frontier
marine shales both include less sand than does the Mowry and were prébably deposited farther
from areas of active shore-zone sedimentation.

At the SFE No. 4-24 well site, the Second Bench marine shoreface sandstone (7,382 to
7,428 ft [2,250 to 2,264 m]) (fig. 31) is thinner and less permeable than it is at the other
cooperative wells on the La Barge Platform (figs. 18 and 27). The lower shoreface facies
(approximately 7,411 to 7,428 ft [2,259 to 2,264 m]) consists of interbedded shaly sandstone
and clean sandstone. Ripple and wavy lamination, pervasive bioturbation, and thin shale layers
are distinctive features. Clay content decreases upward through this interval. Clean sandstone
beds (0.2 to 2.0 ft [6 to 60 cm] thick) within the lower shoreface are probably storm deposits.
Upper shoreface facies (7,400 to 7,411 ft [2,256 to 2,259 m]) overlie the lower shoreface facies
and erm the main Frontier reservoir zone in the SFE No. 4-24 well. The clean, well-sorted,
fine- to very fine grained sandstone of the Second Bench upper shoreface facies is
characterized by horizontal and gently inclined lamination, vertically oriented bioturbation,
and minor thin muddy layers. Permeabilities are mostly less than 0.1 md throughout the Second

Bench (fig. 31), and the upper shoreface reservoir zone (7,400 to 7,411 ft [2,256 to 2,259 m])

does not appear to be more permeable than the lower shoreface (7,411 to 7,428 ft [2,259 to

2,264 m]). Porosities, however, display an upwardly increasing trend through the Second Bench
(fig. 31). The uppermost part kof the Second Bench (7,382 to 7,400 ft [2,250 to 2,256 m]) is
largely composed of thoroughly bioturbated shaly sandstone, although a thin zone of relatively
clean sandstorie occurs near the top (7,386 to 7,389 ft [2,251 to 2,252 m]). This interval, which
has the characteristics of a lower shoreface deposit, has the lowest permeabilities in ,the- Second
Bench sandstone (fig. 31)[

Core from the Third Frontier (7,753 to 7,785 ft [2,363 to 2,373 m]) (fig. 31) Comprises
interbedded sandstone and shale of probable marine shoreface origin. Bioturbation is present
throughout this interval, although not as abundant here as it is in Second Frontier shoreface

facies. Organic debris and rip-up mud clasts are common. Relatively clean sandstone beds,
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Figure 31. Log responses and rock properties in core from the Second and Third Frontier
(fig. 29), SFE No. 4, Chimney Butte field. Porosity and stressed permeability data from core are
-shown.
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1 to 4 ft (0.3 to 1.2 m) thick, are interbedded with shaly sandstone and sandy shale beds having
similar thicknesses. Horizontal, inclined, and ripple-trough lamination occur in the sandstones.

Core from the First Bench of the Second Frontier includes a fluvial channel-fill sandstone
(7,360 to 7,372 ft [2,243 to 2,247 my}) (fig. 31). This sandstone has an erosional base, ripple
trough and climbing ripple lamination, organic debris, and thin mudstone layers. Rip-up mud
clasts are abundant and generally concentrated in layers 0.1 to 1.0 ft (3 to 30 cm) thick, where
they compose as much as 50 percent of the rock volume.

The rest of the core from the First Bench (7,311 to 7,360 ft [2,228 to 2,243 m]), as well as
the cores from the Fourth and Fifth Benches (7,439 to 7,494 ft [2,267 to 2,284 m] and 7,607 to
7,648 ft [2,319 to 2,331 m]), consists of nonmarine shale, sandy shale, and siltstone. Coal
fragments, traces of plant roots, and pyrite are abundant in these rocks, which were deposited
on a vegetated coastal plain (delta plain). Wavy and contorted lamination are common,
although many intervals appear massive and structureless. The presence of bentonitic shales
and thin bentonites record volcanic ash-fall events. The bentonite, yellowish tan to greenish
gray, typically contains abundant mica flakes and is composed largely of sticky clay (probably
smectite). Thin shaly sandstones that occur in these coastal plain facies probably were

deposited near the margins of fluvial channels.

DIAGENESIS OF FRONTIER SANDSTONES

The Frontier Formation produces gas along the Moxa Arch from sandstone reservoirs that
are generally low in permeability. However, diagenetic variations contribute to significant
reservoir quality differences within and between fields along the Moxa Arch. The purpose of
the petrographic study of Frontier sandstones was to investigate how the diagenetic history has
modified reservoir porosity and permeability. Previous studies of the diagenesis of the Frontier
Formation along the Moxa Arch (Winn and Smithwick, 1980; Stonecipher and others, 1984;
Winn and others, 1984; and Schultz and Lafollette, 1989) have ptovided the foundation for this

study. Most of the previous work concentrates on the central Moxa Arch (T20N to T24N). This

58

—

e

)

— —
{ )

)

e

$ )
[

P
§
—

)



]

o

[

JoanBlons

]

s B s N e B O

() 2

i

D

-

B}

L“/

study extended evaluation of the Frontier Formation farther to the north (to T28N) and south

(to T17N), as well as to the east of the Moxa Arch in the Gfeen River Basin.

Methods

Thin sections were examined from Frontier cores 'from 13 wells on and adjacent to the
Moxa Arch (fig. 1). Twelve of the cores were from four areas along the Moxa Arch: (1) the
Hogsback area (wells 1-4, fig. 1) on the La Barge Platform; (2)"the Fontenelle area (wells 6-9,
fig. 1) southeast of Hogsback, where the arch changes from northwest-sontheast to north-south
orientation; (3) the Church Buttes-Bruff area (wells 13-15, fig. 1) near the middle of the arch;
and (4) the Henry area (well 16, fig. 1) at the south end of the arch. One core samples the
Frontier in the Green River Basin to the east of the Moxa Arch (well 12, fig. 1). Most cores
were from the First and Second Benches of the Second Frontiér, but cores of the First and
Third Frontier and the Third, Fourth, and Fifth Benches of the Second Frontier alSo were
studied.

Analyses of 899 core plugs form the data base for porosity and permeébility. All samples
were measured under unstressed conditions, that is, under ambient, or near ambient pressure
(0 or 800 psi confining pressure), and some were also measured under stressed conditions, at
calculated in situ overburden pressure. Porosity was measured bynhelium injecti‘on, and
permeability measurements were made on dried, extracted plugs using nitrogen gas or air as the
fluid. Contribution to effegtive reservoir permeability by natural fractures was not evaluated.

The composition of Frontier sandstones was determined from 247 thin sections selected
from different facies and from the total depth range in each core.‘Of these, 172 thin sections
are from the ends of core-analysis plugs. Only thin sections made from cnre-analysis plugs were
used to compare petrographic and petrophysical data. The chemiCél composition of detrital and
authigenic components of sandstone and mudstone was determined by standard thin-section
petrography, Scanning _e'lectron microscopy (SEM) using an energy-dispersive X-ray

spectrometer (EDX), electron microprobe analysis, stable-isotope analysis, and X-ray analysis;
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- Thin sections were stained using sodium cobaltinitrite (potassium feldspars), potassium
ferricyanide, and alizarin red-S (carbonates). Point counts (200 points) determined mineral
composition and porosity. Grain size and sorting of framework grains were measured by grain-
size point counts (50 points) of the apparent long axis of grains. By comparing point-couht data
of thin sections with core analyses, the influence on porosity and permeability of parameters
such as grain size, sorting, compaction, volume of authigenic cements, and pore type (primary

versus secondary) was determined.

Frontier Composition

Grain Size and Sorting

The Frontier Formation in the study area is mainly composed of sandstones, muddy
sandstones, and sandy mudstones. Of 149 clean Frontier Formation sandstones (defined as
containing <2 percent detrital clay matrix), 82 are fine grained (3.0 to 2.0 ¢ [0.125 to 0.25 mm)])
and 45 are medium grained (2.0 to 10 ¢ [0.25 t0 0.5 mrri]). Clean Frontier sandstones are mostly
well sorted (0.35 to 0.5 ¢) to moderately well sorted (0.5 to 0.71 ¢), according to the definition
of Folk (1974). Because grain size was measured only on sand and silt grains, mean grain size and
sorting in sandstones having abundant detrital clay-sized grains refer only to the population of
framework grains.

Frontier Formation sandstones, particularly those that were deposited in iower shoreface
environments, have varying amounts of clay matrix mixed with the sand- and silt-sized grains.
The volume of matrix in lower shoreface sandstones ranges mostly from 5 to 30 percent;
volume of clay typically decre_ases upward in these progradational shoreline sandstones. Fluvial
channel-fill and upper shoreface sandstones contain an average of 1 percent matrix (table 2).

Mudstones in the Frontier Formation formed in nonmarine floodplain and marine-shelf
environments. Floodplain mudstones typically contain between 30 and 75 percent clay-sized

grains; the remaining volume is mostly sand- and silt-sized grains of quartz. Marine-shelf deposits
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Table 2. Average composition of Frontier sandstones by depositional environment.

Grain size (mm)

Sorting (phi standard deviation)
Detrital clay matrix (%)

Quartz cement (%)

Calcite cement (%)

Total cement (%)

Thin-section primary porosity (%)
Thin-section secondary porosity (%)
Microporosity (%)

Minus-cement porosity (%)

Porosimeter porosity (%)

Unstressed permeability (md)
(Geometric mean)

Stressed permeability (md)
(Geometric mean)

Fluvial channel fill

Qs9FsR36
(n = 66)

0.23
0.58
1
8
3
16
0.8
2.4
6.8
14

10.0
(n =136)

0.13
(n =132)

0.01
(n=57)
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Upper shoreface

Qs6FsR29
n=73)

0.17
0.50
1
S
3
13
2.2
5.6
6.4
13

14.2
(n=66)

0.19

(n=65) .

0.0S
(n = 48)

Lower shoreface

Qs7F6R27
(n = 60)

0.14
0.58
8
2
6

10
0.8
3.2
8.5
8

12.5
(n = 284)

0.08
(n =271)

0.01
(n =169)



above the Second Frontier sandstone were cored in thé ‘Enron S. Hogsback No. 13-8A and
Wexpro Church Buttes No. 48 wells. These deposits are also mudstones that contain 30 to
75 percent clay-sized grains.

The finest grained deposits in the Frontier Formation are bentonite beds in the First,
Fourth, and Fifth Benches of the Second Frontier. Bentonite consists of aggregates of clay,
largely smectite, formed by in situ alteration of volcanic ash (Blatt and others, 1972). These thin
beds (generally <2 ft [<0.6 m] thick) are composed of more than 90 percent clay-sized grains

and are classified as claystones.

Framework Grains

Essential framework grains are those used to classify sandstones: quartz, feldspar, and rock
fragments. Although the relative proportion of the essential framework grains in the Frontier
Formation varies, Frontier sandstones are mainly litharenites to sublitharenites having an
average composition of 64 percent quartz, 6 percent feldspar, and 30 percent rock fragments
(QgqFgR30) (fig. 32). Detrital quartz composes an average of 48 percent of the total rock volume
in clean sandstones and forms between 26 and 89 percent of the essential constituents.

Plagioclase composes an average of 4 percent olf the total sandstone volume and O to
67 percent of the essential framework grains, whereas orthoclase feldspar is absent in most
samples. Estimation of the original feldspar content from petrographic data indicated that
feldspar content was greater at the time of deposition: some feldspar has been lost by
dissolution or replacement by carbonate cements. Secondary porosity constitutes an average
volume of 4.4 percent of Frontier sandstones, and approximately half is estimated to have
formed by feldspar dissolution. Carbonate cement has an average volume of 4.7 percent;
approximately half is estimated to replace feldspar. Therefore, the original feldspar content
may have been about 8 percent of the total rock volume, and the original sandstone
composition was approximately QgF;1R5q. The volume of feldspar in First, Second, and Third

Bench Frontier sandstones at the time of deposition differed from north to south along the
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Figure 32. Compositional classification of First, Second, and Third Frontier Sandstones. -

63



Moxa Arch. Original »feldspar volume averaged 9 percent at the north end of the arch but only
4 percent at the south. The north end retains slightly gre'ater volumes of fei‘dspar today, an
average of 3 percent in clean sandston>es in the north versus 2 percent in the south. |

Some plagioclase grains are fresh, but others have been partly altered to sericite or
vacuoles (fluid-filled bubbles). Partial to complete dissolution of plagioclase along cleavage
planes results in delicate honeycombed grains and secondary pores. |

Plagioclase grains in the Frontier Formation have been extensiveiy albitized. Feldspars
from four Frontier sandstones were analyzed by electron microprobe to determine major-
element composition. Plagioclase composition in 156 analyses ranges from Abgg to Ab;gg.
Eighfy percent of the grains have compositions of greater than Abgg; the average composition
of all Frontier plagioclase is Abgg. The original detrital composition of the plagioclase is
unknown, but it was probably more calcic than it is now. The presence in the Frontier
.Formation of plagioclase of composition Abgg indicates that the source area contained feldspars
as calcic as oligoclase. Therefore, at least some of the Frontier feldspars were probably albitized
after burial, although some of the albite may have been inherited from older, albitized
sandstones or from low-grade metamorphic rocks in the source area.

Rock fragments ra'nge from 10 to 75 percent of the essential framework grains.
Sedimentary rock fragments, particularly chert but also chalcedony, shale, sandstone, and
phosphate, are the most common lithic grains. The total volume of chert in Ffontier sandstones
and mudstones ranges from 0 to 47 percent and averages 14 percent. Detrital chért in the
Frontier probably was derived from the Permian-age Phosphoria Formation and other Paleozoic
units (Stonecipher and others, 1984). Low-rank metamorphic rock fragments, common in some
samples, appear to be slightly metamorphosed sandstone or mudstone grains. lecanic rock
fragments rand ripped up and transported pieces of bentonite occur mainly in the Fourth
Bench sandstones in the Second Frontier. Whereas plutonic rock fragments are rare, accessory

grains such as biotite and glauconite are locally common.
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Framework-grain composition of Frontier sandstones is inﬂuenced both by depositional
environment and by stratigraphic position. Sandstones déposited in fluvial channels contain
less quartz than do sandstones deposited in shoreface environments (fig. 33). Fluvial-channel
sandstones have an average composition of Qgs9F¢R3¢, upper shoreface sandstones average
Qg6FsRpg, and lower shoreface sandstones average Qg;FgR,; (tabl‘e 2). The relation between
depositional environment and sandstone compésition in the Frontier Formation was observed
previously (Winn and Smithwick, 1980; Stonecipher and others, 1984; Winn and others, 1984).
Shoreface sandstones probably contain a high percentage of detrital quartz because wave
abrasion removed many of the méchanically unstable rock fragments (Wi}nn and others, 1984)
and because differences in hydraulic properties allowed wave action to winnow quartz from
chert. Fluvial-channel sandstones contain abundant chert because they were n‘ot winnowed
and are coarser grained than shoreface sandstones, and chert and other rock fragments tend to
occur in the coarser sand fraction. The average grain size of ﬂﬁvial-channel sandstones is 2.1 ¢
(0.23 mm), compared with 2.5 ¢ (0.17 mm) for upper shoreface sandstones and 2.8 ¢ (0.14 mm)
for lower shoreface sandstones (table 2). Upper shoreface séndstones are well sorted
() sténdard deviation of 0.50), whereas fluvial and lower shoreface sandstones are moderately
well sorted (¢ standard deviation of 0.58).

In core from Church Buttes field, differences in framework grain composition were
observed at a millimeter scale between individual laminations. Small diffefences in density and
hydraulic properties between quartz and chert resulted in some léminations having abundant
detrital quartz grains and laminations only a few millimeters away containing abundant chert
grains. Much of the primary porosity in quartz-rich laminae was filled by quartz éenient, but
because quartz does not nucleate as effectively on chert grains as on quartz grains, the chert-
rich laminae retained more intergranular porosity than did the quartz-rich laminae.

The composition of fluvial channel-fill sandstones is strongly dependent on stratigraphic
position. Most First Bench fluvial channel-fill sandstones contain abundant rock fragments,

primarily chert, and little feldspar (fig. 32). In contrast, fluvial channel-fill deposits from the
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Figure 33. Compositional classification of Frontier sandstones by depositional environment.
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Fourth Bench contain abundant plagioclase and biotite. The Fourth Bench sandstones also
-contain volcanic rock fragments and bentonite clasts anci_tﬁus were derived from a source
terrain that included volcahic rocks. Marine sandstones of the First Frontier have a similar
composition (fig. 32) and probably were derived from a source area similaf to that of the Fourth
Bench sandstones. The quartz- and chert-rich sandstones of the First, Second, and Third.
Benches. probably were derfved primarily from older sedimentary rocks and slightly
metamorphosed sedimentary rocks, although bentonite layers occur within the First Bench.
Differences in provenance and depositional environment of Frontier sandstones resulted
in sandstones at the north end of the Moxa Arch containing a wide range of volumes of
feldspar and rock fragments but sandstones ’at the south end being more uniformly quartz rich.
Both thé range and the average volume of feldspars and ductile grains (metamorphic and
volcanic rock fragments, mudstone, séndstone, glaﬁconite, and mica grains) decrease from north
to‘south along the arch. Therefore, at the time of deposition, Frontier saridstOnes at the north
end of the arch contained greater volumes of chemically reactive grains and ductile grains

susceptible to mechanical compaction than did sandstones at the south end.

Matrix

Detrital clay matrix, defined as detrital grains too small to be identified in thin section,
composes 0 to 94 percent of .the volume of Frontier sandstones, fnudstones, and cléystones.
Matrix occurs in sandstones that either were affected by burrowing Organisms and had ;cl_ay-sized
grains mixed into an ori-ginally well-sorted sandstone or were deposited in an alternating high-
and low-energy environment (such as rippled sandstones that have clay laminations). X-ray
diffraction analysis (<5 um size fraction) indicates that clay minerals constitute an average of
75 weight-percent of the matrix. Clay-sized quartz forms most of the remainder of the matrix.
Mixed-layer illite-smectite (MLIS) and illite are the most abundant clay minerals; kaolinite and
chlorite are also present. The MLIS contains approxirﬁately 20 percent expandable smectite

layers, a value similar to those previously reported (Stonecipher and others, 1984). No X-ray
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diffraction analysis was performed on bentonite layers, but they are thought to be composed of

smectite and MLIS.

Cements

Cements and replacive minerals constitute between O and 38 percent of the sandstone
volume in Fromier Formation samples. Pore-filling cement is most abundant in clean sandstones
that contain little detrital clay matrix; the average volume of éement in clean Frontier
sandstones is 16 percent. Fluvial sandstones contain a volume of cemént greater than that in
shoreface sandstones (table 2). Total cement does not correlate significantly with depth.

Quartz, calcite, and MLIS and illite (which cannot be distinguished in thin section) are the
most abundant authigenic minerals in Frontier sandstones. Less abundant authigenic minerals
include chlorite, kaolinite, ankerite, albite, and pyrite. On the basis of petrographic évidence,
the relative order obf occurrence of the major events in tﬁe 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 MLIS 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 précipitation of quartz cement (Dutton, 1990). Many of these

events overlapped in time, as will be described in later sections.

Authigenic Clays

Authigenic clays occur in most clean Frontier sandstones, where they affect permeability

(Winn and Smithwick, 1980; Stonecipher and others, 1984; Schultz and Lafollette, 1989; Luffel

and others, 1991). Illite and MLIS that has approximately 20 percent smectite layers are the

most common authigeﬁic clays in general, but in two wells in the Hogsback area, kaolinite is
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most abundant (table 3). Authigenic chlorite is more abundant in the deep samples from the
southern Moxa Arch than in shallow samples from the north end (table 3). No kaolinite was
observed in sandstones at the south part of the study area, in Church Buttes and Bruff fields
(T17N tb TI19N; fig. 2), and kaolinite is absent in Frontier sandstones at least as far north as
 Wilson Ranch field (T20N) (Stonecipher and others, 1984).

Some of the illite and MLIS occur as rims of tangentially oriented flakes that developed
around detrital grains early in the diagenetic history (fig. 34). The tangentially oriented illite
and MLIS crystals may have entered the sandstone by methanical infiltration or burrowing and
-.may have been recrystallized during burial diagenesis. In the Terra Anderson Canyor_i No. 3;17
well, some illite and MLIS rims apparently were thick enough to inhibit the precipitation of
quartz cement. Later dissolution of detrital feldspar grains generated seéondary porosity and
resulted in many of the illite ahd MLIS rims being left as delicate rims around secondary pores.
Tarigentially oriented illite and MLIS rims are most abundant in samples from Fontenélle field.

Other illite and MLIS having a flaky to fibrous morphology are clearly authigenic and
extend into and across primary pores (figs. 35, 36 and 37).,Fibrdus illite and MLIS line most
primary pores, but they are less abundant in secondary pores, indicating that much of the
authigenic illite and MLIS precipitated before the dissolution of feldspar. Fibrous illite and MLIS
in primary pores are more abundant in samples from Fontenelle field than from any other area.

The relatively low expansibility of the authigenic MLIS suggests that it may be only
moderately sensitive to fresh water. In tests conducted to evaluate fluid sensitivity of Ffontier
sandstones (Luffel and others, 1991), permeability to fresh water was 25 to 50 percent lower
than permeability to brine‘. A more important effect of clays on pefmeability seems Ato be a
function of clay distribution and morphology. Fibers and sheets of illite and MLISithat bridge
in.tergranulari pores and pore throats significantly lower permeability (Luffel and others, 1991).
Stressed permeability to air measured on dried, extractedv plugs in which the fibrous illite and
MLIS have matted égainst the pore walls is 10 to 100 time$ higher than in situ gas permeability

at connate water saturation in plugs having undisturbed illite and MLIS.(Luffel and others,
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Table 3. Semiquantitative X-ray diffraction mineralogy data (less than S um in
diameter fraction).

Clay minerals

Wt. % bulk rock normalized to 100%
Depth Total fines Total clay lite in MLIS
(ft) <Sum minerak Kaolinite Chicrite  IMite  MLIS! )
Mobil Tip Top (MT)
6,982.72 11.1 8.2 56 07 14 23 79
6,986.5 8.1 6.1 54 02 15 29 78
6,999.62 3.5 2.5 67 03 08 22 79

Mobil Hogsback (MH)

6,889.02 3.0 1.9 73 — 10 17 86
6,894.32 1.7 1.1 68 — 12 20 82
6,907.8* 6.8 5.0 49 06 16 29 81
6,912.0* 6.4 4.2 50 06 17 27 79

Enron South Hogsback (ES)

7,104 N.R. 14 21 — 14 64 80
7,120 N.R. 17 6 6 29 59 80
7,137 N.R. 19 21 Tr 16 63 80
7,148 N.R. 22 23 — 18 59 80

Terra Resources Anderson Canyon 3-17 (TA)

9,064.0 44.8 31.5 08 09 21 62 72
9,082.92 5.2 3.7 27 03 19 51 77
9,085.32 3.3 1.9 — — 27 73 78
9,088.02 3.1 1.7 — — 26 74 80
9,095.72 7.8 5.5 — — 24 76 80
9,110.0 6.1 49 — 03 20 77 74
9,118.0 6.1 4.9 — 05 23 72 76

Texaco State of Wyoming #1 (TW)

11,515.52 3.8 2.2 — 11 22 67 83
11,527.9 4.8 3.9 — 07 23 70 84

Church Buttes (WC)

12,163.22 7.1 4.3 — 17 26 57 85
12,165.12 1.8 0.9 — 13 30 57 79
12,169.62 3.8 2.8 — 13 31 S6 86
12,173.52 5.3 3.8 — 14 19 67 84

1Mixed-layer illite-smectite R
Samples containing only authigenic clay Tr

Not reported

Trace

Below detection limit
*Sample contains abundant calcite cement, some of which probably was ground to <5 pm during

sample preparation
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Figure 34. SEM photo of illite tangentially oriented around a secondary pore; quartz crystals
project into pore. Sample from a depth of 9,084.7 ft (2,769.0 m), Terra Anderson Canyon
No. 3-17 well. Sample was prepared by critical point drying. SEM photo by K. L. Herrington;
scale bar is 100 um.

Figure 35. SEM photo of authigenic fibrous illite lining primary pore. Sample from a depth of
9,079.9 ft (2,767.6 m), Terra Anderson Canyon No. 3-17 well. Sample was prepared by freeze
drying. SEM photo by K. L. Herrington; scale bar is 10 um.
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Figure 36. SEM photo of sheets of authigenic illite bridging a pore. Sample from a depth of
9,079.5 ft (2,767.4 m), Terra Anderson Canyon No. 3-17 well. Sample was prepared by air
drying. SEM photo by K. L. Herrington; scale bar is 10 um.

Figure 37. SEM photo of cluster of authigenic chlorite flakes. Sample from a depth of 12,175 ft
(3,711 m), Wexpro Church Buttes No. 48 well. SEM photo by K. L. Herrington; scale bar is
10 pum.
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1991). Thus, permeability to air, measured in dried core samples, may be one or two orders of
magnitude highef than actual reservoir permeability.

Authigenic ﬂakeé and rosettes of chlorite (figs. 36 and 3‘7) precipitated relatively early in
the burial history, befdre precipitation of quartz overgrowths. ‘In sandstones from Church

Buttes field, chlorite around detrital grains commonly is engulfed by quartz overgrowths

- (fig. 38), resulting in small, chlorite-filled pores between detrital quartz grains and overgrowths.

Chlorite rims around detrital grains are more common in samples frbm the south end of the
Moxa Arch. Cleaﬁ fluvial sandstones from the south contain an average of 2.6 percent chlorite
cement, compared with 0.6 percent at the north end of the arch. The reason for a greater
abundance of chlorite rims on detrital grain‘s at the south end‘ of the Moxa Arch and illite rims
at the north end is unknown, but the composition of early burial fluids in the different areas
must have differed. Pore fluids at the south end probably were richer in iron, éausing chlorite
to precipitate instead of illite.

Kaolinite is found mainly within secondary pores (fig. 39). Because it is a reaction product
of feldspar dissolution, it must have formed after thé grain-rimming illite and chlorite. Kaolinite
probably has less impact on sandstone permeability in the Frontier thaﬁ does illite and MLIS
because it is somewhat isolated within secondary pores. Kaolin‘ite only occurs in the shallower
Frontier sandstonés at the north end of the Moxa Arch; no kaolinite was observed in

sandstones deeper than 9,100 ft (2,770 m) (table 3, fig. 40).

Quartz Overgrowths

Quartz is volumetrically the m‘ost abundant cement in Frontier sands’tor;,e-s, ranging from 0
to 18 percent of bulk rock volume. Volume of quartz cement in clean Frontier sandstones
increases significantly with depth (fig. 41). In clean sandstones at the north end of the Moxa
Arch, quartz cement does not occlude porosity significantly, filling an average volume of only
5 percent. In contrast, at the south end of the arch (including well 12, fig. 1), the average

volume of quartz cement in clean sandstones is 11 percent, quartz cementation being a main
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~ Figure 38. SEM photo of quartz overgrowth engulfing illite and chlorite cement. Sample from a
depth of 12,163.2 ft (3,707.3 m), Wexpro Church Buttes No. 48 well. SEM photo by K. L.
Herrington; scale bar is 100 pum.

Figure 39. SEM photo of authigenic kaolinite within a secondary pore. Sample from a depth of
6,985.5 ft (2,129.2 m), Mobil Tip Top No. T71X-6G-28N-113W well. SEM photo by K. L.
Herrington; scale bar is 10 pm.
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Figure 40. Kaolinite cement volume in clean (<2 percent matrix) First, Second, and Third Bench
sandstones as a function of present burial depth. No kaolinite was observed in Frontier
sandstones deeper than 9,000 ft (2,750 m).
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Figure 41. Quartz cement volume in clean (€2 percent matrix) First, Second, and Third Bench
sandstones as a function of present burial depth. Quartz cement increases significantly with
depth. Linear regression equation relating depth and quartz cement is

quartz cement (%) = -5.4 + 1.3 x depth (ft) x 1073,

76

C



cause of porosity loss. Quartz cement probably is more abundant at the south end of the Moxa
Arch and in the basin because Frontier sandstones are more deeply buried there and have
developed numerous stylolites, a source of silica. In addition, many chert grains in the deeper
Frontier sandstones appear to be partly dissolved and to have undergone intergranuiar pressure
solution; chert dissolution could be another source of silica for quartz cement.

Fluvial channel-fill sandstones contain significantly more quartz cement than do shoreface
sandstones (table 2), probably because of the greater depth of the fluvial samples. Because of
the sample distribution, the average depth of fluvial sandstones is 10,800 ft (3,292 m),
compared with 8,300 ft (2,530 m) for shoreface sandstones. No correlation exists between
volume of quartz cement and grain size or sorting.

Chert cement occurs in Fourth Bench sandstones of the Second Frontier (Enron S.
Hogsback No. 13-8A wéll) and in Third Frontier sandstones (SFE No. 4-24 well), both of which
are associated with volcanic ash beds. Silica liberated from the volcanic ash probably was the
source of the chert cement. Chert cement volume ranges from 1 to S percent.

Quartz is interpreted to have precipitated relatively early in the burial history of Frontier
sandstones because it was the first cement to precipitate in primary pores after clay rims.
However, some petrographic evidence suggests multiple or prolonged ‘periods of quartz
cementation. For example, some quartz cement clearly precipitated before feldspar dissolution
because quartz overgrowths do not extend beyond where the feldspar grains used to be,
although quartz overgrowths project into secondary pores in other cases (fig. 34). We have also
observed quartz cement that envelops kaolinite inside a secondary pore, indicating that both

the kaolinite and quartz precipitated after feldspar dissolution.

Calcite

Calcite was the last of the volumetrically significant cements to precipitate in Frontier
sandstones. Textural relationships between quartz and calcite show that calcite precipitation

generally followed quartz overgrowths. Calcite cement abundance in clean sandstones averages
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4.6 percent and ranges from O to 35 percent, which includes both pore-filling and grain-
replacing calcite. In clean sandstones, an average of 2 percent calcite cement fills primary
pores, and an average of 2.6 percent replaces framework grains, mainly feldspars.

Calcite cement is more abundant in lower shoreface sandstones (average of 6 percent)
than in either upper shoreface or fluvial channel-fill sandstones (average of 3 percent in both)
(table 2). Of the 35 sandstones having particularly abundant calcite cement (>10 percent), 8 are
in fluvial sandstones, 5 in upper shoreface, and 20 in lower shoreface and marine-shelf
sandstones. No other clear pattern exists in the distribution of abundant calcite cement. In
several cases, extensive calcite cement occurs at the top of a clean, well-sorted sandstone,
directly below the contact with a fine-grained, poorly sorted muddy sandstone. In other cases,
calcite cement is most abundant in clean sandstone beds within an overall poorly sorted
interval, sucﬁ as laminated storm deposits within a burrowed, lower shoreface sequence. Clean
sandstones in the Hogsback area have significantly greater volume§ of calcite cement
(7 percent) than do clean sandstones from either the Fontenelle (1 percent) or Church Buttes
areas (4 percent). Of the 35 Frontier samples containing more than 10 percent calcite cement,
28 are from the Hogsback area.

Nine clean Frontier sandstone samples contain more than 20 percent pore-filling and
grain-replacing calcite cement, and seven of them are from the Hogsback area. The other two

are from a 2.3-ft-thick (0.7-m) calcite-cemented interval at the top of a fluvial channel-fill

sandstone in a well from the south part of the Moxa Arch (well 13, fig. 1). In the nine‘

extensively calcite cemented sandstones, the average volume of quartz cement is only
1.4 percent, whereas an average of 6.9 percént quartz cement occurs in all other clean Frontier
sandstones containing calcite cement. The low volume of quartz cement in the extensively
calcite-cemented zones may be due to calcite replacement of quartz. Experimental dissolution
of calcite using dilute HCI revealed numerous replacement features seen in SEM, such as pits,

v-shaped notches, and embayments on detrital quartz grains and quartz overgrowths. These
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textures were described by Burley and Kantorowicz (19865 as_indicating calcite replacement of
quartz grains and overgrowths, probably as the result of surface-reaction-controlled dissolution.

. The average composition of the calcite cement is (Cap ggMgqg g1F€g.01Mng ¢2)CO3,
determined by 92 microprobe analyses of calcite cement in 3 sandstone samples from
Fontenelle field. Most calcite has a low iron content, but values range from 0.003 to 0.02 mole-
percent iron. Carbon and oxygen isotopic compositions of calcite cements were determined for
four samples from the north and south ends of the Moxa ‘Arcn (wells 3; 9, 13, and 15, fig. 1).
Calcite 8180 compositions have a narrow range of values from -12.2 to -13.8 o/00 relative to the
Peedee belemnite standard (PDB). The average 8180 composition is =12.9 o/oo (PDB), which is
equivalent to +17.6 o/oo relative to Standard Mean Ocean Water (SMOW). Carbon isotopic
composition (8§13C) ranges from -2.0 to -6.6 ‘o/oo and averages -3.7 o/oo (PDB). These light
values of carbon indicate that there was a contribution from 13C-depleted carbon derived from
oxidation or decarboxylation of organic matter, which has a 813C composition of approximately
-23 0/00, but that most of the carbon was derived from skeletal carbon from marine organisms.
Modern carbonate sediment has §13C values that range from +4 to -2 o/oo (Land, 1980).
Interpretation of the oxygen isotopic values will be discussed in the section Interpretation of
Diagenetic History, p. 89.

Dissolution of calcite in some sandstones may have reopened intragranular and
intergranular pores that were formerly filled with cement (Schultz and Lafollette, 1989). For
example, the top of the upper-shoreface sandstone that constitutes the pay zone in the Terra
Anderson Canyon No. 3-17 well has extensive secondary porosity and remnants of dissolved
calcite cement. Secondary porosity is abundant throughdut the entire pay zone, but remnants
of partly dissolved calcite cement only occur at the top of the sandstone. It is unclear whether
calcite formerly pe»rvaded‘ the sandstone and completely dissolved everywhere but at the top,

or whether calcite was only present at the top of the sandstone and has partly dissolved there.
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Porosity

Porosity in Frontier sandstones observed in thin section ranges from 0 to 19 percent;
porosimeter-measuredb porosity ranges from 1.4 to 19.3 percent. Average porosimeter porosity
in clean Frontier sandstones is 12.3 percent, compared with an average of 5.8 percent thin-
section porosity. In general, thin-section porosity is lower than porosimeter porosity because

accurately identifying the volume of microporosity in thin section is difficult. The two measures

of porosity in Frontier sandstones are related by the following equation: porosimeter porosity =

8.4 + 0.62 x (thin-section porosity) (r = 0.68). The largest difference between thin-section and
porosimeter porosity is at low porosity values; samples having no thin-sectior{ porosity have an
average of 8.4 percent porosimeter i)orosity. Both primary and secondary porosity identified in
thin section correlate significantiy with porosimeter porosity (r = 0.56 and 0.63, respectively).

Thin-section porosity was divided into (1) primary, intergranular pores and (2) sécondary
pores that result from dissolution of framework grains or cements. On the basis of thin-section
identification, average primary porosity in clean Frontier sandstones has been found to be
1.6 percent, and average secondary porosity, 4.2 percent. Most secondary pores formed by the
dissolution of framework grains, particularly feldspar, chert, clay clasts, and biotite; secondary
pores are thus approximately the same size as detrital grains. Some secondary pores contain
remnants of the original detrital grains or reaction products such as kaolinite (fig. 39).
Dissolution of calcite cement probably also generated some intergranular and intragranular
secondary porosity (Schultz and Lafollette, 1989).

Microporosity, defined as pores having pore-aperture radii <0.5 mm (Pittman, 1979), is
abundant in Frontief sandstones, where it occurs between authigenic clay crystals (figs. 35, 37,
and 39) and within detrital clay matrix. Micropores also developed by dissolution of some of the
tiny (0.2 mm) quartz crystals that compose chert grains (figs. 42 and 43). Microporosity cannot
be accurately quantified by routine‘thin-sectidn point counts, but an estimate of the volume of
microporosity can be obtained by taking the difference. between porosimeter-measured

porosity and thin-section porosity. This method is predicated on the fact that pores that cannot
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Figure 42. SEM photo of chert grain (left side) showing abundant microporosity. Note thin rim
of tangentially oriented clay around detrital chert grain. Sample from a depth of 9,087.8 ft
(2,770.0 m), Terra Anderson Canyon No. 3-17 well. SEM photo by K. L. Herrington; scale bar is
10 pm. ‘

Figure 43. Close-up of surface of chert grain shown in figure 17. Partial dissolution of chert has
resulted in abundant micropores. SEM photo by K. L. Herrington; scale bar is 10 pm.
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be distinguished in thin section are micropores. The éverage volume of mvicvroporosity in
Frontier sandstones estimated by this method is 8.3 perceni. Capillary-pressure dat}a from three
Frontier cores provide a check on this method of estimating microporosity. Significant
correlation (r = 0.66, significant at the 99-percent confidence level) exists between
microporosity calculated from vthin-section data and microporosity determined by capillary-
pressure data, but most thin-section-derived values are higher. The average microporosity for
22 Frontier samples is 7.6 percent based on capillary-pressure data, combated with én average
of 8.8 percént microporosity based_oh thin-section data. The difference probably is caused by
differences in what is being measured to determine microporosity. Using capillary-pressure data,
a pore-aperture radius of 0.5 um (equivalent to an air-brine capillary pressure of 237 psi) is

considered to be the 1oWer size limit for macropores (Pittman, 1979). In‘ thin sections, the

smallest pore diameter that can be discriminated is approximately S um, which consequently

becomes the lower size limit of macropores. Therefore, microporosity calculated as the
difference between thin-section porosity and porosimeter porosity tends to overestimate
microporosity slightly, compared with capillary-pressure measurements of microporosity.
Nevertheless, the difference between porosimeter and thin-section porosity provides a
reasonably good estimate of microporosity.

Much of the depositional porosity in> Frontier sandstones has been lost by mechanical and
chemical compaction. Intergranular pressure solution and stylolitization are examples of
chemical compaction. Many chert grains have undergone intergrahular pressure solution;
stylolites, oriented both pa_rallél and perpendicular to bedding, are common in sandstones from
the south end of the Moxa Arch and in the basin. Wher.eas chemical éompaction'reduces
porosity by causi_ng closer packing of framework grains, mechanical compaction is bulk volume
reduction resulting from processes other than framework-grain dissolution, such as reorientation
of competent grains and deformation of ductile grains (Houseknecht, 1987).' Many of the
sedimentary and metamorphic rock fragments in Frontier sandstones are ductile and have been

deformed during compaction, causing a reduction of primary porosity. Minus-cement porosity,
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which is the amount of porosity that remained after compaction but before cementation,
averages only 14 percerit in cleah Frontier sandstones. At the time of deposition, well-sorted
Frontier sandstones probably had a porosity of at least 40 percent (Pryor, 1973; Atkins, 1989).
Thus, about 26 percent porosity (65 percent of the original porosity) was lost by compaction..
Much of the remaining intergranulavr porosity was occluded by precipitation of an average of

12 percent pore-filling cement in clean Frontier sandstones.

Burial and Thermal History

To interpret the diagenetic history of the Frontier Formation more Com-pletely,‘ the lburial
depth and temperature of the formation must be estimated ﬂthrough time. Stratigraphic
information was used to reconstruct the burial history of wells along the Moxa Arch and in the ‘
Green River Basin (Dutton and Hamlin, in press), and the modern geothermal gradient was
‘extrapolated into the past to estimate paleotemperatures. With this info'vrmatio‘n, burial-history
curves were plotted using the program BasinMod™, which was also used to calculate the

thermal maturity of the Frontier Formation in the wells.

Burial-History Curves

Burial-history curves of the tops of the Second Frontier, Hilliérd, Rock Springs Formations»
(lower Mesaverde Grodp), fhe Ericson-Lance Formation (upper Mesaverde Group and |
uppermost Cretacebus deposits), and undifferentiated Tertiary formations (fig. 4) were plotted
for five wells along the length of the Moxa Arch and in the basin (fig. 44). These buriai-his‘tory
curves plot total overburden thickness versus time and cofrect sediment thickness for
compaction. The burial-history curves use stratigraphic-thickness data taken directly from
geophysical logs of each of the wells, except in intervals that have a section missing. Ages of

the stratigraphic units were estimated from a variety of sources (McGookey, 1972; Thomaidis,
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Figure 44. Burial history curves for the tops of the Second Frontier, Hilliard, Rock Springs,
Ericson-Lance, and undifferentiated Tertiary in five wells on the Moxa Arch and in the Green
River Basin. See figure 1 for well locations. The times during which the formations were in the
oil and wet-gas windows are shown. Burial-history curves were plotted using the program Basin
Mod™, which also calculated oil and gas windows.
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1973; Edman and Surdam, 1984; Mereweth’er and Cobbin, 1986; Weimer-, 1986; Ryder, 1988).
Stratigraphic data used to make the burial-his‘tory curves are summarized in table 4. -

During deposition of the Frontier and Hilliard, subsidence was greater at the north end of
the Moxa Arch; consequently these two fdrmations are thickér at the north than they are at
the south (table 4). Because of erosion of post-Hilliard Cret.aceous units on the Moxa Arch, the
original thickness of these formétions was estimated from théir thickness in the basin using the
Energy Reserves Group Blue Rim Federal ‘No. 1-30 wéll (well 12, fig. 1), which has a nearly
complete Upper Cretaceous section. Original thickness of Tertiary deposits was estimated from‘
published strrdies of the Tertiary in rhe Green River Basin (Curry, 1973; Sullivan, 1980).

Three episodes of uplift and erosion were incorporated int‘,o the burial-histdry curves
(Dutton and Hamlin, in press). The first episode involvés movement of the Moxa Arch during

the Late Cretaceous (early late Campanian time; Ryder, 1988) and erosion of the lower

| Mesaverde Rock Springs Formation and uppérmost Hilliard depositS. The greatest amount of

uplift and erosion occurred at the south end of the Moxa Arch, as indicated by burial-history
curves for the Forest Henry No. 2 and Wexpro Church Buttes No. 48 wells (fig. 44). The
amount of Hilliard deposited and later removed was estimated by correlating marker units
within the Hilliard along the length of the arch and ’determrning -whiéh markers have been
removed from the top of the Hilliard in the two southern wells. No erosion is interpreted as
having taken place in early late Campanian time at the north 'end of the Moxa Arch or in the
b'asi‘n. |

The second period of uplift occurred at the end of the Cretaceous, and it was at this time

~that the arch acquired its present south-plunging configuration. The greatest uplift occurred at

the north end of the arch, where all the Ericson-Lance deposits were removed, as well as some
of the underlying Rock Springs lower Mesaverde deposits (Asquith, 1966; McDonald, 1973)
(fig. 44). Less erosion occurred at the south end of the arch, and some Ericson-Lance deposits -

remain in the Forest Henry No. 2 and Wexpro Church Buttes No. 48.
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The final period of erosion took place from about 37‘myé to the present at the north end
of the arch. Approximately 1,000 ft (305 m) of Tertiary deposits ‘have been removvec‘l at the
SFE No. 4-24 and Terra Anderson Canyon No. 3-17 wells, ‘but no Tertiary is interpreted to have
been eroded at the south ehd of the arch or in the basin (Curry, 1973; Sullivan, 1980) (fig. 44).

Erosion is arbitrarily shown as taking place continuously from 37 mya to the present.

Thermal History

Géothermal gradients were calculated from bottom-hole temperatures (BHT) for the five
wells ‘for which burial-history curves Were plotted (Dutton and Hamlin, in press) (table 4). The
log with the highest BHT was used if the well had more than one logging run. The present-day
geothermal gradient in the study area varies from 1.71°F/100 ft (3.12°é/100 m) to 2.03°F/100 ft
(3.70°C/100 m) after correction for nonequilibration of BHT (DeFord and others, 1976). The
correction was not applied to SFE No. 4-24 because a logging run was made a year after the well
was drilled, and the measured BHT was. assumed to have reached equilibrium with the
formation. Following the work of Law and others (1980), a linear temperature gradient has
beeﬁ assumed because data were not available to‘refine the temperature profile further.

The calculated geothermal‘ gradients for these five wells are highef than thé geothermal

gradient of 1.4°F/100 ft (2.55°C/100 m) shown for this area on a map of geothermal gradients in

North America (DeFord and others, 1976). The wells used in making the map may not have had -

several logging runs each, and thus the BHT’s that were used may have been further from
equilibrium than the temperatures in the wells used for this study.

The modern geothermal gradient was assumed to have been in place since 95 mya,
throughout the burial history of the Frontier Formation. On the basis of the work of Spencer
(1987), we assumed the mean annual surface temperature was 40°F (4.4°C) from 0 to 4 mya,
S0°F (10°C) from 37 to 95 mya, and uniformly declining from 50° to 40°F (10° to 4.4°C)
‘between 37 and 4 mya. Thermal maturity values calculated from the buriai-history curves are in

reasonable agreement with measured vitrinite reflectance values (Merewether and others,
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Table 4. Stratigraphic data used to construct burial-history curves

Formation Time deposition
began (mya)

Second Frontier
Hilliard

Rock Springs
Hiatus
Ericson-Lance
Erosion
Tertiary
Erosion

Holditch SFE No. 4

93 370
89 3,660
76 520
74
73 0
66
62 3,100
37

Geothermal gradient = 2 °F/100 ft [3.7°C/100 m.]

Second Frontier
Hilliard

Rock Springs
Hiatus
Ericson-Lance
Erosion
Tertiary
Erosion

Geothermal gradient = 1.7

Second Frontier
Hilliard

Rock Springs
Erosion
Ericson-Lance
Erosion
Tertiary

Hiatus

Terra Anderson Canyon No. 3-17

93 370
89 4,110
76 ‘ 720
74
73 0
66
62 4,160
37

°F/100 ft [3.12°C/100 m.]

Wexpro Church Buttes No. 48

93 280
89 3,140
76 0
74

73 670
66 '

62 8,170
37

Geothermal gradient = 1.8 °F/100 ft [3.26°C/100 m.]

87

Present formation
thickness (ft)

Missing
thickness (ft)

2,190

1,550
-3,740

1,000
-1,000

1,990

1,550
-3,540
1,000
-1,000

200
2,710
-2,910
880
-880



Table 4 (cont.) ' Cf

Formation Time deposition Present formation Missing ™

began (mya) thickness (m) thickness (m) ‘; \f
Forest Henry No. 2

Second Frontier 93 240 0 i f

Hilliard 89 2,290 200 tJ

Rock Springs - 76 0 2,710

Erosion 74 -2,910 -

Ericson-Lance 73 1,380 170 | P

Erosion 66 -170

Tertiary 62 9,210 0

Hiatus 37 ;{“)
\é)

Geothermal gradient = 1.8 °F/100 ft [3.26°C/100 m.] g@

Energy Reserves Group Blue Rim Federal No. 1-30 |

L

Second Frontier 93 370 0

‘Hilliard 89 4,180 0 e

Rock Springs 76 2,710 0 Ay

Hiatus . 74 \
Ericson-Lance 73 1,550 0

Hiatus 66 .

- Tertiary 62 7,480 0 Ay

Hiatus 37 v

Geothermal gradient = 1.8 °F/100 ft (3.29°C/100 m.) .

For all wells, assume surface temperature = 40 °F (4.4°C) from 0-4 mya, 50 °F (10°C) from 37-95
mya, and uniform decrease from 50 °F to 40 °F (10°C to 4.4°C) between 37 and 4 mya.

~ Table 5. Calculated time-temperature indices (TTI) and corresponding vitrinite -
reflectance (Rp) values for the Second Frontier.

Well Name Top Second Frontier 7ot
Calculated TTI Calculated Ry

Holditch SFE No. 4 30 0.83

Terra Anderson Canyon No. 3-17 32 0.84

Wexpro Church Buttes No. 48 190 1.29 Ft

Forest Henry No. 2 334 1.47 -

ERG Blue Rim Federal No. 1-30 3,079 2.50 ™
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1987), supporting the assump‘tion that a significantly different geothermal gradient did not
exist in the past. Time-temperature index (TTI) values ca'lc,ulat‘ed by the method of Waples
(1980) for the top-of the Second Frontier range from a low of‘30 in the SFE No. 4-24 well to a
high of 3,079 in the Energy Reserves Blue Rim Federal No. 1-30 well (table S). Equivalent R,
values range from 0.83 to 2.50 in these same wells (table 5).‘

Burial-history curves indicate that the Second Frontier has entered the oil window at the
north end of the Moxa Arch and the wet-éas window at the south end (fig. 44). In the deep‘
part of the Green River Basin, off the arch, the Frontier has passed out of the wet-gasv window
into the dry-gas zoﬁe. Law (1984) reported that no ‘évi‘dence -exi§ts ’forr linkihg Green River
Basin nonassociated gas td thermal cracking of bil and concluded that the gas is a primary
catagenetic produét from source-rock organic matter. Identification of the source of gas in the
Frontier Formation is beyond the scope of this study, but ma,rivne>sh‘a’les of the Mowyry and
Hilliard Formations are likelyr source rocks. The top of the Mowry ‘(base of the | Frontier
Formation) entered the wét-ga’s window at 43.3 mya in the Energy Reserves Group Blue Rim
Federal No. 1-30 well, and the bas¢ of the Hilliard entered the Wet-gas windbw at 41.5 mya
(fig. 44). If the gas in reservoirs on the Moxa Arch was generated in Mowry and Hill‘iz‘lrd Sﬁales
in the basin and then migrated'. updip and was trapped in structures alohg the’ Moxa Arch, gas
probably entered Fronﬁer resewoirs approy‘dmat»ely 43 mya. If the gas was generated in older,

deeper formations, then it would have migrated into Frontier reservoirs at an earlier time.

Interpretation of Diagenetic History

The paragenetic sequence of authigenic phases in Fr{)ntier reservoirs was determined
primarily from petrographic relations. Major phases occurred in this order: (1) illite‘:and MLIS
rims, (2) quartz overgrowths, (3) calcite cement, (4) kaolinite, and (5) additional precipitation of
quartz cement. The actual timing of precipitation was not determined for any of the authigenic
phases (for example, by radiometric age-dating of illite), but isotopic composi»t-ién» data of calcite

cement can help constrain the temperature, and thus timing, at which it precipitated. This, in
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turn, constrains the timing of formation of earlier cements. Isotopic data from cements in
Muddy Formation sandstones in the Powder River Basih, Wyoming (Law, 1983), provide

information on composition of subsurface fluids in an area not far from the Green River Basin.

Early Diagenetic Reactions

As previously described (p. 77), calcite cement in Frontier reservoirs on the Moxa Arch has
an average 8180 composition of -12.9 ©/oo (PDB), or +17.6 0/00 (SMOW). An infinite number of
combinations of temperature and water compositions could have precipitated calcite with this
isotopic composition. Work by Law (1983) suggests that meteoric water in Wyomihg in the
Cretaceous was no lighter than -12 ©/oo0 (SMOW). Calcite in the Muddy Formation precipitated
at a range of depths, from formation water diluted to vérying extents by meteoric water. Calcite
cement that formed at shallow depths (4,500 ft [1,370 m]) precipitated from fluids only slightly
heavier than meteofic, with a 8180 composition of -10 ©/o0, whereas cal_cite that precipitated
at depths' of 8,000 ft (2,440 m) precipitated from formation fluids of -1 9/oo (SMOW), which
had experienced much less diluti.on by meteoric water (Law, 1983). Calcite cement in Muddy
sandstones, with §180 compositions of +17 to +18 ©/00 (SMOW) (sirhilar to those in the Frontier
Formation) are interpreted as having precipitated from ﬂuids' with 8180 éomposition of -5 to
~60/00 (SMOW).

If calcite in the Frontier Formation had precipitated from fluids of similar composition, it
would have formed at temperatures of about 120° to 160°F (S0° to 70°C) (using calcite
fractionation‘equation of Friedman and O’Neil, 1977), which occurred at burial depths of
approximately 3,700 to 5,900 ft (1.1' to 1.8 km). The Frontier Formation was buried to this
depth ahd temperature approximately 75 mya, toward the end of Hilliard deposition and the
beginning of Rock Springs deposition (fig. 44).

If this interpretation of the timing and fluid composition at which Frontier Formation
calcite precipitated is correct, then quartz cement, which clearly precipitated'béfore calcite,’

probably precipitated from meteoric water (or formation water extensively diluted by meteoric
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water) with 8180 composition of between -6 and -12 ©/00 (SMOW) at moderate burial depths
(<3,700 ft [<1.1 km]). Quartz cement in Frontier sandstoﬁes would have precipita’ted during
deposition of the Hilliard Formation. Isotopic composition.of Quértz overgrowths in Frontier
sandstones was not measured, so this interpretation cannot be supported directly, but whenk
Law and others (1990) détermineﬁ the 8180 composition of QUartz cement in Muddy Fdrmation

sandstones in the Powder River Basin, they concluded that the quartz overgrowths precipitated

- from predominantly meteoric fluids at depths of 1,000 to 3,300 ft (0.3 to 1.0 km). On the basis

of existing data, we conclude that quartz cement in the Frontier Formation precipitated under
similar conditions.

The paleogeographic setting of the ’Green River Basin during the Upper Cretaceous should
have permitted deep circulation of meteoric water. Depositibn of nonmarine sandstone and
conglomerate (Frontier and Henefer Formations) continued in updip areas during depésition of
the marine Hilliard shale in the downdip position of our study varea"(Ryer, 1977), implying that
areas of topographic relief occurred to the west and southwest. Thus, meteoric water could have
entered the coarse clastics in the updip recharge area and circulated downdip through buried
Frontier sandstones, driven by gravitational head.!

The volume of quartz cement that precipitated in Frontier sandstones during this early
phase of cementation may have been approximately 7 percént throughout the study aréa,
which is the volume of quartz cement in clean sandstones that contain calcite cement. We
speculate thét the volume of quartz that precipitated in Frontier sandstones during this period
of cementation was uniform throughout the area because meteoric Water circulated equally
through all buried Frontier sandstones. The southerly pluﬁge of the Moxa Arch had not
developed yet (Dutton and Hamlin, in press), so Frontier sandstones in the Hogsback area were
buried at depths similar to those in the Church Buttes area at this time.

Authigenic illite and MLIS rims, the earliest cement to precipitate, probably formed in the

shallow subsurface, perhaps within the first 1,000 ft (300 m) of burial. They probably formed
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from meteoric water because of the apparent predominance of meteoric fluids during early

diagenesis of Frontier sandstones.

Late Diagenetic Reactions

Late-stage diagenesis included feldspar albitization, secondary porosity generation, and
kaolinite, chldrite, illite, and quartz precipitation. Dissolution of feldspar, clay clasts, chert, and
biotite resulted in secondary pores. The extent to which calcite cement precipitated ahd later
dissolved is uncertain, but most calcite cement is not corroded. Thus, most secondary porosity
apparently formed by silicate dissolution. Some secondary pores contain reaction products of
feldspar dissolution, specifically‘ kaolinite and illite in thé' north (at depths <10,000 ft
[<3,050 m]) and chlorite and illite‘in the south (at depths >10,000 ft [>3,050 m]). Small quartz
crystals that project into secondary pores indicate that some late quartz cementation occurred.

Late-stage diagenesis differed between Frontier sandstones at the north and south ends of
the arch. Sandstones at the north end of the Moxa Arch aré characterized by more abundant
kaolinite (fig. 40) and calcite cement (fig. 45), .as well as greater vélumes of secondary porosity
(fig. 46). Sandstones at the south énd of the arch and in the basin contain significantly greater
volumes of quartz cement (fig. 41). |

The greater vohime of secondary porosity at the north end of the arch is probably caused
by differences in framework grain composition, specifically the greater volume of detrital
feldspar (fig. 47). Because much of the secondary porosity in the Frontier was formed by
feldspar dissolution, sandstones that contained greater volumes of feldsparbdeveloped more
secondary porosity. In additipn, a somewhat greater percentage of the original feldspar
apparently dissolved at the north end than in the south, 67 versus 50 percent feldspar
dissolution.

" The reasons for the greater volumes of carbonate cement at the north end of the Moxa
‘Arch are unknown. One possibility is that erosion of part of the Second Bench shoreface

sandstones at the south end of the arch removed much of the section that contained shell
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Figure 45. Calcite cement volume in clean (<2 percent matrix) First, Second, and Third Bench ,
sandstones as a function of depth. In general, the average and maximum volumes of calcite

cement decrease with depth.

93



Depth (ft x 1000)

Figure 46. Secondary porosity volume in clean (<2 percent matrix) First, Second, and Third
Bench sandstones as a function of depth. In general, the average and maximum volumes of
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Figure 47. Estimated original feldspar volume of clean (<2 percent matrix) First, Second, and
Third Bench sandstones as a function of depth. Original feldspar volume was greatest at the
north end of the Moxa Arch, which is presently at the shallowest burial depths. See text for
discussion of method by which original feldspar volume was calculated, p. 62.
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fragments. The source of the calcium carbonate for calcite cement may have been ihtemal,
from shell fragments in the Frontier shoreface deposits. Sandstones at the south end may have
lacked an abundant source of calcium carbonate and, therefore, less calcite cement
precipitated.

Another possible explanation for the greater abundance of calcite cement at the north
end may relate to differences in the buffering capabilities of Frontiér sandstdnes. Milliken and
Land (1991) suggested that interaction of sandstones with acidic formation fluids is largely

controlled by feldspar content of the sandstones. We speculate that acidic formation fluids

were expelled from Frontier and Hilliard shales in the deep basin as a result of illitization of

smectite. These acidic pore waters may also have dissol‘ved skeletal carbonate from the shales
and thus transported H*, Ca**, and CO, inio the Frontier sandstones on the Moxa Arch.
According to Milliken and Land (1991), as long as sandstones contain reactive feldspars, acid
from the shales willt be buffered by feldspar dissolution and albitization, allowing calcite to
precipitate. Once the supply of feldspar is exhausted, the partial pressure of COZ (pCOy) rises
and calcite cement dissolves. Sandstones at the north end of the Moxa Arch started with a
greater volume of feldspar, which may have effectively buffered most of the acidic formation
waters that migrated updip from the deep basin. As a result, abundant calcite cemevnt
precipitated from the buffered, low-pCO; fluids. In contrast, sandstones at the south end of the
arch contained vless reactive feldspar, so the fluids were not buffered and developed high pCOs.
Less calcite cement/ precipitated—or it precipitated but later dissolved.

A possible explanation for the absence of kaolinite in the deeper, hotter Frontier
sandstones at the south end of the Moxa Arch, and in the basin, is that it may habe been
altered to chlorite or illite, or both. According to this hypothesis, kaolinite originally occurred
everywhere along the Moxa Arch, forming as a reaction product of feldﬁpar dissolution, but in
the deeper Frontier sandstones it was later altered to other clay minerals. Kaolinite becomes
unstable at temperatures of 250° to 265°F (120° to 130°C) (Bjorlykke and others, 1989). If

potassium is present in the pore fluids, kaolinite alters to illite (Bjorlykke and others, 1989), but
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if magnesium and iron are present, kaolinite alters to chlorite (Kaiser, 1984; Bjorlykke barid
others, 1989). Frontier sandstones at the south end of the Moxa Arch- and in the Green River
Basin are at temperaturgs higher than those at the north end (fig. 44) and may be in the
sfability field for chlorite and illite, not kaolinite. In the wells in which kaolinite is present, the
Frontier Formation has never experiencéd temperatures greater than 230°F (110°C) (ﬁg. 44),
and TTI is <32. In contrast, in the wells without kaolinite, the Frontier Formation has been at
temperatures of at least 250°F (120°C) for thé past 40 my (fig. 44), and TTI is 2190.

A different explanation, suggested by Stonecipher and others (1984), is that kaolinite only
occurs in sandstones at the north end of the Moxa Arch because this part of the arch |
experienced more uplift and erosion during Late Cretaceous folding. As a result, Frontier
sandstones at the north end of the arch were exposed vto dilute, acidic meteoric water.
Meteoric fluids that reached the south end of the arch had experienced more rock-water
interaction because they followed a longer flow path, and thus may have contained too high a
solute concentration to precipitate kaolinite (Stonecipher and others, 1984). However, isotopic -
data from calcite cements suggest that sandstones from both the north and south ends of the
Moxa Arch were exposed to meteoric fluids. Similarly, early quartz cement in Frontier
sandstones along the antire arch is interpreted as having precipitated from deeply circulating
meteoric water that was recharged in the updip area to the wést. Thus, new data that were not
available to Stonecipherkand others in 1984 suggest that their explanation for the distribution
of kaolinite (that only the north end of the arch was exposed to meteoric water) is unlikely.

The final diagenetic difference between Frontier sandstones at the north and south ends
of the Moxa Arch is the greater abundance of quartz cement in the deeper sandstones at the
south end and in the basin (fig. 41). In the five wells for which TTI was calculated, an excellent
correlation (r = 0.95) exists between thermal maturity of the sandstone (TTI) and average
volume of quartz cement (Dutton and Hamlin, in press). The equation relating quartz cement to
TTI in Frontier sandstones is:

volume of quartz cement (percent) = -2.1 + 5.5 x log TTI.
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We interpret the increase of quartz cement with depth to indicate that a second, later
episode of quartz cementation occurred that added more qiiartz cement to what had previously
precipitated from meteoric water. On the basis of comparison with other quartz-cemenied
sandstones (Dutton and Diggs, 1990), we think the later generation of quartz cement may have
been derived internally. Because the Frontier sandstones at the south end of the Moxa Arch
and in the basin were buried deeper, they experienced more intergranular pressure solution of
chert and stylolitization, thereby liberating silica for quartz cement. In addition, more chert
grains at the south end of the arch aie partly leached (figs. 42 and 43), indicating that partial
dissolution of chert grains was another source of siliqa. The late episode of quartz cementation
may have occurred during the Tertiary, perhaps 37 to 62 mya, when the south end of the arch
was buried most deeply.

The second episode of quartz cementation apparently enlarged existing quartz
overgrowths in optical continuity and without dust lines or other inclusions, making it difficult
to distinguish different generations of quartz cement. Petrographic evidence of a second
generation of quartz cement includes quartz overgrowths that engulf kaolinite cement and
prismatic quartz crystals, termed “outgrowths” by McBride (1989), that grow into secondary
pores.

On the basis of burial-history curves (fig. 44), gas is interpreted to have migrated into
Frontier reservoirs ’approximately 40 mya. The major diagenetic events are interpreted as
having already taken place by this time.

The diagenetic history outlined above interprets meteoric water to be important during
early phases of diagenesis, particularly at depths <5,900 ft (<1.8 km), but less involved‘in later
diagenetic reactions that occurred at greater depths. The reason for the change m’ay be a lower
depth limit for meteoric water circulation into the basin or the erosion in the updip areas to
the west that lowered gravitational head in the hydrologic system. Later diagenesis apparently
’ wasinﬂuenced more by basin-derived fluids and may have occurred in a less active hydrologic

system,
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DIAGENETIC CONTROLS ON RESERVOIR QUALITY

Porosity

Matrix-free sandstones deposited in high-energy upper shoreface »a‘nd fluvial channel-fill

-environments had the highest porosity and permeability at the time of deposition. However,

porosity was reduced by compaction and cementation during burial diagenesis. Loss of porosity

- by compaction in clean sandstones was most severe where ductile grains, such as chert, mud rip-

up clasts, biotite, glauconite, and metamorphic rock fragménts, were abundant. For example,
because many fluvial channel-fill sandstones contain abundant chert and mud rip-up clv‘asts,
they have lost considerable porosity by mechanical compaction.

The most quartz-rich sandstones were deposited in upper shoreface environments, _ahd
these sandstbnes have lost the least porosity by compaction. However, even within the ubper
shoreface, variations in depositional energy resulted in variable framework-grain composition
and extent of compaction. In fhe Terra Anderson Canyon No. 317 ‘well, Fontenelle field,'.the
most quartz-rich sandstones (Qz9F2R19) (fig. 18, depth 9,078 to 9,086 ft {2,767 to 2,769 m])
were deposited in é high-eneigy foreshore enirironment. Average primary porosity in this
section is S percent, porosiméter porosity is 15.9 percent, and average stressed perm'eabilityito
air is 0.75 md. Sandstones deposited in a slightly lower energy enviromﬁent, but still on the
upper shoreface (fig. 18, depth 9,087 to 9,098 ft [2,768 to 2,773 m]),,cohta‘in more ductile rock
fragments (Qg3F2R33). As a consequehce of greater mechanical Compaction in this interval,
average primary porosit& in this section is 3 percent, porosimeter po;osity is 13.2, and 4average
stressed permeability to air is 0.009 md.

Porosity has also been lost in Frontier sandstones by cementation. The most effective:
control on porosity in clean Frontier sandstones is the total volume of cement (fig. 48),' for
more than half of ‘the variation in porosity is explained by variation in total cement volume

(r? = 0.56). Fluvial sandstones have undergone the most cementation, containing an average of
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Figure 48. Semi-log plot showing inverse relationship between total cement volume and
porosimeter porosity in clean (<2 percent matrix) First, Second, and Third Bench sandstones.
Volume of authigenic cement is a major control on porosity in Frontier sandstones.
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15 percent cement, compared with an average of 10 to 11 percent in upper and lower
shoreface sandstones (table 2). Calcite is the individual cement that has the largest effect on
porosity. In clean sandstones containing less than S percent éalcite cement, porosity is highly
variable, but in sandstones having more than 5 percent calcite, an excellent inverse
relationship exists between log porosimeter porosity and calcite cement (fig. 49). No significant
relationship exists between porosity and grain size, sorting, or quartz cement.

Given our current uvnderstanding, to predict the presence of extensive calcite cement in a
pafticular well or sandstone bed is impossible, but patterns in the distribution of calcite cement
exist and can provide general guidelines to its occurrence. Abundant calcite cement is most
likely to occur in lower shoreface sandstones. However, because of the large volume of detrital
clay matrix, lower shoreface sandstones probably will be poor reservoirs, whether or not they
contain calcite cement. Within clean sandstones, calcite cement is most abundant at the north
end of the Moxa Arch, especially in the Hogsback area on the northwest part of the La Barge
Platform. The amount of calcite cement in sandstones in this area may be controlled by original
feldspar distribution or by an'abundance of shell fragments. In other areas, calcite cement
commonly is most abundant at the. top of clean, well-sorted sandstones, directly below the
contact with an overlying muddy sandstone. Once a well has been drilled, zones of intense
calcite cementation can be recognizedv on logs as zones of low porosity with high resistivity
response. Intervals of intense calcite cementation should not be counted as part of the pay in a
well.

Average porosimeter porosity in Fr‘ontier sandstones does not change from north to south
along the Moxa Arch. At any given depth, a wide range of porosity exists, but the average is
approximately 10 percent along the entire length of the arch. Minus-cement porosity, |
however, increases significantly with increasing depfh (fig. 50), indicating that sandstones at
the south end of the arch retained more primary, intergranular porosity following compaction
than did sahdstones at the north end. Northern Moxa Arch sandstones contain a greater

volume of ductile grains, and thus they experienced more porosity loss by mechanical
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Figure 49. Semi-log plot showing inverse relationship between calcite cement volume and
porosimeter porosity in clean First, Second, and Third Bench sandstones (€2 percent matrix).
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Figure 50. Minus-cement porosity as a function of depth in clean (<2 percent matrix) First,
Second, and Third Bench sandstones. Sandstones at the north end of the Moxa Arch, which are
at the shallowest burial depths now, experienced more mechanical compaction and have lower
minus-cement porosity than do sandstones at the south end of the Arch.
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compaction early in their burial history than did sandstones from the south end of the arch.
However, subsequent precipitation of quartz cement was more extensive in sandstones at the
south end of the arch (fig. 41). The result was uniformly low average porosity in Frontier
sandstoﬁes all along the Moxa Arch. Sandstones at the north end of the arch lost primary
porosity by extensive mechanical compaction and minor quartz cementation, whereas
sandstones at the south end lost porosity by relatively minor mechanical compaction and

extensive quartz cementation.

Permeability

Stressed permeability in Frontier sandstones ranges from 0.003 to 22 md. Average stressed
permeability (geometric mean) in all Frontier sandstones is 0.014 md; average unstressed
permeability is 0.076 md. In clean sandstones, which are most likely to be reservoirs, éverage
stressed permeability is 0.07 md, and average unstressed permeability is 0.22 md. As is true for
porosity, no significant trend exists in the relationship of permeability versus depth.

Porosity is not always a good predictor of permeability in Frontier sandstones because the
correlation between porosimeter porosity and stressed permeability in clean Frontier
sandstones ‘is relatively low (fig. S1). Primary and secondary porosity are interpreted to
contribute about equally to permeability in Frontier sandstones. The correlation coefﬁciént
between primary porosity and unstressed permeability is 0.53, and it is 0.55 between secondary
porosity and unstressed permeability. (Unstressed permeability has been compared with
petrographic parameters because there are 102 thin sections of clean Frontier sandstones that
have corresponding unstressed permeability measurer‘nentsk but iny 55 that have stressed
permeability rheasurements.) The correlation between total cemgnt volume and permeability is
low (r = -0.34), but statistically significant at the 99-percent confidence level. Weak but
statistically significant relationships also exist between volume of calcite cement and
pérmeability (r = -0.51) and between grain size and permeabilibty (; = -0.40; the correlation

coefficient is negative because grain size is in ¢ units). No significant relationship (at the
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Figure 51. Log-log plot of porosimeter porosity versus stressed permeability in 422 Frontier
sandstones.
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99-percent co.nfidence level) exists between permeability -and volume of quartz cement‘obr
sorting in clean Frontier sandstones. Permeability decreases significantly in clean sandstones in
the Fontenelle areé as the volume of ductile grains increases (r = -0.67). However, no
relationship between volume of ductile grains and permeability was observed for Church Buttes
or Hogsback clean sandstones.

One reason for the scatter in the porosity-versus-permeability plot (fig. 51) is t-he
abundance of microporosity, which is measured by porosimeter but contributes insignificantly
to permeability. Another reason for the low correlation is the presence of abundant fibrous
illite and MLIS in many Frontier sandstones. The fibrous clay has little effect on porosity, but it
dramatically lowers permeability. The presence of variable amounts of fibrous illite and MLIS in
Frontier sandstones makes the porosity-permeability relationship less predictable than in other

low-permeability sandstones, such as the Lower Cretaceous Travis Peak Formation in East Texas

(Luffel and others, 1989). In general, the highest permeability in the Frontier occurs in »

sandstones having at least 3 percent primary porosity. Clean sandstones that have <3 percent
primary porosity have an average (geometric mean) unstressed permeability of 0.16 md, but
clean sandstones having >3 percent primary porosity have an average (geometric mean)

unstressed permeability of 1.1 md.

Depositional Environment

In our study area, important differences in average porosity and permeability exist among

sandstones from the three major depositional environments—fluvial channel fill, upper
shoreface, and lower shorefaceeas a result of depositional differences in grain size and sorting
and subsequent diagenetic modifications, particularly compaction and cementation (table 2).
Fluviai sandstones have average porosimeter porosity of 10.0 percent and unstreésed
permeability of 0.13 md. Upper shoreface sandstones have average porosimeter porosity of
14.2 percent and unstressed permeability of 0.19 md. Lower shoreface sandstones have average

porosimeter porosity of 12.5 percent and unstressed permeability of 0.08 md. Thus, in our
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study area, upper shoreface sandstones have the best reservoir quality. They are well sorted
and probably had good porosity and permeability at the time of deposition. Because of their
quartz-rich composition, they have undergbne less compaction than have sandstones from
lower shoreface environments. They have lost less porosity by cementation than have fluvial
sandstones because of their average shallower burial depth (table 2).

Frontier reservoirs in fluvial channel-fill sandstones in the study area generally have lower
porosity and permeability than do upper shoreface sandstones (table 2). Important differences
exist between clean fluvial sandstones at the north end of the Moxa Arch (Hogsback and
Fontenelle areas) and those at the south end and in the Green ’River' Basin. Clean fluvial
sandstones at the south end of the arch are relatively quartz rich (Q68F3R2§)»and thus have not
lost much porosity by duct‘ile grain deformation (minus-cement porésity = 18 percent).
However, the average volume of quartz cement in these sandstones is 11 percent, and the total
volume of cement is 19 percent. As a result, ‘fluvial sandstones at the south end of the Moxa
Arch have poor reservoir quality, mainly because of extensive cementation. In contrast, fluvial
sandstones from the north end of the Moxa Arch have an average of only 11 percent tofal
cement, including 4 percent quartz cement. However, the average framework-grain
composition of the northern ﬂus}jial sandstones is QqFsR49. The large volume of rock fragments
suggests that mechanical compaction by ductile grain deformation was the most important
porosity-reducing process in the north fluvial sandstones (minus-cement porosity =
‘10 percent). Therefore, at the north and south ends of the Moxa Arch, different but equally
effective diagenetic modifications have resulted in low average porosity and permeability in
fluvial channel-fill sandstones.

Lower shoreface sandstones have the lowest permeability in the study area (table 2). They
probably had low porosity and permeability at the time of deposition because of their fine
grain size and abundance of detrital clay matrix. As much as 80 percent bf the depositional
porosity was lost by compaction (minus-cement porosity = 8 percent), and most of the

remaining primary porosity has been occluded by calcite cement. Of the 35 Frontier sandstone
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samples that contain more than 10 percent calcite, 20 are in lower shoreface Sandstonés. Lower
shoreface sandstones may contain abundant calcite cement because they probably contained
more vshell fragments than did either the upper shoreface or fluvial sandstones; and the shells
providéd an internal source of caléium carbonate. As a -result of both ‘cc‘)mpaction and
cementation, perm'eability is lowest in the lower shoreface sandstones. Lower shorefac'e

sandstones are volumetrically more abundant in the study area than are either fluvial channel-

fill or upper shoreface sandstones.

Geographic Area

Diagenetic differences occur among sandstones in the three areas studied along the Moxa

Arch. However, comparison of diagenesis in the three geographic areas presupposeS the limited

volurﬁe of sample ‘available from each area to be represef/itative of that area. The total voiume
of cement in‘clean sandstones from the Fontenelle area is significantly lower, and the average
porosity and permeability significantly higher, than in sandstones from either the Hogsback or
Church Buttes areas (table 6). As noted previously, sandstones from ihe Church Buttes area
haveblo‘w porosity énd permeability because they contain variable amounts of calcite cement

and very abundant quartz cement, probably as a result of their greater burial depth. Low

porosity and permeability in sandstones from the Hogsback area probably result from the finer-

grain size and heavier calcite cementation compared with those of sandstones from the other
two areas (table 6). Shoreface sandstones in Hogsback wells contain more calcite cement than
do shoreface sandstones in either the Church Buttes or Fontenelle areas. Upper shoreface
sandstones from the Hogsback area contain an average of 6 percenf calcite, compared with an
average of 1 percent in Fontenelle upper shorefacev sandstones. (No upper shoreface
sandstonesvoccur in the Church Buttes cores.) Similarly, lower sho'reface sandstones from the
Hogsback well; contain an average of 8 percent calcite. Fontenelle lower shoreface sandstones

average 1 percent calcite, and Church Buttes samples average 3 percent.
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o Table 6. Characteristics of clean First, Second, and Third Bench Frontier sandstones in
four areas along the Moxa Arch.

¢ Green

~— Church River

Hogsback Fontenelle Buttes! Basin?

} Grain size (mm) _ 0.15 0.22 0.23 0.22

- Sorting (phi) 0.50 0.51 0.58 0.49

| | Original feldspar (%) » 9 6 4 3

Present feldspar (percent) 3 2 2 2

Quartz cement (%) S 6 11 16

_) Calcite cement (%) 7 1 4 1

; Kaolinite cement (%) 2 0.3. 0 0

L Total cement (%) 16 11 19 20

. Primary porosity (%) 1 3 1 1

U Secondary porosity (%) S 6 3 1
Total thin-section porosity (%) 6 9 4 2

f;’ ' i Ductile grains (%) 26 25 23 17

o Minus-cement porosity (%) 12 14 18 21

\, 7 Porosimeter porosity (%) 12.2 15.3 9.3 —

Lﬂi Unstressed permeability (md) 0.17 0.46 0.18 —

— Stressed permeability (md) 0.07 0.09 — —

U Depth (ft) 7,000 8,900 12,500 16,100

QFR ratio® Qg3FsR3z QgeF3R3; Qe7F2R30 QysF3Rpz

i

‘)2 IIncludes data from Forest Henry No. 2 (well 16, fig. 1)

'LJI 2Green River Basin data from Energy Resources Group No. 1-30 Blue Rim Federal well (well 12, fig. 1)

. — = No data

Lj 3Quartz:feldspar:rock fragments
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An empirical relatlonshlp between por051ty in sandstones and TTI was developed by
Schmoker and Gautler (1989). The equation for porosity is @ = 30 (’l'I‘I)-0 33, where TTI is time-
temperature index calculated by the Waples (1980) method. This equatlon does not work well
for frontier sandstones. Predicted porosity for the Holditch SFE No. 4-24 well is 9.8 percent,
which is fairly close to the average measured porosimeter porosity of 10.8 percent. However,
predicted porosity for the Terra Anderson Canyon No. 3-17 well is 9.6 percent, compared with
the average measured porosity of 14.3 percent. Predicted porosity for the Wexpro Church
‘Buttes No. 48 well is 5.3 percent, significantly lower than the average measured porosity of
8.5 percent. The equation may not be applicable because of the different mechanisms,
| compaction versus cementation, that control porosity in the Frontier Formation at different

ends of the Moxa Arch.

Comparison of Diagenesis in Three Frontier Wells

Diagenetic differences ih the pay zones of three wells from the north end of the arch, the
SFE No. 4-24, Enron South Hogsback No. 13-8A, and Terra Anderson Canyon No. 3-17, may
explain some of the differences in initial gas production among the three wells (table 7). The
Enron ‘S. Hogsback No. 13-8A well had the highest prefracture production of 170 Mcf/d. The
Terra Anderson Canyon No. -3-17 well had a prefracture flow rate of 70 Mcf/d, and the Holditch
SFE No. 4-24 had a flow rate of 9 Mcf/d. On the basis of fhin-section analysis of the reservoir
sandstones, SFE No. 4-24 would be expected to have the lowest prefracture flow rate of the
three wells, and it did. Sandstones in the pay zone from the Holditch SFE No. 4-24 éoﬁtain
more- total cement, as well as finer grain size, and consequently have lower porosity and
permeability than do sandstones in the other two wells (table 7). |

The reason that the flow rate in the Enron S. Hogsback No. 13-8A well is higher than that
of the Terra Anderson Canyon -No. 3-17 well is unclear. In thin seétions, sandstones from the
Terra Anderson Canyon well have significantly more porosity than do sandstones from the

Enron S. Hogsbaick well, and permeability to gas measured in dried core plugs is an order of
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Table 7. Petrographic data from pay zones of GRI cooperative wells.

Holditch
SFE No. 4
© (7,400-7,412 ft)

Grain size (mm) 0.13
Sorting (phi) 0.52
‘Quartz cement (%) 7
Calcite cement (%) 5
Pore-filling calcite (%) -1
Total cement (%) 17
Primary porosity (%) 2
Secondary porosity (%) 5
Total thin-section porosity (%) 7
Porosimeter porosity (%) 11.9
Unstressed permeability (md) 0.10
(measured on dry core plugs)
Stressed permeability (md) 0.03
(measured on dry core plugs)
Reservoir permeability (md)?! 0.0052
Prefracture flow rate (Mcf/d) 9

Enron S. Hogsback
No. 13-8A
(7,114-7,140 ft)

0.17
0.48
S

1
0.1

15.7
0.22

0.11

0.1
170

Terra Anderson
Canyon No. 3-17
(9,079-9,086 ft)

0.24
0.45
6
1
0.4
11
S
9
14
17.6
2.79

1.32

0.05
70

IReservoir permeability calculated from pressure build-up tests (personal communication, Bradley M.
Robinson, S. A. Holditch & Associates, January 1991)

2Because of low flow rate, calculated reservoir permeability could be 50 percent higher or lower
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magnitude higher in'samples from the Terra Anderson Canyon thah from the Enron S.
Hbgsback well (table 7). One reason for the higher gas flow rate in the Enron S. Hogsback well is
th‘eb thicker pay interval of 26 ft (8 m), compared with only 7 ft (2 m) in the Terra Anderson
Canyon well (table 7). The Enfon S. Hogsback well had a flow rate of 6.5 Mcf/d/ft, whereas the
Terra Anderson Canyon well had a higher flow rate per foot of net pay, 10 Mcf/d/ft. In
addition, the flow rate in the Terra Anderson Canyon well may be lower than expected because
of the presence of abundant fibrous illite in the pore network of the reservoir sandstones.
Fibrous illite has little effect on porosity, but it drastically lowers permeability to gas at connate
water saturation (Luffel and others, 1991). The Enron S. Hogsback well a;)parently contains less
fibrous illite in the pay zone, which may explain why it has higher well-test permeability than
does the Terra Anderson Canyon well (Luffel and others, 1991). Reservoir pe;meability
calculated from pressure-buildup tests is 0.1 md for the Enron S. Hogsback well, and only 0.05

md for the Terra Anderson Canyon well.

NATURAL FRACTURES

The purposes of this section are (1) to show that fractures occur in Frontier Formation
cooperative-well and SFE-well core ih the Green River Basin and (2) to present‘ observations of
fracture patterns in Frontier sandstone outcrops of reservoir facies that illustrate the types of
fracture networks that are likely to exist at depth.

In rocks havin'g low-matrix permeability, open fractures are potential fluid conduits. In
fractured, low-permeability rock, .overall pattern and cbnnectivity of fractures control size and
shape of the rock volume contacted by a given borehole; thus, information on fracture patterns

can be used in design of exploration, development, and completion strategies. Some general

aspects of fracture patterns, such as fracture orientation, can be determined from borehole and

core observations and forecast with current structural models, but on the prospect scale,
predicting fracture attributes such as clustering and connectivity and size of the fracture target

has proven challenging. One reason is that in mildly deformed and flat-lying sedimentary rocks,
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fracture-detection methods, such as geophysical well logs and core (particularly from vertical
wells), may fail to detect fractures and, at best, sample only small parté of fracture networks.
Consequently, the types of fracture patterns to be expected in the subsurface are uncertain,
and planning appropriate drilling and stimulation strategy may be hindered.

Frontier Formation core collected in this study contains widespread but spars"e natural
fractures. Because they are vertical fractures sampled in vertical wells, the abundance of such
fractures is not a reliable guide to their importance in the reservoir. Production and hydraulic-
fracture-treatment results provide qualitative evidence that natural fractures are important
reservoir elements in the Frontier Formation. Natural fracture permeability is one of the

numerous factors that can account for local high gas and/or water production and abrupt

‘differences in well performance that cannot be explained by other aspects of reservoir geology

or completion practices. For example, in one Frontier Formation well, the Enron §. Hogsback
No. 13-8A, a twentyfold increase in gas production after fracture treatment (from 170 Mcf/d to
3 to 4 MMcf/d) was interpreted to imply that stimulation fracturés intersected an area. of
greater permeability away from the wellbore—possibly a natural fractu‘re system
(W. Whitehead, personal communication, 1990; Laubach, in press). Higher-than-expected
leakoff coefficients needed in hydraulic fracture models of the Frontier Formation to fit
pressure data also might reflect dilation of natural fractures (Chris Wright, RES, personal
communication, 1992). Opening of natural fractures could account for wide scatter in the
location of microseismic signals detected following hydraulic fracture treatments monitored
using in-well geophones (Laubach and others, in press). In the Holditch SFE No. 4-24 well, high
treatment pressures and apparent near-wellbore constrictions to fluid flow detected during
minifrac tests are most likely caused by development of multiple fracture strands in naturally
fractured intervals (Laubach, 1989a; S. A. Holditch, personal communication, 1992).

Outcrop observations show that natural fractures in Frontier Formation sandstones are in
patterns that are far different from those envisioned in traditional fractured reservoir models.

That such models fully or accurately portray the role of fractures in Frontier Formation
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production is unlikely. Core and outcrop observations, coupled with the structural setting of

the Frontier Formation in a basin that has experienced an active tectonic history where

widespread fracture development is expected, suggest that natural fractures need to be taken
C

into account in exploration, development, and reservoir modeling.

Natural Fractures in Core

Natural fractures afe sparse but persistent features ovarontier Formation core. They
include vertical to subvertical extension (opening mode) fractures and small faults. Natural
fréctures were distinguished from dfilling-induted fractures by the presence of vein-filling
minerals in natural fractufes and by surface marks and distinctive shapes (such as downward-
steepening profiles of petal-centerline fractures) that are typical of drilling-induced fractures.
The criteria we used to identify drilliﬁg-induced fractures are described by Kulander and others
(1990). Not all natural fractures contain infilling‘minerals that are readily apparent, and some
induced fractures lack distinctive surface marks and shapes, so the classification of a few

fractures is uncertain.

Fracture Abundance in Core

Fractures in five cores were studied in detail. Six additional cores were surveyed for
fracture occurrence. Despite the low probability of vertical fractures intersecting with vertical
core, 92 fractures were encountered in 10 Frontier wells having more than 1,580 ft (481 m) of
core. Fracture abundance in five cores is illustrated in figure 52, which shows the depth and
vertical lengths (height) of fraétures in core. From these wells, 32 vertical or steeply inclined
extension fractures were recovered in approximately 470 ft (143 m) of sandstone core.

Extension fractures are in sandstones from all five wells. They océur over a depth range of
7,195 to 16,130 ft (2,‘19.3 to 4,916 m)b. The deepest fractures are from 16,130 ft (4,916 m) in the

Energy Reserves Group Blue Rim Federal No. 1-30 well in Sweetwater County. Calcite-filled
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Figure 52. Fractures in core from five Frontier Formation wells in the Green River Basin

(Laubach, 1991).
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fractures in one interlaminated sandstone and mudstoné-interval have heights of 6 inches
(140 mm), widths of as much as 0.25 mm, and spacing of 0.4 to 1.2 inches (10 to 30 mm). For all
natural fracture types in these cores, no obvious, consistent difference is apparent in style,
number, or height of fractures with depth. Maximum heights of vertical fractures in shallow and
deep cores are comparable. The abundance of fractures and the proportion of different fracture
types per length of cored interval are generally similar for all five wells.

Core from the SFE No. 4-24 well illustrates typical proportions of natural fracture types
encountered in these wells. The core contains three steeply inclined calcite-lined extension
fractures and 22 gently to moderately dipping, striated fractures or small faults. The latter are
primarily compaction/dewatering features in mudstones, but several calcite-lined slip surfaces
are small tectonic faults (shear fractures). Other fractures include extension fractures (cleat) in
coal, and eight vertical, nonmineralized fractures in mudstone that may be either natural or
drilling induced.

Closely spaced fractures in Frontier Formation core from depths of 16,130 ft (4,916 m) in
the Energy Reserves Group Blue Rim Federal No. 1-30 well suggest that fractures can occur at
great depth in the Green River Basin, distant from major tectonic folds and faults. Outcrop
observations of fractures in exposed sandstones and fracture observations in closely spaced
vertical and horizontal wells in other low-permeability sandstones and other flat-lying
sedimentary rocks (Laubach, 1991; Lorenz and Hill, 1991; Collins and others, in press) make it
clear that a quantitative measure of vertical fracture abundance cannot readily be obtained from
vertical cores. Nevertheless, the occurrence of a few natural fractures in most cored Frontier
Formation wells we studied is qualitative evidence that fractures are widespread in the

subsurface of the Green River Basin.

Fracture Dimensions in Core

Mineralized extension fractures in Frontier Formation core, typically narrow, are

commonly <0.25 mm wide, and they have lens-shaped cross sections. Wide fractures are filled
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or partly filled with minor quartz and calcite. Only a few show petrographic evidence, such as
euhedral crystals lining fractures, indicating that fractures were pérsistently open in the
subsurface. Vertical fractures are the only type for which meaningful height measurements in
vertical core can be obtained. These fractures are short, generally less than 1 ft (30 cm). The
tallest fracture of this type is about 2 ft (60 cm). Fractures in Frontier Formation core tend to be
confined to individual sandstones and generally end at shale interbed intersections or at blind
terminations within sandstone (fig. 53). Some fractures are also composed of vertically
discontinuous fracture strands, suggesting that fractures may not form continuous networks of
interconnected fractures from the top to the base of a sandstone.

Length (plan-view dimension) and spacing cannot be measured in vertical core, but
Frontier Formation outcrop observations, described later, suggest fracture length is probably
much greater than fracture height (>10:1). The appearance and style of extension fractures in
these cores is similar to that of fractures in core from other Mesozoic low-permeability
sandstones, such as the Cotton Valley and Travis Peak Formation of the East Texas Basin
(Laubach, 1989b), the Pictured Cliffs Sandstone of the San Juan Basin (Laubach and others,

1991a), or Mesaverde sandstone of the Piceance Basin (Lorenz and Finley, 1991).

Petrography of Fracture-Filling Minerals

The sequence in which vein-filling minerals precipitated is evident in thin section from
overprinting and cross-cutting relations among minerals. In a few fractures, overlapping
relations suggest that quartz precipitated first, followed by calcite. In these fractures only small
amounts of quartz are present, forming faceted crystal faces on grains adjacent to fractures. It is
possible that this quartz precipitated before fractures developed, as quartz overgrowth cement
in pores. Fracturing subsequently exposed quartz crystals on the fracture walls. This
interpretation is supported by the discontinuous pattern of quartz on fracture surfaces and the
widespread unfaceted quartz grains on fracture walls overgrown with calcite—implying that a

phase of quartz precipitation preceded fracture development.
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Figure 53. Closely spaced vertical fractures in Frontier Formation core, Blue Rim Federal

No. 1-30 well. Core depth 16,123 ft (4,914 m).
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Fractures typically are filled or partly filled with calcite, which is commonly massive and
blocky or slender and having crystals oriented normal to the fracture surfaces. Locally, euhedral
crystal faces are evident, indicating minerals grew into open fracture pore space. In some
examples, late blocky calcite encloses older, acicular calcite crystals. On the basis of these
overprinting relationships, and differences in crystal habit and color, several generations of
vein-filling calcite can locally be inferred.

In the Mobil Tip Top No. T71X-6G well, Sublette County, cross-cutting relations in a
calcite-filled vein show the timing of fracture genesis relative to calcite precipitation and
feldspar dissolution. The vein occurs at 6,912 ft (2,106 m). Vein-filling calcite that crosses open
or clay-filled pores that formerly contained feldspar grains is evidence that fractures formed aﬁd
vein calcite precipitated before feldspar dissolution. In this examble, the calcite that filled the
vein remains after the surrounding feldspar grain was dissolved. Feldspar dissolution following
calcite precipitation is a sequence that also occurs in the diagenetic history of these rocks.

Vein-filling minerals in fractures from outcrop are similar to those in core, but commonly
calcite is highly twinned in outcrop examples, and locally it is microfractured. A thin veneer of
clay minerals coats euhedral vein calcite in some fractures. Wide, north-striking calcite-filled
veins from outcrops southeast of Kemmerer (Sec. 36, T21N, R116W) have vertical stylolites that
cross cut and are superimposed on acicular crystals oriented normal to the fracture wall. Such
features generally indicate shoftening and pressure solution normal to the stylolite seam, so this
relationship marks east-west shortening following vein formation. Subvertical stylolite seams
unassociated with preexisting veins occur in Wexpro Church Buttes No. 48 core, from the

southern Moxa Arch.

Fracture Orientations in Core

Only seven extension fractures were reliably oriented in the cores we studied (fig. 54), so
conclusions on subsurface fracture orientations are tentative. In the Wexpro Church Buttes

No. 48 well, one fracture strikes east-northeast and three others strike northeast. Subvertical
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Figure 54. Map showing stress directions detected in GRI Tight Gas Sands wells in the Green
River Basin, published stress direction determinations, and young fault scarps (reflecting
current tectonic deformation). Natural fracture strikes in Frontier Formation core and selected
outcrops are also shown. Inward-pointing arrows indicate the direction of Sgmax. Locations of
young normal faults from Case (1986).
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fractures in SFE No. 4-24 core strike northwest, north, and hortheast. These results show that in
the Frontier Formation, fractures having east, northeast, and north strikes locally occur in the
subsurface, indicating that rhultiple fracture sets may exist. These results need to be viewed
with caution, however. In addition to the uncertainty associated with the small number -of
samples and core orientation results, 6utcrop data show that even in local areas, fractures in a
set may not have uniform strike (fracture-strike dispersion can be large). Moreover, it is
unlikely that regional fractures have constant orientation throughout the basin, and the wells
we sampled are widely separated.

Borehole-imaging geophysical logs provide limited additional information on fracture strike
because few fractures were ima\ged, and of these, most images were of single traces of
vertical fractures and so cannot be uniquely oriented (Laubach and others, 1990a). Formation
Microscanner observations in SFE No. 4-24 predominantly sampled the northeast and
southwest and northwest and southeast faces of the borehole wall, although few fracture traces
are visible in these quadran.ts. If fractures striking in the direction of these quadrants are more
likely to be visible because they intersect the borehole wall at a high angle in these quadrants,
then this observation suggests that fractures striking in these directions are uncommon in the
borehole wall. Features interpretable as fractures are locally visible in parts of the borehole
where fractures that have north and east strikes would intersect the borehole at a high angle.
This is consistent but far from compelling evidence that natural fractures' have predominantly
north and east strikes.

Evidence from axial point-load tests shows that sandstones in SFE No. 4-24 have tensile
strength anisotropy (Clift and others, in press). Preliminary petrographic evidence suggests that
this anisotropy results from aligned microfraétures. In the Cretaceous Travis Peak Formation of
East Texas, similar microfractures parallel macrofractures, and microfracture orientations are
useful guides to orientations of large fractures (Laubach, 1989b). In SFE No. 4-24, the trend of
strength anisotropy shifts from northward to eastward in adjacent sandstone beds. If

microfractures and macrofracture orientation are the same, then these results suggest that
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north- and east-striking macrofractures exist in the subsurface at the site of SFE No. 4-24, and

fracture strikes shift over short distances between adjacent beds.

Natural Fractures in Outcrop

Fracture patterns in outcrops of producing units are guides to patterns in reservoirs
because many fractures in outcrop have counterparts in the subsurface. Maps of outcrops that
show fracture traces portray fracture-network charaderistics such as spatial distribution, spacing,
connectivity, trace length, and fracture-bounded-block size and shape‘ in a way that
measurements of core cannot. Restrictions of this approach are threefold: (1) fractures caused
by surficial processes in outcrops need to be recognized and discounted; (2) similar fracture-
causing processes, such as folding or mild, pervasive regional deformation of flat-lying rocks,
should predominate in reservoir rock and outcrop analog; and finally, (3) such maps at best
provide insight into patterns that can occur in buried reservoir rocks, rather than showing
actual fracture locations in the subsurface.

Fracture patterns in Frontier sandstone outcrops were mapped on aerial photographs and
topographic base maps. Fractures are represented on these maps as a two-dimensional array of
thin line segments. 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 to regional

fracture patterns observed during basinwide reconnaissance.

Setting of Frontier Formation Exposures

The Frontier Formation is exposed on the east, south, and west sides of the Green River
Basin. Fractures in basin-margin rocks could differ from those at depth in the basin because

rocks on the basin margins have had a structural history separate from those in basin centers;
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rocks oh the basin margins are in folds and near fault zoﬁes rather than in nearly flat-lying
homoclines. Nevertheless, these rocks may preserve fractures that aré representative of the
basin interior. The style, orientation, and distribution of fractures in the outcrops we studied
led us to conclude that many, if not most, of the fractures in Frontier Formation on the west
side of the Green Rivér Basin predate folding and formed in rocks that were nearly flat lying
and therefore valid guides of subsurface fractures. Other attributes of the Frontier Formation in
the exposures we mapped, such as unit thickness, depositional environments, and aspects of
the burial history, are similar to those of Frontier reservoirs in the basin to the east.

Frontier Formation exposures on the west side of the Green River Basin are in the limbs
of north-trending folds (fig. S5). The folds were produced by fault-bend folding and other
processes related to fault moifement in the overthrust belt, and rocks in these folds have been
displaced to the east relative to their original site of deposition. Many exposures we studied are
in an open, angular-hinged syncline above the Darby thrust and close to the edge of the thrust

belt. The evolution of this structure is described by Delphia and Bombolakis (1988).

Dominant Fracture Directions

Sets of fractures having north and east to east-northeast strikes are dominant in Frontier
Formation sandstone outcrops near Kemmerer, Wyoming. Northeast-striking fractures are
dominant in a few outcrops. Fractures having an easterly strike are younger; they cut across or
abut north-striking fractures where the two sets occur together (fig. 56). The age of northeast-
striking fractures is unestablished, but locally fractures that have this orientation are younger
than east-striking fractures.

In many beds, only one set of fractures is well developed (fig. 57). In some beds, only one
set is present (fig. 58). Adjacent beds commonly contain only one or the other of the dominant
sets. The presence of a given fracture set is therefore unrelated to structural position. No
obvious correlation is evident between rock type and fracture direction. Studies in progress

suggest that subtle differences may exist in the original composition or diagenesis of beds
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Figure 55. Balanced cross section of the Absaroka and Hogsback thrust sheets, north of
Kemmerer in T23N, Lincoln County, Wyoming. From Delphia and Bombolakis (1988). Pe,
Precambrian Crystalline Complex; Obh, Bighorn Dolomite; PIPw, Weber Sandstone; En, Nugget
Sandstone; Kh, Hilliard Formation; Tw, Wasatch Formation. Lazeart Syncline is marked by a
‘solid-line curve drawn along the contact between the Frontier Formation and overlying Hilliard
sequence (Kh). Both a-b and c-d are pin lines for palinspastic restorations (see original
reference). SL is sea-level reference elevation.
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Figure 57. Map showing traces of dominantly east-striking vertical fractures on east-dipping
sandstone bedding plane, Frontier Formation, north of Kemmerer, Wyoming (Commissary
Ridge; T24N, R116W). ‘
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Figure 58. Schematic map showing traces of dominantly north-striking vertical fractures on
sandstone bedding plane, Frontier Formation, north of Kemmerer, Wyoming (Sec. 36, T23N,
R116W). Note fracture “front” where fracture abundance abruptly changes.
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having different prominent fracture directions. Diagenetic contrasts could change the rock"s
strength and therefore affect its propensity to fracture (Laubach and others, 1989).

In this report we have not attempted to describe all of the fracture patterns visible in
Frontier Formation outcrops around the margin of the Green River Basin. Some of these
fracture patterns appear to be associatéd with specific folds and faults on the south, east, and
north margins of the basin. As will be discuSsed in more detail, we sought fracture exposures

having the least amount of structural overprint related to basin-margin faults and folds.

Style of Fracture Sets

Fractures are perpendicular to beds. Joints and the veins we mapped are extension
fractures that show no evidence of shear offset. Locally, fractures have visible surface marks,

crack-seal microstructures, and wall-rock inclusions that indicate an origin by opening mode

(Mode I) growth. Where surficial leaching of fracture fill has not occurred, fractures are typically

filled with fibrous, blocky, or euhedral calcite.

The relative age of fractures is determined using cross cutting and abutting relations among
fractures. North-striking fractures are commoh in m‘any Frontier Formation outcrops, but théy
rafely occur in the same beds as have east- to ndrtheast-striking fractures. Where they occur
together, east-striking fractures abut or cross north-striking fractures (fig. 56), indicating that
norfh-striking fractures are older. The older north-striking fractures and younger east-striking
fractures differ in style of occurrence. |

~ In outcrop, north:striking fractures are locally closely spaced (4 inches to 3 ft [10 cm to
1 m]), with small dispersion in strike} (fig. 58). Planar, they have abundant infilling calcite, and
‘commonly no visible aperture. For thin beds at least, fracture spacing is similar to (and generally
less than) bed thickness. In contrast, east-striking fractures have highly vari_able spacing, and
logally spacing fs wide. These fractures have wide dispersion in strike, and locally are strongly
curved. An exémple of east-striking fractures is shown in figure 57. The sandstone is nearly 15 ft

(4.6 m) thick, and it dips eastward about 60° (fig. 57). It is bounded above and below by
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siltstone and muddy sandstone. Fracture traces are clustered in north and south parts of the
outcrop. Fractures generally strike east, but strike varies by more than 40° (fig. 59). Many of the

longest fractures are curved.

Fracture Dimensions

Fractures commonly end vertically at subtle changes in sandstone rock type or at
mudstone interbeds, so they are generally confined to individual sandstone beds and their
height is equal to or less than bed thickness. In plan view, the longest fractures observed in
outcrop are on the order of hundreds to thousands of meters in length (fig. 56), with length to
height ratios greater than 10:1. Fractures have a range of lengths (fig. 57). In one example,
fracture-trace lengths range from inches to more than 125 ft (38 m) (fig. 59). For fractures more
than 3 ft (1 m) long, mean fracture length is 23 ft (7 m). Such fractures are composed of long,
planar segments that are colinear, but that step to the right or left in en echelon or relay
patterns. In plan view, where fracture strands overlap, overlapping segments are straight, with
little tendency to hook toward or away from one another. Typically a large number of short
fractures are in a given map area (fig. 60).

East-striking fractures range in width from fractions of a millimeter to several centimeters.
North-striking fractures are typically narrower, but the range of widths overlaps and some of
the widest fractureS st‘rike north. North-striking fractures are commonly partly filled with calcite
and, locally, subsidiary minor quartz and clay minerals. Both calcite and quartz locally have
euhedral crystal faces that suggest they grew into open cavities. Vein calcite from outcrops is
variably twinned and fractured, and north-striking fractures locally havel stylolitic seams

subparallel to vein walls.
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Figure §59. Fracture strike versus fracture length,'Frontier Formation sandstone. Open boxes
show range of strike of curved fractures. Inset shows rose diagram of fracture strikes. Data from
outcrop depicted in figure 57.
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Figure 60. Histogram of fracture spacing in Frontier Formation outcrops, north of Kemmerer,
Wyoming. (a) Northeast-striking fractures, Queally Peak outcrop (28-91), Sec. 31, T22N, R115W.
(b) East-northeast-striking fractures, Willow Creek outcrop (29-91), Sec. 12, T22N, R116W.
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Fracture Spacing

Fracture 'spacing ranges from inches to tens of feet. Spacing between fractures is
commonly not uniform. Instead, clustering of fractures into-swarms is evident at several scales,
and typically fracture spacing ranges widely in a given bed (figs. 60 and 61). Swérms are defined
by areas of close fracture spacing (figs. 57 and 61). Scanlines from north-striking fractures show
clustering, but overall fracture spacihg is much closer than that of east-striking fractures (figs. 62
and 63). Contrasts in fracture density between swarm and interswarm areas are most
pronounced for east-striking fractures.

We mapped one area where spacing of large east-striking swarms is about 400 to 500 ft
(120 to .150 m), but generally swarm separations are not uniform. Small swarms in this area are
separated by rock without fractures, but between map-scale swarms, numerous fractures and
small swarms are presént. Many isolated fractures are fairly evenly spaced. Swarm widths range
from 2 inches (5 cm) to more than 160 ft (50 m). Narrow swarms, having widths of 30 ft (10 m)
or less, consist‘ of 3 to more than 10 fractures. The widest swarms in this exainple are 65 ft
(20 m) and 145 ft (45 m) (swarms 1 and 8, fig. 57). Fracture spacing within these swarms also
shows clustering and ranges from less than 1 inch (2.5 cm) to 15 ft (5 m). Spacing cannot be
delineated accurateiy in wide swarms because of preferential erosion along fractures, but short
trace-length fractures are more prevalent and fracture intensity is at least 2 to 3 times greater
than in adjacent areas.

Because bed thickness is nearly constant but fracture spacing varies, the systematic
increase in fracture spacing with greater bed thickness (Ladeira and Price, 1981) that dccurs in
some sandstones is not evident for sandstones thicker than about 6 ft (2 m). On the other
hand, for so’me thin beds, fractures are generally slightly‘ more cloSelyvspaced than bed
thickness, and spacing increasés for thicker beds. The relationship hdlds for beds of as much as
about 3 ft (1 m) in thickness. Locally, fracture spacing decreases neaf the edges of lenticular

sandstones as beds thin.
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Figure 61. Fractures in outcrop traverses (scan lines) in Frontier Formation and in Cretaceous
Pictured Cliffs Sandstone (San Juan Basin, New Mexico and Colorado) and horizontal core from
Cretaceous Cozzette Sandstone, Piceance Basin, Colorado. Scan lines show fractures that would
be encountered in a horizontal borehole across the outcrop. Clustering is less apparent on some
Frontier scan lines than in examples from the other units because small, isolated fractures are
not distinguished from large fractures on the scanlines. From Laubach, 1991.
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Figure 62. Fracture swarms in outcrop traverse (scan line), Frontier Formation, from near
Coalville, Wyoming. Scan lines show fractures encountered in a north-south traverse across the
outcrop.
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Figure 63. Fractures in outcrop traverses (scan lines), Frontier Formation, from various locations
north of Kemmerer, Wyoming. Scan lines show fractures encountered in traverses across the
outcrops. “Hill” outcrop (41-91a) and outcrop 38-91b are on east limb of Lazeart Syncline, north
of Windy Gap.
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Fracture Patterns

Fracture patterns in the Frontier Formétion are apparent in simplified maps that show
traces of nearly vertical fractures on sandstone bedding planes (figs. 56, 57, and 58). Many beds
have a single, uniformly oriented fracture set, but some beds have multiple fracture directions,
and fractures intersect at high angles. Where only one set is present, fracture patterns range
from re‘latively uniformly spaced to highly clustered. Scanlines across outcrops show the various
scales of clustering evident in Frontier Formation outcrops. Many clusters or swarms of fractures
have linear or lens-shaped outlines in plan view (fig. 57), but some are in more irregular,
patchlike or subcircular distributions (fig. S8).

Because fractures formed perpendicular to paleohorizontal and are aligned at right angles
to beds (mapped surfaces), overall trace arrangement represents three-dimensional patterns,
but details may vary with depth within a given sandstone layer. For instance, fractures that
intersect in the plane of the map may not intersect at depth and vice versa. Moreover, because
fractures are not equant and those having short traces in plan view may have limited vertical
extent, the number of short fractures in a given volume of sandstone is likely to be
underrepresented on any given mappable horizon.

Maps presented here have been simplified from field maps because of space limitations.
Map scale dictates the size of fracture that can be shown because at every map scale a fracture
is too small to conveniently depict. Thus, some fractures that are shown as a single line may
actually be composed of several strands, and two adjacent fractures that appear isolated from
one another at one scale may actually be connected by arrays of smaller fractures that would be
visible on larger-scale maps. The size of the mapped area can influence the appearance of
fracture patterns because parts of patterns may be unrepresentative of the whole. An example
of a feature that would be missed if maps are at too small a scale is a constricted termination
(fig. 64), where small fractures connect large fractures.

The patterns represented in these outcrbps are of a .scale that is relevant to gas

production. Bedding-plane exposures have areas ranging from hundreds to thousands of square
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Figure 64. Map illustrating definition of constricted fracture terminations.
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Fractures with a

range of sizes make up fracture networks, and small fractures that interconnect larger fractures
may play an important role in how networks transmit fluid.
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meters and are therefore as wide as the extent of the longest fractures created in hydraulic
fracture treatments, typical horizontal reaches of directionally drilled ‘wellbores (~2,000 ft

[~600 mY]), or interwell distances in oil and gas fields having 160-acre vertical well spacing.

Fracture Networks and Connectivity

Isolated fractures can have little impact on flow broperties of a fracture system. A basic
control on fracture-network flow properties is the degree of interconnection among fractures
(Long and Witherspoon, 1985; Long and Billaux, 1987; Barion and Hsieh, 1989). In a fracture-
trace-mép study, coﬁhectivity can be assessed by cataloging numbers 6f intersection types.
Dead-end, connected, and constricted intersections are three commvori fracture-intersection
types in these networks. Dead-end terminations are ihose in wﬁich fractures end without
touching another fracture. Connected fractures intersect by abutting, crossing, or contacting
tangentially. Constricted intersections ére those in which narrow, constricted fracture segments
or microfractures connect adjacent fractures (fig. 64). The latter‘is really a type of connection in
the fracture network but one that may represent a constriction to fluid flow. Definition of the
last intersection type depends m part on the scale at which fractures are shown. Constricted
intersections exist> where mapped fractures are linked by visible fractures that are too small to
represent at map scale (on our maps those having trace lengths less than 3 ft‘ [1 m]).
Connectedness is assessed from measurements on large-scale field maps and is represented on a
triangular graph that shows ratios of connected, constricted, and dead-end termination types
(fig. 65).

Some fracture networks in the Frontier Formation have an orthogonal pattern that assures
numerous abutting or crossing intersections (fig. 56). In contrast, the connectivity of many
Frontier fracture networks is low (figs. 57 and 58). Few abutting or crosscutting fractures occur
within swarms; most con‘nectio‘n‘s are at low-angle intersections and t'hrough microfracture -arrays

where strands overlap (constricted connections). Such intersections tend to connect fractures

parallel to swarm length but not across swarm width, so some sections of swarms may be partly
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Figure 6S. Proportions of fracture-termination types in representative Frontier sandstone
outcrop. Shown for comparison are examples of Pictured Cliffs Sandstone (Kpc), coal
(Cretaceous Fruitland Formation, San Juan Basin, Colorado) and limestone (Cretaceous Austin
Chalk, Balcones Fault Zone, Texas) (Collins and others, 1990; Laubach and others, 1991a). See
text for discussion.
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or ‘completely isolated from others. Moreover, fractures tend to end vertically at‘bed‘dir’lg
planes, o) swa'rfn height is typically limited by sandstone thickness or by spacing of ihterbeds;
Thus, fracture arrays are confined to specific beds rather than being continuous or well
interconnected vertically. More important, swarms alsovare isolated laterally witvhin sandstones
having uniform composition. This partitioning of the fracture network implies that sandstones
have compartments of differing fracture permeability.

In Somé exposures connectivity may vary drastically for fracture networks of the same set,
where rock type, bed thickness, depositional environment, and structural setting are similar.
For example, schematic maps of two pavement exposures of north-striking fractures show non-
interconnected and partly interconnected fracture networks (fig. 66). The cause of such
differences is currently unknown.

Degree of along-strike connectivity in Frontier fracture networks where fractures
dominantly strike eastwards differs from networks in the Cretaceous Pictured Cliffs Sandstone, a
low-permeability,sandstone gas reservoir rock e}(posed on the margins of the San Juan Basin in
Colorado and New Mexico (Laubach, 1991; in press). Adjacent segments of Frontier fractures
tend to be straight, with few curving, intersecting tips or small cross fractures. As a result, along-
strike connectivity in Frontier networks is low. About half the fractures that occur between
major swarms do not intersect other fractures and are therefore isolated from the fracture
network. Fracture segments in‘ the Pictured Cliffs, on the other hand, are commonly strongly
curved, with frac,turés hooking toward one another where they oveflap, 'causing greater
connectivity parallel to the strike of the fracture swarm. If fractures are all open-fluid conduits,

such differences would affect the size of areas drained by fractures.

Scaling Attributes and Clustering

Fracture patterns that maintain the same characteristics at a wide variety of scales are said
to be self-similar. A qualitative sign of scale invariance in Frontier fracture patterns is their

similar appearance when viewed at different magnifications. Aspects of this include a tendency
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for fractures to cluster in Swarms having nearly parallel strikes and for subsidiary fractures to
have similar patterns over a wide range of scales. |

Quantifying charécteristic ways that fracture traces fill space imprc)ves fracture network
description and can help model fluid flow in such systems. Fractal geometfy is useful for
quantifying scaling properties of intricate patterns, including fracture traces (Barton and Larsen,
1985;:LaPointe, 1988). Such information is being incorporated increasingly in fractured-
reservoir models because reseérchers realize that flow processés in fractal fracture systems are
likely to be subétantially different from those in nonfractal fracture networks (Adler, 1989).
Reservoi}r simulations using a fractal network of fractures may provide useful predictions of
hydrocarbon reservoir production characteristics (Matthews and others, 1989). Information on
characteristic scalinvg properties of fracture systems may be useful for exfrapolating outcrop
observations of fracturés to subsurface exploration and development (LaPointe, 1988);
eventually, this approach could help define optimal horizontal well spacing and length needed
to tap fracture networks efficientiy. Fractal properties can also be used as an objective standard
of comparison between fracture patterns. |

Fractal dimension (D) characterizes the tendency of fracture trace patterns to fill space.
For lines on a two-dimensional surface, D can range between 1.0 (a line) and 2.0 (filled space)v.
We used the box method to estimate fractal dimensiqns of Frontier fracture networkS (Barton
énd Larsen, 1985; LaPointe, 1988). This method involves successively placing grids of square
elements of side-length r over a map and counting the number of grid elements (N) containing
a fracturé trace. A fractal distribution of lines on a map is defined by D = log N/log (1/r), where
D (fractal dimension) is the slope of the best-fit line on a log-log plot. Box sizes in this study
range from 0.1 inch (0.29 cm) to 167 ft (51 m), which is an ihdication of the range of scales
studied. | |

Results are shown in figure 67. The observed smooth lines on the fractal plots indicate a
power law relationship and imply that the ffacture pattern is in some Sense scale invariant over

the range of scales studied. Although a larger rahge of box-size increments would have been
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Figure 67. Graph showing number of counting elements containing fracture traces (N) versus
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Slope of each plot (line) is the fractal dimension D. F100-103 are data from Frontier Formation
map shown in figure 57.
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preferred for this type of analysis, the slopes determined ’u—sing a few boxes are linéar on the
pldt of log N/log (1/r). Similar slopes were obtained for Frontier maps and examples from the
Cretaceous Pictured Cliffs Sandstone of the San Jﬁan Basin (Laubach, in press). For seven maps,
fractal dimension D ranges between 1.1 and 1.4 and éverages 1.29 (fig. 67). For maps of the best
exposred Frontier dutcrop, D is ~1.2 (12 = 0.99), reflecting the clustered nature of the fracture
distribution. |

This result is evidence that fractal concepts are a valid approach to describing some
attributes, such as aspects of fracture density distribution, in low-permeability sandstones. The
fractal dimensions of fracture patterns obtainéd in this study are similar to those of Merceron
and Velde (1991) but lower than those of Barton and others (1987) for fracture nethrks in

rocks.

Fracture Origins

Knowledge of fracture origins is important because it can be used to predict fracture strike

and the location of highly fractured areas. Because a variety of loading pathé could, in principle,

lead to development of fractures, specifying fracture origins can be challenging. Evidence for |

the timing of fracturing is critical for interpreting fracture origins. We conclude that the oldest
fractures in the Frontier Formation in outcrovp,v and probably in the subsurface, strike north and
likely result from lateral stresses associated with subsidence of the north-trendihg Cretaceous
foredeep. The orientation of east- and northeast-striking fractures may reflect east-west

shortening during Cretaceous/early Tertiary orogenesis.

Timing and Style of Fracturing

On the west side of the Green River Basin, most fractures in Frontier Formation sandstone
are joints and veins (extension fractures) that are normal to‘bedding. Such fractures probably

form under conditions of high pore fluid pressures and low differential stress. Of the two mést
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prominent fracture sets in outcrops on the west margin of the basin, north-striking fractures
formed first and were either held shut by lateral compression or werAe cemented when east-
striking fractures grew. Plume axes on fracture faces (where visible) are parallel to bedding
(paleohorizontal). These observations suggest that the direction of extension (minimum
principal stress axis) and the axis of maximum compressive stress were horizontal during
fracture initiation but that through time the extension direction switched by 90°. Fracture style
is similar to that of fractures found in core from within the basin. Abutting relations show that
north-striking fractures formed before east-striking fractures. The sequence of vein-filling
minerals in unoriented fractures in core suggests that at least some fractures formed early in the
rock’s burial history, during precipitation of calcite cement, after an early phase of quartz
cementation, and before feldspar dissolution. Fibrous crystals and crack-seal strucfures in some
north-striking fractures in outcrop show that they grew during.east-west extension. Stylolites in
these veins show that this east-west extension was followed by east-west shortening and
development of vertical stylolites.

Stretching duringvbasin subsidence can account for north-striking fractures. These fractures
parallel the depositional axis of the Cretaceous foredeep, and preliminary petrogenetic
evidence suggests that vein-filling minerals in north-striking fractures may be contemporaneous
with early Frontier Formation cements. Simple geometric considerations, summarized by
Laubach and Lorenz (in press), show that stretching (and fracturing) associated with subsidence
is plausible. Isopachs in the western Green River Basin area show that more than 18,000 ft
(5,486 m) of ;Upper Cretaceous strata were laid down in a basin that was only 40 mi (64 km)
from edge to depocenter (Weimer, 1961; Monley, 1971). As the basin subsided, strata were
stretched in the east-west direction due to lengthening parallel to bedding as the original,
nearly flat depositional_ surface adjusted to conform to the asymmetric basin margin. This
implies that older and more deeply buried strata may be more highly fractured because they
have been subjected to the greatest stretching. This process also could have affected rocks

deposited on the Moxa Arch.
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The lengthening of strata during east-to-west extension, burial, and subsidence can produce
significant east-west stretching (Laubach and Lorenz, in p'ress). A critical strain of about
0.3 percent aﬁd a stress of nearly 435 psi (3 MPa) are necessary to fracture similar sandstones
under laboratory conditions. However, under geologic conditions (slow strain rates, elevated
‘temperatures, ffactUre growth assisted by chemical reaction, etc.), strata will fracture at lower
stress levels especially if pore pressures are high. Burial rates of at least 650 ft/my (200 m/my)
were common for the thickened strata in this basin, and elevated pore pressures were probably
~ widespread.

Laubach and Lorenz (in press) calculated an east-west stretch of just more than 0.2 percent
in Frontier strata as a result of subsidence by the end of Cretaceous time. An additional
component of stretch caused by elastic flexure of the lithosphere by the weight of the
overriding thrust plates can be calculated to be about 0.06 percent, assuming a conservative
amount of flexure. Thus, total stretch because of these processes could have been at least

0.26 percent, or nearly the amount of strain needed to fracture samples in the laboratory. In

the absence of other complications, this 0.26-percent stretch would probably be sufficient to ‘

have caused north-south fractures in the Frontier underv,geologic cqnditions. Although
subsidence is a slow process, stress‘ accumulation and intermittent r'apid rupture could account
for features such as plume structure on fracture surfaces, which may be due to abrupt fracture
propagaﬁon. Regional extension’ at shallow depths in sedimentary basins such as the East Texas
Basin can produce widespread dpen fractures in sandstone that parallel basin strike (Laubach,
1988, 1989a and b).

An alternative explanation for the northfstriking fractures in outcrop is that they are b-c
extbension‘ fractures produced by flexure at the hinges ofrlarge-sc‘ale fqlds. However, these
fractures are nc)t localized in fold hinges and do not increese in frequency m the exposed hinge
of the Lazeart syncline near Fontenelle, Wyoming, and they predate vertical stylolites thet
mark east-west shortening. The fractures also strike 10° to 20° oblique to the fold axis and,

except for variations that can be ascribed to folding of preexisting fractures, do not change
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strike in sympathy with changes in fold-axis trend. Moreover, the fold has an abrupt, angular
hinge, and limbs may be expected to have rotated with little internal deformation during
folding. We therefore discount the possibility that flexure is a general explanation for this

fracture set.

The Frontier Formation outcrops we studied are along the leading east edge of the Idaho-
Wyoming thrust belt, and fracture sets likely developed when these rocks were in the foreland
of the thrust belt. Fractures thatv accommodate lateral extension of forelands, even in flat-lying
rocks far from a thrust front (>300 mi [>500 km]), are a recognized mode of foreland
deformation (Engelder and Geiser, 1980; Hancock and Bevan, 1987). Extensional structures that
strike normal to thrust fronts in foreland areas have been ascribed to Stretching at right angles
to orogenic shortening directions (fig. 68) (Engelder, 1985; Hancock and Bevan, 1987; Laubach
and others, 1991b; Lorenz and others, 1991).

Both north- and east-striking Frontier Formation fracture sets are normal to bedding where
beds are tilted and are locally cross cut by fractures spatially associated with fold hinges and fault
zones, implying that bed-normal fractures are older than local folds and faults. Similar joint sets
in Jurassic and Cretaceous rocks are rotated about a vertical axis where the thrust belt is bent in
the north salient of the overthrust belt near Jackson, Wyoming, implying fractures predated
thrust development and were rotated along with the thrust sheet in which they occur
(Craddock and others, 1988). Fractures of older, prefolding- sets stop at thin shale partings,
indicating low driving stresses fdr fracture growth, whereas younger fractures that are localized
in fold hinges tend to cross interbeds. An illustration of this type of deformation on a large scale
is the north-trending Rock Springs Uplift in the Green River Basin. Associated east- to
northeast-striking normal faults mark concurrent east-west shortening and north-south
extension, respectively. Syn-thrust movement on normal faults in the Green River Basin is
consistent with extension parallel to the north- to northeast-trending long axis of the Rocky

Mountain foreland area.
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(a) Localized (b) Concave

(c) Convex

From Hancock and Bevan (1987)

A= Doformation front
—
==~ Fractures

% Regional extension direction  Qa14ssec

Figure 68. Map view of deformation fronts of various shapes and fracture strikes in adjacent
foreland areas that may result from foreland lateral extension (modified from Hancock and
Bevan, 1987). Lateral extension may result from stretching and crowding caused by salients and
recesses in the orogenic front. (a) Convex front and localized extension. (b) Concave front and
concave arc of extension. (c) Convex front and convex arc of extension. (d) Nearly rectilinear
front and slightly convex arc of extension directions.
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Stresses responsible for this deformation are likely transmitted by the ductile, stress-bearing
section of the lithosphere. Episodic thrusting and foreland fracturing are both possible
responses of the brittle carapace to flow of this underlying ductile substratum, and therefore
movement of specific faults and foreland fracturing may not necessarily occur at exactly the
same time. The precise timing of fracture formation may depend on the interplay of lateral and
vertical loading history, the penetration of migrating fluids that serve to raise formation pore
pressure, and diagenetic/compactional changes in rock physical properties that create brittle
layers. In a foreland area, these processes are likely to be linked. Dutton and Hamlin (in press)
charted the burial and diagenetic history of the Frontier Formation, and Wiltschko and Dorr
(1983) summarized the timing of thrust events in the Idaho-Wyoming segment of the thrust

belt.

We suggest that north-striking\fractures formed early, during rapid subsidence associated
with isostatic and flexural adjustment to nearby supracrustal thrust-sheet loads, and that east-
striking fractures formed later, when compression related to mountain building was dominant.
This compression would have tended to hold north-striking fractures closed. Moreover, east-
west tectonic shortening associated with movements in the thrust belt probably tended to
decrease the subsidence-related east-west component of stretching at some stratigraphic levels,
while at the same time adding a component of north-south stretching. North-south crustal flow
east of the Idaho-Wyoming segment of the thrust belt would have been amplified by stretching
associated with the convex salient in the thrust belt at this latitude, accentuating the tendency

to form fractures having generally eastward strikes.

The development of the Wind River and Uinta uplifts and Moxa Arch could have
- contributed to fracture formation by stretching and flexing strata, but their significance for
regional fractﬁres has yet to be evaluated. Of these, indentation of the basin by thrusts along
the Uinta Mountain front may have been the most important ancillary factor in the formation
of the north-striking fracture set (Laubach and Lorenz, in press). Major northward-direct}ed,

thick-skinned thrusting occurred during late Campanian to early Paleocene time (Hansen,
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1965), concurrent with maximum stretching of the Frontier due to burial and flexure as

described earlier.

'In some exposures near thrusfs or in tight fold hinges, fractures predominate that we
interpret to be reléted to thrusts and folds. They are typically small faults. For example, in the
Little Hbgsbac’k area north of Evahston, fractures are predominantly closely spaced faults haVing
small (milliméter-scale) displacements. Faults are in conjugate patterns, and the eastward fault-
slip direction matches that inferred from offset marker horizons and bedding-plane sfriations.
Such fracture patterns are unlikely to be representative of nearly flat-lying rocks in the basin
interior except near minor faults. Recent studies in the foreland basin of Alberta show that
zones of minor faults may be widespread in the Cordilleran foreland basin (Skuce and others,

1992).

Predicting Subsurface Fracture Attributes

Fracture observatiohs in outcrops near Kemmerer predict generally north- and east-striking
fractures within the Green River Basin. If fractures are related to regional deformation, as
outlined above, then elsewhere the set of fractures that strikes north in the vicinity of
Kemmerer may vary in strike according to the structure of the Cretaceous foredeep. Because
the younger fractures that strike east near Kemmerer may reflect the orientation of the
Cretaceous—Tertiary ofogenic front, fractures and swarms of this generation in flat-lying rocks
should strike normal to fold and fauft trends and form divergent faris around Salients in the
ofogenic front (fig. 68). Orientation patterns similar to this have been documented for joint
sets in the Appalachian foreland (Engelder, 1985 and references therein) and in fracture (cleat)
patterns in coal in the Rocky Mountain region (Laubach and Tremain, 1991; Laubach and
others, 1991b). |

Outcrop observations show that regional fractures can occur in closely spaced swarms

(Hodgson, 1961; Laubach, 1991), but swarms of vertical fractures are difficult to demonstrate
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using vertical core because core or borehole diameters are t;>o small to properly sample vertical
fraéture swarms wider than 8 inches (20 cm). Fractures in Frontier reﬁervoir sandstone core
resemble those in outcrop swarms in height, width, and mineral fill, but testing for the
existence of fracture swarms in the Green River Basin may require horizontal drilling or high-
resolution seismic studies. Abrupt contrast in fracture intensity (or density) between swarms
and adjacent rocks suggests that swarms could provide a change in seismic-reflection character
or a velocity contrast that might be detected as a velocity anomaly on conventional seismic
reflections or by techniques designed to detect seismic velocity anisotropy. Fracture-trace maps
provide an understanding of fracture-density patterns, and thus can help guide efforts to
develop better methods of detecting drilling targets.

Direct evidence of the existence of subsurface swarms in rocks similar in composition and
structural history to Frontier sandstone is apparent in subhorizontal core from Cretaceous
Cozzette Sandstone (Mesaverde Group) in the Piceance Basin, Colorado (Lorenz and Hill, 1991)
(fig. 61). Overall pattern of fracture clustering in this core is similar to that in Frontier outcrops.
Swarm widths are similar to narrow swarms in Frontier sandstone (such as swarms 2-7, fig. 57).

Not all fractures are necessarily fluid conduits. North-striking fractures in particular are
densely cemented with calcite and locally have stylolites resulting from deformation of the
vein fill. Such processes tend to close fractures, and crossing relations indicate that north-
striking fractures were largely closed during formation of the younger east-striking fracture set.
Pétrographic evidence from the Mobil Tip Top T71X-6G well that feldspar dissolution occurred
after some veins formed and that this dissolution event did not remove vein calcite suggests

that these filled fractures could be barriers to fluid flow through networks of secondary pores.

Natural Fracture Exploration Targets

Regional fracture patterns in which fractures are uniformly spaced and perhaps occur in
!
sets having orthogonal map patterns can in principle be readily exploited by hydraulic fractures

or deviated wellbores drilled perpendicular to closely spaced fracture sets or at some angle that
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maximizes contact with fractures likely to be open in the ambient stress field. Where various
fracture directions are isolated in different beds, and where fractures aré abrraﬁged in clusters,
exploration for swarms that are “sweet spots” iﬁ low-permeability-sandstone gas reservoirs is
more challenging. For example, swarms that are discontinuous along strike are potentially
elusive targets; hydraulic fractures or deviated wells in the most favorable orientation, directly
across,’fracture strike, méy miss such swarms entirely or tap only poorly interconnected
fractures. Because swarms can be vertically confined and isolated in a given sandstone bed, they
have limited height and may be narrow targets for horizontal wells. Such swarms could easily be
missed by hydraulic fractures or indiscriminate horizontal drilling even if fractures or wells are
oriented perpendicular to fracture striké. Where fractures have different orientations in
adjacent beds, the optimum fracturing or drilling direction may change drastically in short

vertical distances within the target formation.

STRESS DIRECTIONS

To accurately predict the azimuth of hydraulic fracture growth or optimum direcﬁons for
horizontal drilling in fractured rocks, we must know the direction of the maximum and
minimum horizontal stress. Knowledge of the principal horizontal compreSsive stress azimuth is
a prerequisite for effective placement,v completion, and stimulation of many wells because
open 'nétural and hydraulically induced fractures are comvmor-]ly‘aligned parallel to maximum
horizontal stress (Symax). In reservoirs such as the Frontier Formation, where matrix rock
permeability is low, the need for credible measurements of principal stress directions-is acuie
because permeable natural frac‘fures may be an exploration target and h‘ydraulic fracture
tfeatments are used to stimulate wells. Estimates of Symax azimuth can be obtainéd from
information provided by core, geophysical well logs, or well tests.

'Stress-direction' inidicators used in GRI’s study of the Green River Basin include the
orientation of remotely monitored microseismicity from hydraulic fractures, wellbore brevakout’s,‘

i

coring-induced fractures, and core-scale phenomena such as anelastic strain recovery (ASR),
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circumferential monitoring of acoustic P-wave velocity anisotropy (CVA), and rock-strength
anisotropy measured using axial point-load tests. Regional neotectonic deformation, expressed

in western Wyoming as earthquakes, young (Quaternary to Recent) fault scarps, and aseismic

“uplift or subsidence, also provides an indication of current stress directions. Here we summarize

observations of stress directions in the Frontier Formation from cooperative wells and the

SFE No. 4-24 well.

Results of Stress-Direction Measurements

Stress directions are summarized in table 8 and on 5 regional map (fig. 54). Stress-direction
indicators give inconsistent orientations of Symax in the wells we studied. Borehole breakouts,
coring-induced fractures, anelastic strain recovery, P-wave velocity anisotropy, and strength-
anisotropy tests each show large disp‘efsion in inferred maximum horizontal stress direction
(figs. 54, 69, and 70). Wellbo;'e breakouts and coring-induced fractures, which are generally
among the most reliable methods, are poorly expressed. Some breakouts, one coring-induced
fracture, and remotely monitored microseismicity from hydraulic fractures givé a general east to
east-southeast azimuth of maximum horizontal stress, and some core-based methods suggest east
to east-northeast Symax direction. On the other hand, the most reliably defined breakouts in

two wells indicate north-trending Symax -

Wellbore Breakouts

Among the most reliable phenomena fori determining stress directions are wellbore
breakouts (elliptical wellbore enlargements) (for example, Plumb and Hickman, 1985). Wellbore
breakouts develop when stress concenttati‘ons in the vicinity of the wellbore surface exceed
the rock strength. The symmetric elongations of the wellbore profile that result are aligned
with the minimum horizontal stress. Wellbore breakouts were measured in three wells in this

study (table 8). In the Holditch SFE No. 4-24 well, breakouts were detected using an oriented
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Table 8. Data showing maximum horizontal compression direction, Frontier
Formation, Green River Basin, Wyoming.

Operator Well

Terra Resources Anderson

Wexpro

Wexpro

Enron Oil
& Gas Co.

S.A. Holditch

APT
ASR
CMS

Canyon No. 3-17

Church Buttes No. 48

Church Buttes No. 41

South Hogsback

No. 13-8A

Axial point-load test

Anelastic strain recovery
Circumferential microseismic monitoring

SFE No. 4-24

Data Result (SHax)
CVA ESE 013°
Breakouts NE 050° (n=5)
ASR NNE 015° (n=7)
E 092° (n=8)
DSCA NW  150° (n=4)
NE 030° (n=2)
PC NE 026° (n=1)
CMS NE 070°
E 090°
ASR N 358° (n=3)
E 108° (n=2)
CVA ENE 084° (n=11)
CMS NE 079°
Breakouts @ NNW (n=3)
Breakouts ~NNW, E?
APT E & N (n=300)
CVA N 009°
ESE  099°
ASR ~E? 060-120°
PC NW? 134°
CMS NE  030°-035°
CVA = Circumferential velocity analysis
DSCA = Differential strain curve analysis
PC = Petal-centerline fracture
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Figure 69. Depth versus Spmax direction for Holditch SFE No. 4-24 well by means of several

techniques.
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Figure. 70. Box plots of Symax for various stress-direction indicators in the Frontier Formation,

Holditch SFE No. 4-24 well. Box shows the center half of the data, and bar indicates median

value.
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caliper and the Circumferential Acoustic Scanning Tool (CAST), a type of borehole televiewer.
Borehole televiewers provide the most reliable method of detecting and measuring breakouts
because they provide a high-resolution image of borehole surface topography that can be used
to separate true breakouts from other types of borehole irregularities (such as washouts) and
from natural and drilling-induced fractures.

Breakouts are not clearly indicated in the Holditch SFE No. 4-24 wellbore, and caliper
results in particular have low reliability owing to an extensively washed-out borehole. Twenty
breakouts were identified on borehole televiewer logs. The small number of breakouts over a
logged interval of more than 900 ft (274 m) suggests that either (1) widespread breakouts did
not develop in this boréhole or (2) breakouts were undetected by the borehole televiewer.
Breakouts may not have developed if stresses near the borehole wall did not exceed rock
strength. On the other hand, the borehole televiewer may not have detected breakouts
because of extensive borehole washout, drill-pipe wear on the borehole wall, or because the
tool was not centered in the borehole. Drill-pipe wear produces an elliptical borehole, which
shows up as vertical dark and light stripes on the log. Deviations from perfect centering of the -
borehole televiewer tool can cause the same effect. These stripes obscure the microtopography
of the borehole wall and hide breakouts. Vertical stripes appear in more than 50 percent of the
950 ft (289 m) of borehole televiewer image. Fourteen of twenty breakouts (70 percent) on
the borehole televiewer log are in zones where stripes do not obscure the borehole wall. The
other six are in zones that are partially obscured. Clearly, this striping reduces visibility of
breakouts and lowers the number of breakouts detected.

Orientations of breakouts detected using a borehole televiewer in the Holditch SFE
No. 4-24 well are scattcred, but almost twice as many breakouts are oriented northeast than
northwest. Most northeast-southwest breakouts are between 040° and 080°. These sparse data
suggest that Spmax is oriented in a northwest-southeast direction, probably between 130° and
170°. Breakouts in the depth interval between 7,300 and 7,400 ft (2,225 and 2,255 m) are

aligned in a nearly north-south direction, consistent with east-trending Symax.
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Only one of the breakouts identified on the boreholé televiewer logs corresponds to a
wellbore breakout identified on caliper logs of this well. Six of the caliper breakouts appear on
the borehole televiewer logs to be washouts. The borehole televiewer travel time log at each of
these features displays a zone of high values about 1 ft (30 cm) wide that is contiﬁuous around
the borehole. This indicates that a horizontal layer of Weéker rock has washed oﬁt, increasing
the circumference of the borehole. Three other breakouts occur in zones of vertical stripes that
obscure the borehole wall or where quality of the _borehole televiewer log.is poor. Many
breakouts have diffuse margins and no internal structure, but a few have features that are
typical of progressive breakout dev'eldpment, and these can be used to find breakout azimuth.

Five distinct breakouts were shown in-an assessmentbof borehole televiewer logs from the
Terra Resources Anderson Canyon No. 3-17 well. Breakouts are mainly in the northwest and
southeast quadrénts of the borehole, giving a northeast average Symax direction of
approximately 050°. Breakouts were a‘lso detected in the Enron S. Hogsback No. 13-8A weli. In
this well, oriented calipers from the Formation Microscanner log were used to detect breakouts.
Only three breakouts were evident on two logging runs over -the same interval (6,820-7,308 ft

[2,078-2,227 m]). These results indicate an Symax direction of about 340°.
Petal-Centerline Fractures

Another indicator of Symay is the strike of subvertical opening-mode fractures induced
during coring and drilling, called petal and petal-centerline fractures (Kulander and others,

1990). These fractures are generally aligned parallel to maximum horizontal stress. In low-

permeability sandstone, they are commonly visible in core and locally may be identified on

borehole-imaging geophysical logs (Laubach and Monson, 1988; Lorenz and others, 1991).
However, no diagnostic images of drilling-induced fractures were visible on borehole televiewer
logs in the Terra Anderson Canyon No. 3-17 or Holditch SFE No. 4-24 wells or on Formation

Microscanner logs from the Holditch SFE No. 4-24 or Enron S. Hogsback No. 13-8A wells.
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Of the Frontier Formation cores we studied, only a few petal-centerline fractures were
oriented, énd only two of these measurements appear to be reliable (téble 1). In the Wexpro
Church Buttes No. 48 core, a petal-centerline fracture in sandstone strikes northeast (026°) at a
depth of 12,169 ft (3,709 m). Only one petal-centerline fracture in Holditch SFE No. 4-24 was
accurately oriented. It strikes northwest (134°) and occurs in a mudstone at 7,461 ft (2,274 m).
Obviously, such limited petal-centerline data can only supplément results obtained by other
methods.

The orientation of small hydraulic fractures that are deliberately created in boreholes and
imaged using geophysical logs or sampled in core can also indicate horizontal stress anisotropy.
An open-hole stress test was carried out in the Enron S. Hogsbatk No. 13-8A well, but the trace
of the created fracture was undetected ‘using a borehole-imaging Formation Microscanner log,

and the fracture was absent in recovered core.
Anelastic Strain Recovery

When core is removed from the subsurface, in situ stresses are relieved and core relaxes.
Core relaxation involves an instantaneous, elastic component and a time-dependent anelastic
creep component that can persist for hours or days. Anelastic strain recovery (ASR) techniques
measure the latter component of relaxation soon after core is removed from the core barrel
(Teufel, 1983). Strain is manifested as change in core shape (displacement) and is measured
using sensitive strain gauges. Anisotropic expansion is thought to result from the opening of
numerous microcracks oriented perpendicular to the direction of in situ maximum compression.
The direction of maximum expansion is inferred to be the direction of maximum horizontal
compressi\}e stress (Sumax) ‘in the subsurface. Because sedimentary and structural
heterogeneities (such as bedding and fractures) can distort and mask stress relaxation-related
displacements, homogeneous core is sought for the ASR method. In low-permeability rock,
another complication that can occur is core contraction caused by slow release of pore fluids

and concomitant reduction in pore pressure.
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In the Holditch SFE No. 4-24 well, directions of ASR were measured by TerraTek and
analyzed by TerraTek and Sandia Laboratories (Warpinski, in press). Many of the ASR data are of

low quality owing to the effects of rock fabric, low strain magnitudes, and technical problems

-such as faulty gauges. We summarize the results of tests that were judged to be most reliable -

from the technical standpoint (Warpinski, in press). A single relaxation direction is not obvious
from measurements of samples from the Holditch SFE No. 4-24 well. Results have a wide range
of trends, but most of the reliable ASR Symax directions fall between 060° and 120°. Warpinski

(in press) interpreted the most reliable ASR results from this well to indicate northeast-trending

SHmax. Sandstone samples have a preferred northeastward to east-northeastward expansion. -

Mudstone sampleés have northeast-trending displacement azimuth.

In core from the Wexpro Church Buttes No. 48 well, displacement patterns of seven

samples imply north-northeast (015°) Symax, and eight samples suggest east-trending (092°)

SHmax- Five ASR samples from Wexpro Church Buttes No. 41 also suggést bimodal displacement
directions, with three samples evincing north-trending (003°) Symax and two samples showing
eastward (108°) relaxation trends.

Differential strain curve analysis (DSCA) is based on anisotropic'contraction of core when it
is hydrostatically loaded in the laboratory (Strickland and Ren, 1980). The direction of
maxilﬁum core contraction is inferred to be the direction of maximum horizontal stress, on the
premise that differential contraction results from the closing of microfractures that opened
during core relaxation. Five DSCA samples of Wexpro Church Buttes No. 48 core (TerraTek,
1989) gave a bimodal pattern of northweét (~150°; four samples), and northeaét (~030°; two

sarhples) inferred Symax directions. Thus, for this well, both ASR and DSCA record north-

northeast trends, but the northwest direction visible in some DSCA results does not match an

ASR direction.
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Acoustic Anisotropy

Circumferential velocity analysis (CVA) involves measuring compressional acoustic wave
velocity through a whole core sample in several directions using an ultrasonic velocity
apparatus (Sayers, 1988; Hyman and others, 1991). The distribution of velocity through the
core is affected by the distribution of microfractures. Open microfractures retard acoustic wave
speed, so the fastest direction through the core is parallel to microfracture strike. Velocity
analyses were carried Qut by TerraTek (Hyman and others, 1991).

The direction of fastest acoustic travel time in core indicates Symax direction if
(1) microfractures are created by ambient stresses in the subsurface or (2) a set of microfractures
opens preferentially in the core expansion direction (and anisotropic expansion reflects in situ
stress). The direction of minimum velocity is parallel to the maximum horizontal stress direction
when the microfractures are the result of core strain recovery. However, if the microfractures
formed in situ in response- to the present stress field (that is, a type of naturai fracture), then it
is the maximum velocity that parallels the maximum horizontal stress. Thus, knowledge of the
cause of velocity anisotropy is needed to assess stress directions from velocity measurements
because at least two processes could create fractures that have differing strikes. Moreover,
natural fractures that have strikes unrelated (or only coincidentally related) to contemporary
stresses may exist in core and create acoustic anisotropy.

Petrographic observations of mineralization and irregular fracture shape were used to
identify natural microfractures (Hyman and others, 1991), but in many cases microfracture
origin is ambiguous owing to the absence of diagnostic natural microfracture traits such as
mineralization or healed fractures (Laubach, 1989a). A key to identifying relaxation-induced
fractures in Hyman and others’ study was inspection of thin sections from samples that had
been subjected to reservoir pressures in the laboratory, where they were injected with dye and
epoxy. Under these conditions of sample preparation, microfractures caused by core relaxation
tend to be closed and therefore do not fill with epoxy. Fractures open under these conditions

were presumed to be natural. Nevertheless, because natural and relaxation-induced fractures

161



can have a similar appearance, distinguishing them in thin>section is problematic. On the basis.
of our petrographic work on Holditch SFE No. 4-24 core, we could not confidently distinguish
small preexisting natural fractures from fractu‘res that could have been induced by other
processes.

The fastest sonic velocity in Terra Resources Anderson Canyon No. 3-17 samples is ibn a
north-northeast (013°) direction, and maximum velocity is in an east-northeast (084°) direction
in Enron S. Hogsback No. 13-8A samples. Acoustic velocity measurements from Holditch
SFE No. 4-24 have both east-southeast- (099°) and north- (009°) trending makimum velocity
directions, with east-southeast directions being prevalent (Hyman and others, 1991). In the
Terra Resources Anderson Canyon No. 3-17 well, where the maximum veloéity direction is
northeastward, Hyman and others (1991) interpreted dominant microfractures to have been
induced by core expansion. Thus, they interpreted the anisotropy to show east-southeast
(110°) Sgmax direction. Hyman and others (1991) interpreted east-southeast maximum velocity
in Holditch SFE No. 4-24 to be caused by natural microfractures unrelated to current in situ
stresses. Microfractures interpreted to be natural have strikes that range betwéen 100° and 110°

in these samples.
Axial Point-Load Tests

Axial point-load tests (APT) measure rock-strength anisotropy by breaking smail core samples
and measuring the strike of the resulting fracture or fractures (Clift and others, 1992). Versions
of this test have previ>ously been used to determine rock properties such as compressive
strength and strength anisotropy in surface engineering applications (see references in Clift
and others, in press).

‘The point-load test we used involves loading a small rock sample to failure with two
diametrically opposed indenting anvils that approximate point loads (fig. 711). Load was applied
by a Soil Test 10,000-pound load frame, at a rate of about 1 Ib/s. Load and time were indicated

on an x-y recorder. Variation in loading rate, rock strength, and sample size can affect the way
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Figure 71. Diagram illustrating the point-load apparatus. A disk of rock is loaded between two
anvils that have rounded ends that approximate point loads.
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samplés break. We obtained simple fractures having preferred orientations by using thin disks
of sample material (~0.10 to 0.45 inch [~0.25 to 1.1 cm] thick, ~1 inch [~2.54 cmj diameter) and
low to moderate loading rates (~1 1b/s for precisely aligned 0.5-inch [1.2-cm] load platens). Our
sample preparation and test procedures are detailed by Clift and others (1992). Point-load tests
were carried out oh more than 160 Frontier Formation sandstone samples from the Holditch
SFE No. 4-24 well. |

The stress field produced by axial point loads is aXisyrﬁmetric, but the induced fracture
preferentially aligns along a direction perpendicular to that of the rock’s minimum tensile
strength. A preferred direction of sample breakage indicates strength anisotropy, which for
core samples may correspond to a principal direction of in situ stréss or é preexisting structural
(or sedimentary) anisotropy. As in ASR and velocity anisotropy tests, strength anisotropy will
reflect current stress directions when fracture growth is guided by preferentially oriented
microfractures that existed in the core as a result of in situ stresses or expansion caused by relief

of subsurface stress. These directions, however, are not necessarily the same.

Point-load tests show that marked strength anisotropy exists in Frontier Formation

sandstones (fig. 72), but samples from different beds have contrasting strikes, leading to an
overall bimodal pattern of induced fracture strike. In some samples, strike is predominantly east
and northeast, but in other samples. fractures created in tests have north strikes. Within a
sample or an individual sahdstone, the strikes of fractures created by axial point-load tests are
highly reprodiicible, and each APT data point represents the average of numerous point-load
tests from a given depth. Four sets of results have fracturé strikes that are generally east (~O70°
to 110°), and two sets have north to northeast strikes (4010° and ~025°).

‘No obvious aligned sedimentary grains are visible to account for the strength anisofropy.
We interpret strength anisotropy to have resulted from aligned microfractures, but
petrographic and scanning electron microscope study of these vsamples suggests that it is
microfractures smallér than 10 um that grow and coalesce to produce the visible fradures that

break the sample. The origin of such small fractures is difficult to diagnose. Such fractures may
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Figure 72. Disks of Frontier Formation core having anisotropic strength in axial point-load test.

(a) Predominantly east-striking fractures cr
7,486 ft (2,281 m). (b) Predominantly north-s
depth 7,365 ft (2,244 m).

eated in Holditch SFE No. 4-24 samples, depth
triking fractures in Holditch SFE No. 4-24 samples,
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have been created by subsurface deviatoric stresses or by deformation related to. core
relaxation, or they may be natural fractures having strikes unrelated to current stresses. The
bimodal pattern of sample breakage suggests that several processes may be responsible and that

some microfractures are possibly natural fractures that are not necessarily aligned with current

stress directions.
Hydraulic Fracture Microseismic Monitoring

Low-level seismicity induced by massive hydraulic fractures can be monitored to give an
estimate of the strike of the stimulation fracture, as described later in detai‘l. Thé strike of these
induced fractures is commonly assumed to be aligned parallel fo the maximum horizontal stress
(Fix and others, 1990), although a p;evious study has shown that natural fractures may modify
of even control the strike of induced fractures (Barton, 1986).

In the microseismic method, azimuth of the binduced fracture is determined by analyzing
the polarization of microseismic signals recorded in the treatment well during shut-in following
hydraulic fracture treatment. In Frontier wells, analysis was based on particle motion during the
first half cycle of each signal, in brder to minimize contamination by tool.-borehble resonances.
Resonances are particularly severe if local casing or formabtion coupling is poor at the location of
the recording tool. Experience has shown that most signals recorded in the treatment well
following a hydraulic fracture treatment originate in the borehole, iri the perforations, or
within the cemented zone. Particle mbtions from these séurces are generally unrelated to the
orientation of the induced fracture. Hence, identification of signals from sources outside the
borehole is necessary to estimate fracture orientation. |

- Teledyne Geotech'’s signal-detection algorithm was applied to 100 ms RMS valu}es computed
for the vector horizontal component at several depths. This algorithm requires an RMS peak-to-
background ratio of 3 or greater for a signal to be declared. The detected signals were plotted
and visnally reviewed for evidence of tool-borehole resonances within the first half cycle of

the signal; signals showing such evidence were deleted from the data set, as were tube-wave
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signals. Particle-motion orientations of remaining signals were determined using a program that
estimates a best linear fit to observed motion over a specified time aﬁd frequency band and
calculates a measure of reliability of the statistical fit (F value). Azimuth estimates having F
values less than 10 were removed from the vdata set. Fracture strikes were estimated from
histograms of remaining azimuths.

In this study, three wells—;the Enron S. Hogsback No. 13-8A, Wexpro Church Buttes No. 48,
and Holditch SFE No. 4-24—were tested using this method. Rose diagrams of signal directions
for three GRI research wells are shown in figure 73.

Induced-fracture strike in the three Frontier Formation wells is generally east to northeast
(fig. 73). A fracture striking 079° and dipping 078° to the northwest was detected in the Enron
S. Hogsback No. 13-8A. In the Wexpro Church Buttes No. 48 cooperative well, results indicate
fracture growth with generally east (090°) to east-northeast (070°) strike, east strikes occurring
in the lower part of the fractured interval and northeast strikes detected in the upper part. In
Holditch SFE No. 4-24, induced seismicity indicates a fracture striking northeast (030° to 035°).

Evidence of possible diffuse microseismicity that may result from a wide hydraulic fracture
zone or multiple fracture directions is visible in signal data from the Enron S. Hogsback No. 13-
8A well (Laubach and others, in press, their figure 9). Such features may be a manifestation of
natural fractures influencing hydraulic fracture growth. Alternatively, in the Enron well the
signals that fall off the plane of the east-striking fracture may be spurious, possibly the result of
detection of S-waves or other processes. Multiple directions of fracture growth possibly related
to natural fractures have been inferred from tiltmeter data from tests of a well in the northern

Green River Basin (Power and others, 1976).
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- Figure 73. Direction of hydraulic fracture growth from circumferential microseismic monitoring
(from Teledyne Geotech, unpublished data, 1992). Rose diagram of orientation vectors of
seismic signals from (a) Enron S. Hogsback No. 13-8A and (b) Holditch SFE No. 4-24. '
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Interpretation of Stress Data

Inconsistent Stress Directions

Our results show that in the western Green River Basin, Sgymax orientations derived from
several techniques are scattered. In the wells we studied, stress indicators give inconsistent
orientations of the maximum horizontal compression direction. Wellbore breakouts, coring-
induced fractures, anelastic strain recovery, P-wave velocity anisotropy, and strength anisotropy
tests each show large dispersion or bimodal distributions of inferred maximum horizontal stress
directions both within and between wells. Wellbore breakouts and coring-induced fractures,
which are generally among the most reliable methods, are not clearly indicated, possibly
because of the drilling procedures used in these wells or because of low stress (relative to rock
strength) conditions near the wellbore. Core-based methods such as velocity analysis and point-
load tests are challenging to interpret in terms of stress directions because the origin of
fractures creating anisotropy cannot be unequivocally specified using available petrographic
information.

Both north- and east-trending Symax directions can be supported using test results. Although
breakouts have a wide range of orientations and are poorly developed in the Holditch
SFE No. 4-24 well, the most reliable breakout directions show north-trending Symax. On the
other hand, east-trending Symax is indicated by breakouts in the depth range where a hydraulic
fracture was created; microseismic monitoring of this fracture shows that it has a generally east
strike, consistent with breakout results at that depth. Distinct breakouts in the Terra Resources
Anderson Canyon No. 3-17 well indicate northeast Symax direction, as do the most reliable ASR
results from Holditch SFE No. 4-24 core. ASR results from both Wexpro wells show bimodal
patterns. Remotely monitored microseismicity from hydraulic fractures give a generally eastward

azimuth of hydraulic fracture growth in three wells, but in the Enron S. Hogsback No. 13-8A
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well, where breakouts suggest north-trending Symax, @ north-trending feature could also be
fitted to the signal pattern. |
The bimodal pattérns of breakouts, core strain, acoustic velocity, and axial point-load
strength are difficult to reconcile with simple, uniform regional stress patterns. We hypothesize
that results of these tests are scattered partly because sedimentary and structural anisotropy
‘have in.terfered with detection of stress-related anisotropy. Interpretation of the results of
acoustic velocity and point-load methods depends on an evaluation of the origin of
microfractures creating anisotropy or accomplishing core strain. If arrays of microfractures
existed in the subsurface befbre coring, then the assumption that microfractures developed at
right ahgles to in situ Symax and conventional interpretations of test results may be misleading.
For example, natural microfracﬁi:e anisotropy may be unrelated to current stress directions, or
in the subsurface, microfractures may parallel Symax. According to the latter interpretation,
acoustic anisotropy and point-load-fracture directions .in Holditch SFE‘ No. 4-24 core would be
consistent with east-trending (090° to 110°) maximum horizontal stress. This explanation is not
~as likely to account for bimodal breakout and ASR results because these methods measu}re‘ a

direct response of rock to subsurface conditions.

Low Horizontal Stress Anisotropy

Dispersed Sumax directions could reflect a low contrast in the magnitude of horizontal
stresses. Where nearly isotropic horizontal stresses exist, methods designed to detect stress
directions are more likely to record physical heterogeneities or anisotropies that are unrelated
to in situ stress. Evidence of low contrasts in horizontal stresses i>nclude low velocity anisotropy
(~4 percent for some Frontier sandstones) and low valuesv'of core strain. Stress test and
hydraulic fracture treatment data should be evaluated to help test this hypothesis.

Where horizontal stress contrast is low, natural fractures might control or influence the
growth direction of hydraulic fractures, making inferences of stress directions from microseismic

monitoring results problematic. Studies where hydraulic fractures have been mined out show
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that natural fractures can modify the strike of hydraulicall)-r induced fractures (Diamond and
Oyler, 1987); especially where horizontal stress contrast is low and natural fractures are planes
of weakness (for example, if fractures are open). Open fractures occur in Frontier Formation
cores, and in Frontier Formation outcrops near these research wells that may have fracture
patterns similar to those that exist in the subsurface, large natural fractures exist. In outcrop,
fracture sets having north, east, and northeast strikes are common (Laubach, in press). These
are the same directions that are detected using acoustic velocity and strength anisotropy tests
of Frontier Formation cores. In the subsurface, such fractures might modify the growth
direction of treatment fractures, or become microseismically active (and detectable) following
treatments. Even if treatment fractures grew primarily parallel to in situ stress directions, this
might account for bimodal northerly and easterly seismic signals detected in some wells.

In addition to data measurement uncertainties (such as improperly oriented core or faulty
strain gauges), several geologic factors may in principle contribute to contravdictory, or at lveast
variable, stress directions and low horizontal stress contrast. For example, it is possible that in
shallow wells near the west side of the Green River Basin, stress-direction measurements are
influenced by loads caused by large topographic features such as the mountains of the thrust
belt (which presumably would increase east-west compression). It is also plausible that active
deformation related to normal fault movement may locally ,modifybstress directions. For
example, the hanging-wall block of the Teton normal fault, north of the northern Gfeen River
Basin, shows patterns of aseismic creep deformation that are opposite (apparent reverse
motion) to the pattern ovauaternary east-west (presumably seismic) extensional slip on the
fault (Sylvester and others, 1990). Although evidence of tectonic activity is lower in bthe ‘Green
River Basin than near the Teton Fault, seismicity and young north-striking normal fault scarps
do occur along the margins of the Green River Basin (Case, 1986). Finally, the position of the
basin relative to stress provinces caused by plate-scale motion may govern the observed stvress

pattern, as discussed later.
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Stress Provinces

The Green River Ba,sbin is in the east-west Cordilleran extensional stress province on Zoback
and Zoback’s (1989) mép of principal stress orientations and stress proVinces in the United
States (fig. 74). In this province, Sgmax is predicted to trend north-northwest to north-northeast
as a result of northeast- to east-soufheast-directed extensional deformation. The attributes that
suggest ’that the Green River Basifl belongs in this p;ovin’ce includé a few north-trendving SHmiax
determinations (Zoback and Zoback, 1980, and references therein), north-striking young
(Quaternary to Recent) normal fault scarps along the West margin of the basin, sparse
earthqu,akéfocal mechanisms indicating normal faulting (Case; 1986), and the high regional
elevation and high heat flow of part of this area. Our measurements that show north-trending
SHmax agree with Zoback and Zoback’s placement (1980) of the Green River Basin in the
Cordilleran stress province (fig. 74), but our east Symax directions are more consisfent with stress
azimuths typical of the midcontinent compressional stress province, which is east of the Green
River Basin. In the midcontinent province, east-northeast to east maximum horizontal stress
azimuths are common.

The position of thev Green River Basin near the boundary between the Cordilleran
extensi‘o'nal province and the midcontinent cdmpressional stress province may be responsible
for the scattered and opposed stress directions we recorded. Bouhdaries between stress
provinces may be broad and transitional and characterized by variations in tectonic stress
orientation. For example, according to Zoback and Zoback (1989), the boundary betwéen the
San Andreas and Cordilleran extensional stress province is about 180 mi (300 km) wide. Along
the east boundary of the Cordilleran extensional province, Zoback and Zoback (1989)
recogriized small, local anomalies of east-west Symax 6rientatioh in the area north of
Yellowstone. This suggests that the east margin of the Cordilleran stress province may have
transitional or inconsistent stress directions. Although the nature of stress province boundarieé
is uncertain, areas of nearly equal horizontal stress may also exist in the transition zone where

dominantly northeast-trending compression gives way to east-directed extension. Our results in
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Figure 74. Generalized stress map of the western United States (from Zoback and Zoback, 1989).
Inward-pointing arrows show direction of maximum horizontal stress (Sgmax). Only those stress
provinces adjacent to the study area are labeled: Mid-plate compression, Cordilleran extension;
CP = Colorado Plateau. The locations of Wyoming and the study area are indicated.
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the Green River Basin are consistent with variable stress directions along this boundary and low

contrasts in the magnitudes of horizontal stress.

Summary of Stress-Direction Results

Tests in five Frontier Formatio.n wells give highly scattered estimates of maximum
compression direction in the Moxa Arch area of the Green River Basin, with estimates for Symax
ranging from north to east or northeast. The most reliable wellbore breakout data are consistent
withnorth-trending maximum horizontal stress. We speculate that diépersed results partly
reflect the influence‘ of natural macro- and microfractures on stress estimates derived from
acoustic velocity, strength anisotropy, and (possibly) core strain recovery expeti‘ments, and on
the growth direction of hydraulic fractures. These effects are likely exacerbated by low
horizontal stress anisotropy; scattered test results possibly are a manifestation of nearlyrequal
horizontal stresses. We hypothesize that ‘spatially variable stress directions (or perhaps low
contrasts in horizontal stresses) exist near the margin of the Cordilleran extensional province

and the midcontinent compressional province, where the Green River Basin is located.

CONCLUSIONS

The main goal of the geologic studies of the Tight Gas Sands program in the Green River
Basin, Wyoming, was‘to document the geologic framework of the Frontier Formation. Insights
gained from this multifaceted study increased the understanding of geologic controls on the
distribution and behavior of the Frontier tight gas reservoir. Within the Tight Gas Sands
program, the geologic information supported the testin‘g and application of new technologies
for resource exploitation. Stratigraphic, diagevnetic, and structural studies formed the three main
areas of geolqgic investigation that were needed to characterize this tight gas sandstone.

Gas producers directly benefit from this research because the collection and assimiiation of

geologic information can lead to improved gas recovery and lowered completion costs through
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better field-development and well-completion programs in the Frontier Formation and similar
tight gas sandstones. The results of petrographic examination of two potential pay intervals in a
Frontier well provide an example of the benefit of geologic characterization to an operator.
Log-calculated permeability determined by the Geochemical Logging Tool” (GLT) matched core-
measured permeability in one interval but not in the other. By looking at thin sections of the
two potential pay zones, we determined that one of the intervals had abundant microporosity
but little intergranular primary porosity. Log-derived perméability for this interval was too high
because log-derived porosity induded abundant microporosity as effective porosity. The other
interval had more primary porosity and less microporosity, so the log-derived permeability was
correct. On the basis of the petrographic information, the operator was able to recognize pay
zones using the GLT log in combination with a resistivity log.

Mapping and core description studies indicate that the main depositional and stratigraphic
controls on distribution and quality of Frontier reservoirs are sandstone continuity and detrital
clay content. Frontier production trends reflect sandstone distribution and continuity. The
Second Frontier was: deposited in a fluvial-deltaic system having prominent delta-flank
strandplains. Marine shoreface and fluvial channel-fill sandstones are the reservoir facies. On
the La Barge Platform, the widespread productivity of the Second Bench can be attributed
partly to the remarkable continuity of this marine shoreface sandstone. The First Bench
contains numerous discontinuous fluvial channel-fill sandstones, and only those wells
penetrating these channels typically have First Bench production. However, First Bench
channel-fill sandstones are the primary reservoir facies in the Second Frontier along the south
~ part of the Moxa Arch (Moslow and Tillman, 1986, 1989) where Second Bench upper shoreface
sandstone is commonly absent owing to erosional truncation. Fluvial channel-fill sandstones
form southeast-trending belts, which are a few miles wide, several tens of feet fhick, and
separated by interchannel shale and sandy shale. Within the channel belts, clean sandstone

occurs as discontinuous lenses as much as 20 ft (6 m) thick that are interlayered and laterally

* The use of firm and brand names in this report is for identification purposes only and does not
constitute endorsement by the Bureau of Economic Geology.
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gradational with mud-clast-rich shaly sandstone. The marine shoreface facies forms a continuous
northeast-thinning sheet of sandstone, 40 to 120 ft (12 to 37 m) thick. Clean sandstone is best
devel‘oped near the top of the shoreface facies in northeast-oriented trends 5 to 40 ft (1.5 to
12 m)‘ thick. The Fourth and Fifth Benches of the Second Frontier and the Third and qurth
Frontier, which were deposited in mud-dominated coastal plain and marine shoreline systems,
contain isola‘ted sandstones that are locally productive. |

Detrital clay content exerts a strong influence on the porosity and permeabiiity of
Frontier sandstone before diagenetic modification, and detrital ciay content is controlled by
depoﬁitional benvironment. Most Frontier sandstones along the Moxa Arch were deposited in
one of three depositional environments: lower shoreface, upper shoreface, and fluvial
channel. Frontier lower shoreface sandstone is characterized by abundant‘pore-ﬁlling detrital

clay matrix, which was mixed into the sand by burrowing organisms on the sea floor. In Frontier

lower shoreface sandstone, permeabilities are generally low, although porosities may be similar

lto those in the other sandstone facies. Frontier uppér shoreface sandstone was free of clay at

the time of deposition because in the shallow-water upper shoreface environment strong
currents winnow fine-grained sediment and inhibit burrowing organisms. On the La Barge
~ Platform, the most prolific Frontier reservoirs lie in Second Bench upper shoreféce sandstone.
Frontier fluvial channel-fill sandstone contains abundant sand- and gravel-sized mud rip-up
“clasts, which deform vinto pores and pore throats during compactibn. The channel-fill facies
typically consist of mud-clast-rich sandstone interlayered, ‘and laterally gradational, with
sandstone that is relatively free of mud clasts. Thus, clean sandstone typically occurs as
discontiﬁuous lenses within the channel-fill facies. Upper shoreface clean sandstone, on'tvhe
other hand, Consistently occurs at the top of the progradational shoreface sequence and
therefore is a more predictable target.

The major causes of porosity loss in Frontier sandstones during burial diagenesis were

mechanical and chemical compaction and cementation by calcite, quartz, and authigenic clays. ‘

Quartz cement is most abundant in deeply buried fluvial channel-fill sandstones at the south
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- end of the Moxa Arch and in the Green River Basin. Calcite cement is most abundant in

Frontier sandstones deposited in lower shoreface environrﬁents. Both upper and lower
shoreface sandstones from the Hogsback area at the north end of the Moxa Arch contain
significantly more calcite cement than do shoreface sandstones in either the Fontenelle or
Church Buttes areas.

Despite extensive diagenetic modification, reservoir quality in the Frontier Formation-is
best in facies that had the highest porosity and permeability at the time of deposition. Original
intergranular porosity has been substantially reduced in these clean sandstones by compaction
and precipitation of authigenic cements, but they still retain higher porosity and permeability
than do sandstones that have abundant detrital clay matrix. Thus, exploration for Frontier
reservoirs should focus on locating clean sandstones deposited in high-energy depositional
environments. The reservoir intervals in the wells in this study are mainly in clean, upper
shoreface and fluvial channel-fill sandstones.

Nevertheless, reservoir quality in clean sandstones is variable because diagenetic
modification is highly variable. Whereas some upper shoreface sandstones have low porosity
and permeability because of abundant calcite cement, other sandstones from the same
depositional environment contain little calcite and may have relatively high porosity and
permeability. Similarly, upper shoreface sandstones having abundant rock fragments have lost
more intergranular porosity by mechanical compaction than have quartz-rich uppér'shoreface
sandstones. Some fluvial channel-fill sandstones are extensively cemented by quartz, and
others are not. Fibrous illite and MLIS can drastically reduce reservoir permeability in any
facies.

The general distribution of quartz cement is predictable because a strong correlation exists
between volume of quartz cement and depth. Thus, fluvi}al channel-fill sandstones at the
deeper, south end of the Moxa Arch can be expected to contain a greater volume of quartz
cement than can fluvial channel-fill sandstones from the north end. Unfortunately,

occurrences of calcite and fibrous illite cannot be predicted on the basis of current knowledge,
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and these two cements exert a powerful control on porosity and permeability in Frontier
reservoirs. Although the presence of pervasive calcite cement or fibrous illite and MLIS in a

particular sandstone bed cannot be predicted, patterns in the distribution of these cements

provide general guidelines of where they are most likely to occur. Fibrous illite and MLIS are .

most abundant in upper shbreface samples from Fontenelle field. Calcite cement is most
plentiful in the Hogsback area on the northwest part of the La Barge Platforrh. Calcite cement
commonly is most abundant at the top of clean, well-sorted sandstones, directly below the
contact with an overlying muddy sandstone. Once a well has beeﬁ drilled, zones of intense
calcite cementation can be recognized on logs, for'exémple by high resistivity resporise.
Intervals of intense calcite cementation should n&t be counted as part of the pay in a Well.
Fractures. are sparse in Frohtier Formation core, but this does not necessarily mean that
natural fractures are an unimportant reservoir element in these rocks. Open fractures exist ih
core, and production and fracture treatment results suggest that natural fractures locally play
significant roles. Frécture networks in outcrops thaf likely resemble fractures existing at depth
have attributes such as wide'spacingvand great lateral extent that would tend to make them
both effective fluid conduits and difficﬁlt to intersect and detect by fneans of ve;tical wells.
Outcrop studies show that fractures are in networks where fracture connectfvity is locally
highly variable and anisotropic. For example, the direction of fracture strike can shift by 90°
among adjacent beds. Moreover, fractures commonly are in discrefe, irregularly spaced ’swarms
separated laterally by domains that have few fractures, rather than ih regularly spaced,
orthogonal fracture svets. Average strikes of fracture sets can be predicted from regional tectohic
extension directions, so an optimum direction for drilling in flat-lying rocks can be determined.
More challenging to predict is fracturbe orientation in a specific bed, fracture density, and the
probability of encountering a dense cluster of fractures with hydraulic fractures orv horizéntal
wells. For predicting open natural fractures, the direction of maximum horizontal sfress also

needs to be taken into account.
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Natural fracture swarms in the Frontier Formation are potential high permeability “sweet
spots” that can be included in reservoir models and targeted in exploratibn. In outcrop, swarms
are separated laterally by domains commonly fens or hundreds of meters wide where fractures
are markedly less common or not in contact with other fractures. Fluid communication between
adjacent swarms, both laterally and vertically, is likely to be poor to nonexistent, resulting in
elliptical islands (in plan view) where fracture permeability is high. This view of fracture
patterns is in sharp contrast to conventional views in which regional fractures are in regularly
spaced, orthoéonal arrays. The implication for hydraulic fracturing and horizontal drilling is that
good fracture targets can still be missed, even if hydraulic fractures or horizontal wells are
| correctly oriented in a direction that crosses fracture strike. Methods are needed for detecting
fracture swarms and improving predictions of> swarm spacing, length, and connectivity. |

Reservoir heterogeneities resulting from fractures may be as pronounced\ as those
produced by stratigraphic varivations. The drastic differences in fracture-network connectivity
and fracture density in otherwise similar upper shoreface sandstones is one type of evidence
for this hetetogeneity. Another is evidence for clustered fracture patterns that are similar over
a range of observation scales (fractal dimension D ~1.2), showing that fractal concepts are a
valid approach to describing fracture distributions in these sandstones. The discontinuous,
fractal nature of fracture networks, such as those in Frontier Formafion sandstones, should be
incorporated in exploration plans and models that simulate flow in these reservoirs. Using
production results to diagnose the presence of natural fractures that could ultimately play a
significant role in production over the life of a well may not be straightforward. The well tests
and production characteristics of variably interconnected fracture networks, over the short
term, might mimic the behavior of a reservoir having only matrix permeability, yet the impact
of fractures on drainage patterns and stress sensitivity over longer production times.could be
significant.

Stress-direction indicators suggest north-trending Symax but give inconsistent orientations

of Sumax in the Frontier wells we studied. Borehole breakouts, coring-induced fractures,
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“anelastic strain recovery,‘ P-wave velocity anisotropy, and _strength anisotropy tests each show
large dispersion in inferred makimum horizontal stress direction. Wellboré breakbuts and coring-
induced fractures, which are generally among the most reliable methods, are poorly expressed.
‘We interpret wellboré breakout data to show north-trending maximum horizontal stress. The
scatter of stress directions from these methods we used may indicate that a low contrast in the
magnitudes of horizontal stresses exists in the Frontier Formation on the Moxa Arch. This is
éompatible with the position of the western Green Rivér Basin near a stress. province
boundary, and with evidence from remote monitoring of hydraulic fracture growth that created
fractures propagated to the east-northeast rather than to the north, parallel to inferred
maximum horizontal stress (Laubach and others, in press). If this is the case, tensile strength

anisotropy, in the form of natural fractures, is likely the main control on hydraulic fracture

growth directions in these wells.
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