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To summarize geologic, engineering, and production information for 24
low-permeability, gas-bearing sandstone reservoirs in 13 basins in the
United States. The formations in the atlas were selected because they
contain abundant natural gas resources or because significant
information is known about them that could be applicable to other,
similar formations.

The atlas is intended to update an earlier summary of low-
permeability sandstones by Finley (1984), entitled “Geology and
Engineering Characteristics of Selected Low-Permeability Gas
Sandstones: A National Survey.” Considerably more geologic and
engineering information now exists for the formations in the Finley
report and for other low-permeability formations that have become
important gas producers since 1984, and this atlas attempts to
summarize the publicly available literature. Much of the new
information was developed as part of the Gas Research Institute (GRI)
Tight Gas Sands Project. The goals of this project were improving the
recovery efficiency and reducing the cost of producing gas from low-
permeability formations through integration of geology, formation
evaluation, reservoir engineering, and fracture modeling.

This report reviews 24 formations that, either because of the large
volumes of natural gas reserves contained within them, or because of
the data available for their characterization, are the most important
tight gas sandstones in the United States. Assessment of these
sandstone reservoirs indicates that geological controls play a critical
role in gas producibility and that these reservoirs share a number of
key geological attributes. Most of the tight gas reservoirs in this atlas
are not immature, muddy sandstones with large volumes of
diagenetically reactive detrital clay matrix, but rather are clean
sandstones deposited in high energy depositional settings whose
intergranular pores have been largely occluded by authigenic cements
(mainly quartz and calcite).

Reservoir genesis in tight gas reservoirs, just as in conventional oil and
gas fields, clearly influences gas accumulation and recovery. The major
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tight gas sandstone reservoirs surveyed herein were deposited most
commonly in barrier/strandplain (10) and deltaic (8) depositional
systems. Fluvial (2), shelf (2), slope and basin (2), and fan-delta
(1) depositional systems make up the remainder. Depositional systems
govern the physical processes under which sediment is deposited and
thus influence sediment sorting, packing, and separation of fines, and
these parameters determine the original porosity and permeability.
However, production characteristics of low-permeability gas reservoirs
are in large part controlled by the diagenesis that the sediment has
undergone after deposition.

Sediment composition, depth of burial, and age of the reservoir are
important parameters in diagenetic alteration. Quartz is the most
abundant cement in low-permeability sandstones; it occludes
intergranular pores and thus has a strong effect on reducing
permeability. Quartz cement volume in most formations increases with
increasing burial depth. Calcite cement can also fill intergranular
pores, but its distribution is not as uniform as quartz. Therefore,
although calcite cement may destroy porosity and permeability in some
beds or layers, its effect on permeability of a formation is not as
widespread as that of quartz cement. Clay minerals occur in most low-
permeability sandstones, and they lower permeability the most where
they occur in intergranular pores. Because of their high surface-to-
volume ratio, clays increase water saturation, which decreases relative
permeability to gas.

Our survey shows that natural fractures are widespread features of
tight gas sandstones. Because they are commonly vertical extension
fractures that are easily missed by vertical core, detailed information
on natural fracture attributes is rarely available. Fractures can enhance
production, and in some formations they need to be taken into account in
drilling, completion, and stimulation design.

The .low-permeability formations covered in this volume have
produced 22.3 Tcf of gas through 1988, and this figure does not include
production from the “Clinton”-Medina and Berea Sandstones in the
Appalachian Basin or the Davis Sandstone in the Fort Worth Basin.
Estimated ultimate recovery from existing wells in the 21 formations
for which production data are available is 47.1 Tcf.

The information compiled in this atlas comes from publicly available
sources: GRI Tight Gas Sands project reports, applications by producers
to state regulatory agencies for tight formation designation, and
published literature. The atlas includes data on cumulative production,
number of tight completions, average recovery per completion, and
estimates of ultimate recovery for all except three formations. The
production data come from the report “Tight gas field, reservoir, and
completion analysis of the United States,” which was prepared by
Energy and Environmental Analysis, Inc. for the Gas Research Institute
(Hugman and others, 1992).
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Implications

This atlas is organized on the basis of the 13 basins in which the
selected tight gas formations occur. Data are presented in geographic
order from the Appalachian region through the southern and
southwestern states to the Rocky Mountain region. An introduction to
each basin summarizes the age and location of the basin, its structural
history and major tectonic features, the age and stratigraphic relations
of all formations in the basin that have been designated tight,
including formations not covered in detail in the atlas, and information
on stress orientation. The basin introduction is followed by chapters on
the major tight gas sandstones within that basin. Each formation
summary is divided into the following sections: (1) introductory
information on thickness and depth of the formation, data
availability, and previous studies, (2) depositional systems and
reservoir facies, (3) composition and diagenesis of reservoir facies,
(4) natural fractures, (5) engineering characteristics, and (6) production
history.

The importance of detailed resource characterizations in tight gas
sandstone formations has been realized for many years by GRI. Through
GRI-funded research, the understanding of the geologic processes
affecting the source, distribution, and recovery of gas from these
reservoirs has been greatly enhanced. This report serves as a reference
that will aid tight gas sand development in the United States.

John T. Hansen
Project Manager, Natural Gas Supply
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INTRODUCTION

This atlas summarizes geologic, engineering, and production information for 24 low-
permeability, natural-gas-bearing sandstone reservoirs in 13 basins in the United States (fig. 1,
table 1). The Federal Energy Regulatory Commission (FERC) has designated all but one of the
units, the Davis sandstone in the Fort Worth Basin, to be tight formations in specified areas
under the definition of section 107 of the Natural Gas Policy Act (NGPA) of 1978. The 24 low-
permeability formations in the atlas were selected either because they contain abundant
natural gas reserves and resources (table 2) or because the geologic and engineering data
available for their characterization could be applicable to other, similar gas-bearing
formations.

This atlas is intended to update an earlier summary of low-permeability sandstones by
Finley (1984), entitled “Geology and Engineering Characteristics of Selected Low-Permeability
Gas Sandstones: A National Survey.” Considerably more geologic and engineering information
now exists for the formations presented in the Finley (1984) report, and this atlas attempts to
incorporate the latest publicly available literature on these and other gas-bearing formations
in the United States.

Much of the new information was developed as part of the Gas Research Institute (GRI)
Tight Gas Sands Project. The goals of this project were improving the recovery efficiency and
reducing the cost of producing gas from low-perzmeability formations through integration of
geologic analysis, formation evaluation, reservoir engineering, and fracture modeling (CER
Corporation and S. A. Holditch & Associates, 1988). The main sources ‘of‘ data for the Tight Gas
Sands project were cooperative wells in the Berea, Canyon, Cleveland, Cotton Valley, Davis,
Frontier, and Travis Peak sandstones and Staged Field Experiment (SFE) wells in the Cotton

Valley, Frontier, and Travis Peak Formations. Cooperative wells are gas wells in which
operating companies allowed GRI contractors to collect data necessary for formation

characterization and hydraulic-fracture evaluation. SFE wells are wells drilled and



Basin containing low-
permeability sandstones

included in this report

QAad26¢c

Figure 1. Location map of basins containing low-permeability sandstones. Basins containing
sandstones summarized in this atlas are numbered, and the numbers are keyed to table 1. Other
basins that contain low-permeability sandstones mentioned in this report are the Black
Warrior (BW), Arkoma (AR), Uinta (UN), and Big Horn (BH) Basins. Modified from E. W.
Collins, written communication (1990).



Table 1. Low-permeability sandstones and basins included in this atlas. Number following basin
indicates location in figure 1.

APPALACHIAN BASIN (1)
Berea Sandstone

“Clinton”-Medina Sandstone

EAST TEXAS AND NORTH
LOUISIANA BASINS (2)

Travis Peak (Hosston) Formation

Cotton Valley Sandstone

MAVERICK BASIN (3)
Olmos Formation

GULF COAST BASIN (4)
- Vicksburg Formation
Wilcox Formation

FORT WORTH BASIN (5)
Davis Sandstone

ANADARKO BASIN (6)
Cleveland Formation
Cherokee Group
Granite Wash Sandstone

PERMIAN BASIN (7)
Abo Formation
Morrow Formation

VAL VERDE BASIN (8)
Canyon Sandstone

SAN JUAN BASIN (9)
Pictured Cliffs Sandstone
Mesaverde Group
Dakota Sandstone

DENVER BASIN (10)
“J” Sandstone

PICEANCE BASIN (11)
Mesaverde Group
Mancos “B” Shale
Dakota Sandstone

"GREEN RIVER BASIN (12)

Mesaverde Group
Frontier Formation

WIND RIVER BASIN (13)
Frontier Formation



Table 2. Cumulative production and estimated ultimate recovery (from Hugman and others,

1992).
Cum. prod.
No. tight through 1988 Est. ult. recov.

Basin Formation completions (Bcf) (Bcf)
Anadarko Cleveland 770 383.3 721
Cherokee 507 566.3 1,041

Granite Wash 506 468.0 698

Denver ] Sandstone 1,449 500.1 1,019
East Texas Cotton Valley 2,870 2,665.5 4,999
and North Louisiana Travis Peak 860 508.3 1,269
Green River Mesaverde 517 528.3 1,350
Frontier 855 809.7 1,844

Maverick Olmos 973 298.6 408
Permian Abo 864 2227 344
Morrow 280 500.2 748

Piceance Mesaverde 253 57.0 141
Mancos “B” 409 185.6 354

Dakota 231 66.3 146

San Juan Pictured Cliffs 3,431 1,086.9 2,757
Chacra 598 123.8 272

Mesaverde 4,779 4,473.9 12,315

Dakota 4,728 2,921.1 7,322

Texas Gulf Coast Vicksburg 479 881.5 1,479
Wilcox Lobo 1,280 2,115.1 2,889

Wilcox Deltaic 583 562.2 1,469

Val Verde Canyon and Cisco 4,560 18213 3,145
Wind River Frontier 40 189.9 404
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completed by GRI specifically for research on low-permeability reservoirs (CER Corporation
| and S. A. Hélditch & Associates, 1988, 1989, 1990, 1991; CER Corporation, 1992b). Data
collection in SFE wells is extensive and typically includes (1) cutting core from reservoir
sandstones and adjacent shales, (2) an open-hole data acquisition program of Measurement
While Drilling (MWD) logging, wireline logging (multiple passes), and open-hole stress
testing, (3) fully instrumented hydraulic fracturing, and (4) extensive data collection during

pre- and post-fracture well testing.

Data Sources

The information compiled in this atlas comes from publicly available sources: GRI Tight

- Gas Sands project reports, applications by gas producers to state regulatory agencies for tight

formation designation, and published literature. GRI Tight Gas Sands projects were conducted
in many of the major low-permeability sandstone reservoirs in the United States, and extensive
data on the geologic and engineering characteristics of these formations are available in
contract reports submitted to GRI and in published papers.

Applications by gas producers for tight formation designation under section 107 of the
NGPA and associated rules of the Federal Energy Regulatory Commission (FERC) were also
important sources of geologic and engineering data. These applications include data on porosity,
permeability, water saturation, net pay thickness, production rates, and other key variables
used to characterize the producing interval of a tight formation. Consequently, applications in
the files of state regulatory agencies constitute the most complete data base on tight gas
sandstones in the United States.

Other major sources of data were guidebooks and oil- and gas-field summary volumes
published by local and regional geological societies, in which maps, cross sections, type logs,
and completion, production, and historical data are commonly included. The U.S. Geological

Survey has published extensively on western tight gas reservoirs (Krupa and Spencer, 1989).



Finally, the transactions volumes of the SPE/DOE/GRI Low Permeability Reservoirs Symposia

were important sources of engineering data on tight gas sandstones.
Production Data

This atlas includes production data for all formations exceﬁt the “Clinton”-Medina,
Berea, and Davis Sandstones (table 2). These data come from the report “Tight gas field,
reservoir, and completion analysis of the United States,” which was prepared by Energy and
Environmental Analysis, Inc. (EEA), for the Gas Research Institute (Hugman and others, 1992).
Table 2 summarizes cumulative production through 1988 from the formations covered in this
atlas and lists estimates of ultimate recovery (defined as cumulative production through 1988 +
proven reserves) that will occur from existing wells (Hugman and others, 1992). Engineering
data tables for each formation list other information from the EEA report, including the number
of completions within the area of the formation that has been designated tight and average
recovery per completion. Other information in the engineering data tables comes from recently
published literature, application files to state regulatory agencies, GRI project data, or, where
more recent information was not available, from the tables of Finley (1984, 1986).

The data from the report of Hugman and others (1992) may overestimate the current tight
gas production and estimates of ultimate recovery in some formations because of the methods
and data bases they used. For example, if a field contained one or more reservoirs within a
tight formation area, all reservoirs producing from that formation in that field were included
as tight production. In addition, if the designated tight area of a formation overlaps onto the
edge of a large field that is mostly outside of the designated area, the entire production from
the formation in that field was considered tight. Hugman and others (1992) recognized that the
effect of this method may be to locally overestimate the tight production, but they point out
that this may be offset by the fact that there are tight gas reservoirs in areas that have never

been officially designated tight by FERC.



Selection of Formations

Formations discussed in this atlas were selected because they are major producers of gas
from low-permeability (“tight”) sandstone reservoirs or because significant information is
available about them, or both. All formations listed by Hugman and others (1992) as having
estimated ultimate recovery of >500 Bcf (table 2) are included. The EEA report (Hugman and
others, 1992) did not cover the Appalachian Basin, but the two most prolific low-permeability
Appalachian reservoirs, the “Clinton”-Medina and the Berea, are included herein. Several
formations in this atlas were not in the Finley (1984) report: the Wilcox and Vicksburg
Formations of the Texas Gulf Coast, the Granite Wash in the Anadarko Basin, the Abo and
Morrow Formations in the Permian Basin, the Canyon Sandstone of the Val Verde Basin, and
the Dakota Sandstone in the Piceance Basin. These formations have been added either because
(1) drilling in them has been active since 1984, (2) more information about them is now publicly
available, or (3) their resource potential as reported by Hugman and others (1992) is
significant. Conversely, some formations that were in the Finley (1984) report are not included
in this volume. Some formations that Finley anticipated would be designated tight by FERC
have not been (Oriskany and Tuscarora Sandstones, Appalachian Basin; Carter Sandstone,
Black Warrior Basin; Cromwell Sandstone, Arkoma Basin; and Frontier Formation, Big Horn
Basin). Other formations were designated tight but have a low estimated ultimate recovery
(Hugman and others, 1992) and so were not included: Hartselle Sandstone, Black Warrior
Basin; Spiro Sandstone, Arkoma Basin; Sanostee Member of the Mancos Shale, San Juan Basin;
Sego and Castlegate Sandstones in the Mesaverde Group and Mancos Shale, Uinta Basin; and

Fox Hills Sandstone, Green River Basin.



Report Structure

This atlas is organized on the basis of the 13 basins in which the selected tight gas
formations occur. An introduction to each basin summarizes the age and location of the basin, its
structural history and major tectonic features, the age and stratigraphic relations of all
formations in the basin that have been designated tight, including formations not covered in
detail in the atlas, and information on stress orientation. The basin introduction is followed by
chapters on the major tight gas sandstones within that basin. Each formation summary is

divided into the following sections: (1) introductory information on thickness and depth of the

formation, data availability, and previous studies, (2) depositional systems and reservoir

facies, (3) composition and diagenesis of reservoir facies, (4) natural fractures, (5) engineering

characteristics, and (6) production history.

Geologic Controls on Tight Gas Sandstone Productivity

This report reviews 24 formations that, either because of the large volumes of natural gas
reserves contained within t'hem, or because of the data available for their characterization,
are the most important tight gas sandstones in the United States. Assessment of these sandstone
reservoirs indicates that geological controls play a critical role in gas producibility and that
these reservoirs share a number of key geological attributes. Perhaps a surprising result is that
many of the tight gas reservoirs in this atlas are not immature, muddy sandstones with large
volumes of diagenetically reactive detrital clay matrix, but rather are clean sandstones
deposited in high-energy depositional settings whose intergranular pores have been largely
occluded by authigenic cements (mainly quartz and calcite).

Just as in conventional oil and gas fields, reservoir genesis in tight gas sandstone

reservoirs clearly influences gas accumulation and recovery. The major tight gas sandstone
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reservoirs surveyed herein were deposited most commonly in barrier/strandplain (10) and
deltaic (8) depositional systems. Fluvial (2), shelf (2), slope and basin (2), and fan-delta
(1) depositional systems make up the remainder. A survey of the largest conventional clastic oil
reservoirs in Texas (Tyler and others, 1984) shows a comparable bias in hydrocarbon recovery
toward wave-modified deltaic and barrier/strandplain reservoirs that together account for
more than 60 percent of the estimated recoverable oil resource.

Depositional systems govern the physical processes under which sediment is deposited
and thus influence sediment sorting, packing, and separation of fines, and these parameters
determine the original porosity and permeability. However, production characteristics of low-
permeability gas reservoirs are in large part controlled by the diagenesis, or chemical and
physical changes, that the sediment has undergone after deposition. Sediment composition,
depth of burial, and age of the reservoir are important parameters in diagenetic alteration.

Further geological attributes critical to gas producibility of tight sandstones are natural
fractures and stress directions. In order to achieve FERC tight gas designation, formations must
produce gas at less than a specified rate prior to well stimulation; the exact production limits
vary with formation depth. Economic viability of such formations will depend on the success of
hydraulic-fracture treatments to stimulate greater flow rates. An understanding of the natural
fracture systems will benefit design of completion practices and guide drilling strategies.

The contributions of geology to evaluation and completion of tight gas sandstones are
emphasized in this report. Thus, three major geologic topics (1) stratigraphy and depositional
systems, (2) reservoir composition and diagenesis, and (3) natural fractures and stress directions,
are summarized for each formation. Information on each of these topics is necessary for
complete geologic characterization of any tight formation. Stratigraphic information provides
an understanding of the physical framework in which the gas resource exists. Depositional
history determines the regional distribution, geometry, and texture of the reservoir sandstones,
as well as the characteristics of the nonreservoir facies that may act as barriers to vertical

growth of hydraulic fractures as a result of high in situ stress. Production characteristics of



tight gas reservoirs are in part controlled by diagenetic modifications to the reservoirs;
extensive cementation is commonly the reason for low permeability. Finally, studies of natural
fractures and stress directions are important to the understanding of tight gas resources because
hydraulic fracture treatments are commonly carried out to achieve economic flow rates and
horizontal drilling is a promising method for developing low-permeability gas reservoirs.
Determination of present stress state in reservoir rocks and adjacent strata improves prediction
of hydraulic fracture propagation direction and effectiveness of fracture containment. In
addition to potentially providing conduits for fluid flow to the wellbore, the abundance and
orientation of natural fractures may affect the orientation and shape of hydraulic fractures and

influence fluid leakoff characteristics.

Stratigraphy and Depositional Systems

A depositional system is a group of lithogenetic facies linked by depositional
environment and associated processes (Fisher and McGowen, 1967). In other words, it is a group
of rock strata that were deposited in closely associated sedimentary environments.
Depositional systems are the stratigraphic equivalent of major physical geomorphic units such
as modern rivers or deltas (Galloway and Hobday, 1983). The depositional system can be
divided into its component genetic facies, which are three-dimensional rock bodies
characterized by specific sand-body geometries, lithologies, sedimentary structures, and initial
porosity and permeability. Detailed understanding at the facies level is a goal of
stratigraphic analysis because it is commonly at the facies scale that the basin’s fluid
migration pathways, including those of gases and connate waters, are established (Galloway
and Hobday, 1983). A particular facies will have similar characteristics no matter where it
has been deposited as long as energy conditions, processes, available sediment supply, and
accommodation space were relatively uniform. Thus, classifying tight gas sandstones by their

depositional systems and component facies establishes a framework for comparison among
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stratigraphic units of different ages in different sedimentary basins. Unlike details of a
stratigraphic sequence, which may vary between and within basins, characteristics of genetic
facies tend to remain constant within a range determined by conditions of deposition. This
classification helps provide a basis for determining the extent to which geologic and
engineering knowledge gained in the study of one formétion can be applied to the study of
another.

The nine principal clastic depositional systems reviewed by Fisher and Brown (1972) can
be classified into three major groups established by Selley (1978): continental, shoreline
(marginal marine), and marine environments (table 3, fig. 2). Each of the nine systems can be
divided into additional categories. For example, the fluvial system can be divided into several
subclasses: braided streams, fine-grained meanderbelts, coarse-grained meanderbelts, and
stabilized distributary channels. Each of these subclasses has distinctive sand-body geometry,
texture, and distribution of internal sedimentary structures. Similarly, deltas can be divided
into river-dominated types that have digitate to lobate geometries and into wave-dominated
types that have cuspate geometries. Table 4 classifies the formations in this atlas into major
clastic depositional systems. Many of the formations discussed in this atlas were deposited in
more than one depositional system, so the system of the most common low-permeability
reservoir facies is listed.

The thickness of a sandstone depends on sediment supply, water depth, and rate of basin
subsidence. Thick sandstones generally form by vertical stacking of the products of repetitive
depositional events, which introduces layering that can be detrimental to hydraulic-fracture
stimulation. The amount of sediment input, basin subsidence, and sea-level changes are the
three main factors that control the vertical sequence of deposits. Clean (low clay content)
sandstones, which generally make the best reservoirs, are deposited in environments where
physical processes cause segregation of the bed-load (sand and gravel) and suspended-load (silt
and clay) components of the sediment dispersal system. The high energy of the river channel or

marine shoreface (the narrow zone affected by wave action) efficiently segregates the coarse
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Table 3. Classification of clastic depositional systems by environment (after Fisher and Brown,
1972; Selley, 1978).

CONTINENTAL ENVIRONMENTS
Eolian systems (deposits transported by wind)
Lacustrine systems (deposited in lakes)
Fluvial systems (deposited by a stream or river)
Terrigenous fan systems (deposited by alluvial fans)

SHORELINE (MARGINAL MARINE) ENVIRONMENTS
Delta systems
Barrier-strandplain systems
Lagoon, bay, estuarine, and tidal-flat systems

MARINE ENVIRONMENTS

Shelf systems
Slope and basinal systems
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Figure 2. The range of typical sandstone depositional systems that typically host hydrocarbon
resources (from Galloway and others, 1983).
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Table 4. Tight gas sandstones classified by major depositional system.
Fluvial Systems ’
Travis Peak Formation—East Texas and North Louisiana Basins
Cherokee Group (Red Fork Formation)—Anadarko Basin
Abo Formation—Permian Basin
Morrow Formation—Permian Basin

Fan Delta Systems '
Granite Wash—Anadarko Basin

Deltaic Systems
“Clinton”-Medina Sandstone—Appalachian Basin
Vicksburg Formation—Texas Gulf Coast Basin
Wilcox Formation—Texas Gulf Coast Basin
Davis Sandstone—Val Verde Basin
Cleveland Formation—Anadarko Basin
Cherokee Group (Red Fork Formation)—Anadarko Basin
“J]” Sandstone—Denver Basin

Barrier-Strandplain (Shoreface) Systems
Cotton Valley Sandstone—East Texas and North Louisiana Basins
Morrow Formation—Permian Basin
Pictured Cliffs Sandstone—San Juan Basin
Mesaverde Group—San Juan Basin
Dakota Sandstone—San Juan Basin
Mesaverde Group—Piceance Basin
Dakota Sandstone—Piceance Basin
Mesaverde Group—Green River Basin
Frontier Formation—Green River Basin
Frontier Formation—Wind River Basin

Shelf Systems
Berea Sandstone—Appalachian Basin
Olmos Formation—Maverick Basin
‘Mancos “B” Shale—Piceance Basin

Slope and Basin Systems
Canyon Sandstone—Val Verde Basin
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and fine fractions. Processes at the distributary mouth bar of delta systems are also efficient
sediment sorters. The cleanest shales (with lowest sand and silt content), which are the best
barriers to hydraulic-fracture growth, form in quiet, low-energy environments, such as a lagoon
or deep marine basin. Transitional environments are common between the zones of highest and
lowest energy, in which muddy sandstones and sandy mudstones are deposited. Only in special
cases (during marine transgression, for example) are the clean sandstones that make the best
reservoirs bounded by thick shale deposits that make the best barriers to fracture growth. The
stress contrast between reservoir sandstones and the overlying and underlying beds is of critical
importance to hydraulic-fracture design, and rock mechanical properties of these beds can vary

as a result of subtle contrasts in rock composition and texture.

Reservoir Composition and Diagenesis

Original porosity and permeability of sandstones are determined by their depositional
environment, but diagenesis can significantly alter reservoir characteristics after deposition.
Most tight gas reservoir sandstones had moderate to high porosity and permeability at the
time of deposition, but compaction and precipitation of authigenic mineral cements from
aqueous pore fluids during burial has destroyed much of the original intergranular (primary)
porosity. Older and deeper sandstones typically have lower porosity than do younger or
shallower sandstones because they have undergone more extensive compaction and cementation
(Schmoker and Gautier, 1989). The importance of time for these porosity-reducing reactions to
occur is evident from the age of most of the tight gas sandstones in the United States, which are
Paleozoic (570 to 245 Ma) or Mesozoic (245 to 66 Ma). The only Tertiary (66 to 1.6 Ma) sandstones
in this atlas are the Wilcox and Vicksburg of the Texas Gulf Coast, which have been deeply
buried.

In addition to providing information on porosity and permeability distribution, study of

the mineral composition of tight gas reservoirs is necessary for calibrating the log response of
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the reservoir and adjacent nonreservoir rocks in the formation. Composition and volume of
detrital grains, clay matrix, and authigenic cements, as well as the type of pores, size of pore
throats, and distribution of clays are correlated to log response and petrophysical properties

such as permeability, porosity, pore-throat diameter, water saturation, and rock strength.
Petrographic Analysis

Information on the composition and diétribuﬁon of minerals and pores in tight gas
sandstones is derived primarily from thin-section point counts, X-ray diffraction analysis, and
scanning electron microscopy (SEM). Framework-grain composition of a sandstone is typically
expressed as the ratio of quartz:feldspar:rock fragments (QFR), which are the “essential
grains” that are used to classify a sandstone (Folk, 1974) (fig. 3). Quartz is the most abundant
detrital mineral in most sandstones. If other minerals, such as feldspars or metamorphic rock
fragments composed dominantly of mica are unusually abundant, log analysts will need to take
this into account by using a different grain density. An abundance of feldspar grains, many of
which are unstable and dissolve in the burial environment, may indicate that secondary
porosity is an important component of the porosity network. In some sandstones, such as the
Travis Peak, feldspar dissolution has been so extensive that the sandstone now has little
remaining feldspar and has changed during diagenesis from a subarkose to a quartzarenite
(fig. 3). Abundant rock fragments, particularly metamorphic and sedimentary rock fragments,
may indicate that the sandstone has undergone loss of porosity by ductile grain deformation.

Measurements of porosity made by thin-section points counts are generally less than
porosity determined by porosirheter. One reason for the difference is that the 30-um thickness
of a thin section causes the petrographer to overemphasize grain volume at the expense of pore
space (Jonas and McBride, 1977). Secondly, it is difficult to observe and quantify microporosity

in thin section, such as micropores between authigenic clay crystals and within clay matrix.
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Figure 3. Classification system for sandstones by Folk (1974).
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Petrographic analysis of framework mineralogy, porosity, clay content, and clay
distribution can be used to reveal compositional controls on rock strength. This information can
then be combined with well-log analysis to yield more accurate predictions of rock strength and
mechanical properties in treatment intervals and potential fracture barriers (Plumb and others,

1992).

Types of Low-Permeability Sandstones

Fluid flow, including gas flow, in a sandstone is most effective through well-connected,
intergranular pores. In most tight gas sandstones, the intergranular pore network has been
almost completely occluded by precipitation of authigenic cements. The result is that narrow,
slot-like apertures between pores provide the major connectivity for fluid flow, and these
narrow slots are closed easily by increasing pressure (effective stress) (Walls, 1982). Thus, to
accurately measure permeability in tight gas sandstones, it is necessary to perform core
analyses under net overburden pressure conditions (stressed permeability), not at ambient
surface pressure (unstressed permeability).

In many tight gas sandstones, the most abundant macropores (pores having pore-aperture
radii >0.5 pm) are secondary pores formed by dissolution of detrital grains, particularly
feldspars. Secondary pores provide pore volume for gas storage (Spencer, 1989), but they
generally are connected only by the remaining narrow, intergranular pores. Therefore,
permeability in tight gas sandstones containing mostly secondary pores is still controlled by the
highly occluded intergranular pore network. Micropores (pore-aperture radii <0.5 um) are
common in some tight gas sandstones, such as the Frontier Formation in the Green River Basin,
but microporosity contributes little to permeability. Formations with abundant microporosity
may be interpreted from logs as having high porosity, but they have low permeability.

Soeder and Chowdiah (1990) divided tight sandstones into the following three types on

the basis of pore geometry: (1) sandstones with open intergranular pores whose pore throats are
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plugged by authigenic clay minerals, (2) sandstones whose intergranular pores have been
largely occluded by authigenic cements (mainly quartz and calcite) and reduced to narrow slots
that connect large secondary pores formed by grain dissolution, and (3) muddy sandstones, in
which the intergranular volume is filled by detrital clay matrix and porosity is mainly
microporosity. Type 2 sandstones are the most common tight gas reservoirs according to Spencer
(1989) and Soeder and Chowdiah (1990), and most of the 24 sandstones in this atlas are Type 2.
Sandstones that are exclusively Type 1 are rare, but many of the formations discussed in this
atlas are Type 2 sandstones that also contain authigenic clays plugging pore throats. The
poorest reservoirs in many low-permeability formations are Type 3 sandstones, and they
probably do not contribute significantly to total gas production. The low-permeability,
downdip part of the Olmos Formation is an example of a Type 3 sandstone. Type 3 sandstones
are poor reservoirs because they have low porosity and permeability from the time of
deposition as a result of an abundance of detrital clay that was either deposited with the sand
or mixed in shortly after deposition by burrowing. Compaction further reduces porosity, so that
Type 3 sandstones typically have no visible macroporosity. Aithough log-measured porosity
may be as high as 10 percent, the porosity is all microporosity, and the sandstone has very low
permeability.

Diagenetic comp]exity‘ in Type 2 low-permeability sandstones varies considerably; the
Travis Peak provides an example of a relatively simple system. Travis Peak sandstones contain
many different authigenic minerals, but quartz is the most abundant porosity-occluding cement.
As the volume of quartz cement increases with increasing burial depth, the volume of
intergranular primary porosity decreases and permeability also decreases (Dutton and Diggs,
1992). Average porosity and permeability can be predicted by depth in this formation. The
Frontier Formation in the Green River Basin is a more complicated system. Quartz cement is the
main control on porosity in some areas along the Moxa Arch, but in other areas calcite cement is
dominant. As a result, no trend is observed in either porosity or permeability with burial depth

(Dutton and others, 1992).
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Clay Minerals

Authigenic clay minerals have an effect on the producibility of tight gas sandstones
beyond simply reducing porosity. Because of their high surface-to-volume ratio, clays increase
water saturation, which decreases relatively permeability to gas. Wilson (1982) determined
the relative influence on permeability of the main types of clay minerals in tight gas
sandstones. Kaolinite generally occurs in compact clusters or “books” inside secondary pores, so
it has the least effect on permeability. Chlorite flakes commonly line primary pores and thus
have a greater influence than kaolinite to decrease permeability. Illite and mixed-layer
illite-smectite occur as fibers that have high surface areas and thus have the greatest effect in
reducing permeability (Wilson, 1982). The presence of fibrous illite in a sample can cause
problems in obtaining accurate permeability measurements from core plugs. Conventional core
analysis of illite-bearing sandstones can indicate unrealistically high permeabilities caused
by the collapse of illite fibers during drying (Luffel and others, 1990).

Clay minerals in sandstones can also cause production problems because of sensitivity to
completion fluids. Iron-rich chlorite will react with acid and form iron hydroxides that reduce
permeability if the treatment liquids are not properly chelated (Almon and Davies, 1978).
Swelling clays such as smectite or mixed-layer illite-smectite with a high percentage of
smectite layers are sensitive to fresh water. However, few tight gas sandstones contain
smectite, and most authigenic mixed-layer illite-smectite in the formations covered in this
volume has a high percentage of illite layers and thus is not very sensitive to fresh water.
Probably a more significant problem is the reduction of permeability that results from increased
water saturation caused by drilling or stimulating a low-permeability formation (see section on

capillary pressure).
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Natural Fractures in Low-Permeability Sandstones

Most rocks near the Earth’s surface (depths less than 3 to 6 mi) act like brittle-elastic
materials in response to natural stresses. Consequently, under the influence of extension,
compression, flexure, uplift, cooling, and fluid migration, many rocks acquire networks of
fractures of various types and sizes. Fractures can be classified according to the relative
movement of the fracture walls. Fractures having movement perpendicular to the fracture plane
are extension or opening-mode fractures, whereas fractures having lateral displacement
parallel to the fracture plane are faults. The shape of fractures, their associated infilling
minerals, and characteristic fracture patterns and associations can be used to further classify
fractures, and define fracture style and architecture (Hancock, 1985). Another aspect of fracture
style is the range of fracture dimensions present in an array. Resérvoir rocks may contain both
extension fractures and faults that range from microfractures normally only visible under the

microscope to large fractures and faults thousands of feet in size.
Incidence of Natural Fractures in Tight Gas Sandstones

As described below, natural fractures are commonly observed in core from low-
permeability-sandstone reservoir rocks (table 5), despite the fact that many of these fractures
are near vertical and therefore have low probability of being intersected by vertical boreholes.
This implies that fractures are locally abundant in the subsurface, even in areas distant from
structural perturbations such as folds and faults. In many cases, these fractures are observed to
have been open or partly open in the subsurface, and locaily they are associated with abrupt
inflows of gas into the wellbore. Most documented fracture porosity values are low (a few
percent and generally less than 1 percent), and may be overestimated by commonly used logging

methods (Hensel, 1987). Recently fractures in several of low-permeability reservoirs have
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Table 5. Natural fractures in low-permeability sandstone reservoirs.

Published
Fractures Published account of Outcrop Published
observed core fracture anomalous fracture account of

in core description production description  horizontal well RE
“Clinton”-Medina Y a 1 N N 5
Berea Y a 1 N N 5
Cotton Valley Y acg 1 N N 5
Travis Peak Y bedefg 1h N N 5
Olmos — N —_ — N Y,5
Wilcox deltaic Y N —_ —_ N 2
Wilcox Lobo Y N —_ — N 2
Vicksburg —_ _ —_ — N 2
Cherokee/Red Fork —_ —_ —_ —_ N 2
Cleveland Y a — — N 2
Granite Wash —_ —_ —_ —_ N —_
Davis Y b,c,d N Y 5
Abo Y N3 —_ 1 N 2
Morrow — N — —_ N 2
Canyon Y 8,a,cd,g N N 5
Dakota Y 3 —_ N N 6
Cliff House/Point Lookout —_ 3 —_ N N 6
Pictured Cliffs Y ac Y,i Y,j N 6
Muddy (]) Y 23 —_ —_ N 5
Mancos “B” Y ac _ —_ Y 5
Mesaverde Y ac Y,i Y,j,7 Y 5
Upper Almond/Blair — - — - N 6
Frontier Y b,cdf,g 1h Y,j N 5

Key

— = Unknown b = Core study of subregional scale, numerous wells
Y = Yes ¢ = FMS or BHTV data are available
N = No d = Published microstructural study
1 = Limited study e = Established “mechanical stratigraphy”
2 = Limited information is available on topic f = Basin-scale fracture study
3 = Anecdotal evidence g8 = Specific published data on in situ stress directions
4 = Not definitive h = Published account of anomalous treatment response
5 = Probable i = Production study of natural fractures
6 = Unknown, suggested by structural setting j = Published account of outcrop analog of reservoir fractures
7 = Local RE = Regional
8 = Inpress LO = Local fracture permeability in folds and fault zones
a = Corestudy in one or a few wells CO = Reservoirs compartmentalized by small faults
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become targets for horizontal drilling, and in some cases increased gas production has been

linked to fractures observed in core or on logs from horizontal wells.
Implications of Natural Fractures for Efficient Gas Production

Knowledge of fracture occurrence, orientation, and pattern is important for engineering
evaluation and development of reservoirs having low matrix permeability (Aguilera, 1980;
Reiss, 1980; Van Golf-Racht, 1982) and for correct placement of deviated and horizontal wells
designed to cross fractures (for example, Nolen-Hoeksema and Howard, 1987; Finley and
others, 1990)'. Fracture patterns in reservoir rocks and their origins have been extensively
researched and reviewed (for example, Price, 1974; Friedman, 1975; Kranz, 1983; Hancock, 1985;
Nelson, 1985; Bles and Feuga, 1986; Engelder, 1985, 1987; Pollard and Segall, 1987; Hancock and
others, 1987; Pollard and Aydin, 1988; Laubach, 1988; Lorenz and others, 1991), but the full
extent of the impact of fractures on fluid flow or engineering operations in most low-
permeability-sandstone reservoirs has not been quantitatively assessed. In a review of low-
permeability-sandstone reservoirs, Spencer (1989) concluded that natural fractures likely play
a key role in production from parts of most, if not all, low-permeability-sandstone reservoirs.
This inference was based on the disparity observed in some reservoirs between permeability
measured on core samples and that implied by production histories.

In addition to locally providing pathways for fluid movement, recent engineering
analyses have also confirmed geological predictions that natural fractures can profoundly
affect the way induced hydraulic fractures grow. The growth of multiple fracture strands in
naturally fractured intervals has been postulated to account for pressure anomalies detected
during hydraulic fracture treatments. Opening of natural fractures could account for (1) wide
scatter in the location of microseismic signals detected following hydraulic-fracture treatments
monitored using in-well geophones and (2) evidence from some basins that hydraulic fractures

have grown parallel to natural-fracture rather than maximum-horizontal-stress direction
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(Laubach and others, 1992a). In several reservoirs described here, hydraulic fracturing
experience suggests that natural fractures need to be taken into account in hydraulic-fracture-

treatment design.
Anticipating Natural Fracture Attributes

Fractures can be classified by the processes that produced the fractures, and knowledge of
the processes that have affected a formation can aid prediction of overall fracture patterns and
abundance in a formation or area. The main processes that contribute to fracturing in reservoir
sandstones are folding, faulting, progressive subtle changes in basin shape resulting from
regional shortening or extension and stretching due to tectonic or burial loading, unloading,
cooling, and migration of fluids. All of these processes can act together or separately to produce
fractures, and as a result fractures having different origins can coexist in the same reservoir
interval. Nevertheless, relatively simple structural and tectonic models can be used to predict
important attributes of fracture systems (fig. 4).

Regional fractures commonly occur in subparallel sets, but sets generally show variable
spacing and pattérns may change gradually or abruptly on both regional and local (field,
interwell) scales. Such patterns can be documented and predicted in a general way, but accurate
predictions of fracture patterns on the reservoir scale is difficult. Reservoir fractures are
arranged in networks that reflect the history of burial and tectonic loads that caused fracture
propagation, and the evolving physical properties of the rock. Fracture-network
interconnectivity and patterns of mineral fill within fracture networks control the size and
shape of the rock volume contacted by a given borehole intersecting the network (Long and
Witherspoon, 1985; LaPointe, 1988). As described below, fractures having marked effects on
reservoir performance have been described from the Cotton Valley sandstone in the East Texas
and North Louisiana basins, the Mesaverde in the Piceance Basin, the Frontier Formation in

the Green River Basin, and the Davis Sandstone in the Fort Worth Basin.
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Figure 4. Predicted fracture strikes from tectonic model compared to measured fracture strikes.
Representative coal-fracture (face-cleat) strikes in Cretaceous and Tertiary coal beds and lines
drawn normal to generalized trace of the late Mesozoic-Cenozoic thrust belt. Arrows and
normals show shortening direction across thrust belt based on assumption that shortening is
normal to trace of thrust front. Lines are not meant to signify contemporaneous stress or failure
trajectories (Laubach and others, 1992b).
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Faults are common geologic features that are a type of reservoir heterogeneity occurring in
tight gas sandstones in a wide spectrum of sizes. Large faults can compartmentalize reservoirs
by juxtaposing reservoir and nonreservoir rocks, but small faults may also be barriers to fluid
flow as a result of grain breakage and porosity reduction (Knipe, 1992), even where faults
produce sandstone-on-sandstone contacts. Normal faults are common features of many Gulf Basin
reservoirs such as the Lobo Wilcox and Vicksburg. Reverse faults occur locally in some
sandstones adjacent to the Cordilleran thrust belt, such as the Frontier and Mesaverde, and
strike-slip faults are possibly features of some Abo reservoirs. Data on faults in a given
reservoir are commonly incomplete and affected by sampling bias. Short faults with small
throw are generally invisible on seismic lines, and data from infill wells, where available, is
seldom adequate to illuminate fault patterns in areas distant from these wells.

Natural fracture analysis is hindered by obstacles to fracture sampling. Fractures
commonly escape detection with logs or core. Even simple fracture network patterns are difficult
or impossible to document with conventional methods in vertical boreholes. Detailed
information on fracture density, connectivity, and orientation patterns currently can only be
obtained from outcrop studies of reservoir analogs (exposed reservoir-facies rocks having
similar structural histories to target horizons). Well test and other engineering tests have
provided little insight into natural fracture systems; commonly oversimplified representations
of fracture networks are used to interpret such tests, which may obscure the effects of natural
fractures on well tests and long-term reservoir behavior.

Prediction, detection, and characterization of natural fractures are key aspects of
reservoir assessment, but successful evaluations are challenging. The effect of fractures on
production depends on, among other factors, the relative permeability, porosity, and
intefconnectivity of the fracture network compared with the matrix rock. Fracture connectivity
or the distribution of fracture-occluding minerals in fracture systems has not yet been
successfully predicted on the prospect scale. The cumulative effect of long exposure to fracturing

processes associated with tectonism, burial, uplift, and migrating fluids should work to produce
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an interconnected, conductive fracture network in older rocks. However, diagenetic processes of
mineral precipitation tend to fill and close fractures. In the descriptions that follow, complex
patterns would be expected in Paleozoic sandstones near orogenic belts such as the Appalachian
orogen that have had protracted deformation histories, whereas Mesozoic and Tertiary units
distant from orogenic disturbances might be expected to have simpler patterns. The intense

faulting that characterizes the Tertiary Wilcox Lobo trend shows that such generalized models

are no substitute for direct measurement of fractures and formation-specific predictive models.
Stress Directions and Stress Contrasts

Information on stress directions and stress contrasts in low-permeability sandstone
reservoirs is important for designing engineering operations in these rocks. Hydraulic fracturing
is an important stimulation method for low-permeability reservoirs, and hydraulic fracture
growth directions and heights are key variables in hydraulic fracture treatment design in all of
the sandstones described in this report. Under typical reservoir conditions, the growth direction
of hydraulic fractures tends to parallel maximum horizontal stress (SHmax), so knowledge of
principal stress directions is necessary for effective placement and stimulation of wells. This
information is also important where open natural fractures contribute to production, because
open fractures may be preferentially aligned parallel to SHmax.

The contrast in the magnitude of the minimum principal stress between different beds is
one of the most important factors that governs the vertical growth of a hydraulic fracture. If
hydraulically created fractures grow significantly taller in the vertical direction than
specified in treatment design, then fracture width and length will be less than anticipated, and
strata above and below the treatment interval may be inadvertently intersected by treatment
fractures with potentially deleterious results for the success of the well.

It is beyond the scope of this report to review the state-of-the-art of methods for

measuring in situ stress, but each section of the report briefly summarizes information on stress
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directions and stress-magnitude contrasts for the various formations. In most cases, high-
quality data on stress directions and stress contrasts are not available in the literature at the
field scale, and the results we cite should only be regarded as context for evaluating data
obtained at specific wellsites. When judging the réliabi]ity of stress-direction information,
regional patterns are useful guides owing to increasingly well documented stress-direction maps
of the United States (Zoback and Zoback, 1989). Users of stress data need to carefully scrutinize
the results and methods used to obtain stress-direction and stress-contrast information, because
all methods are not equally reliable and all may give spurious results under certain
circumstances. Below we briefly summarize background material on stress directions and stress

contrasts to provide a context for formation-specific observations.

Stress Directions

Intraplate tectonic stresses such as those that affect virtually all low-permeability gas
reservoir rocks are the result of plate tectonic forces acting on the lithosphere. As a result,
regional maps of current stress directions are useful tools for predicting approximate maximum
horizontal stress directions on the local (field or interwell) scale. Analysis of tectonic history is
helpful for predicting paleoétress directions and the orientation of natural fractures. For most of
eastern North America, mid-ocean-ridge push forces are responsible for a large province of
generally north-northeast-trending maximum horizontal stress (Richardson, 1992), the mid-
plate compression province (Zoback and Zoback, 1989; fig. 5). This province extends east from
the Rockies to the vicinity of the Mid-Atlantic Ridge.

Worldwide, most intraplate stresses are compressional (Zoback, 1992), but a complex
extensional stress province exists in the western United States: the Cordilleran extensional
province (Zoback and Zoback, 1989; fig. 5). Such provinces commonly have elevated
topography and heat flow. The Cordilleran province also comprises several domains having

contrasting directions of maximum horizontal stress. This variability in stress orientation, and
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Figure 5. Stress province map showing major stress-province boundaries in the western United
States (modified from Zoback and Zoback, 1989). Inward-pointing arrows indicate SHmax
direction. CP = Colorado Plateau stress province; SGP = Southern Great Plains province. Inset

labeled “Study area” shows location of detailed map in figure 6. From Laubach and others
(1992a).
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the limited resolution of regional stress-direction maps that arises from sparse well data,
makes stress directions in some western basins challenging to predict. An example is the
conflicting evidence of stress directions that has been reported from the Frontier Formation in
the Green River Basin (Laubach and others, 1992a; fig. 6).

Stress directions in the formations described in this report have been determined by
several methods. These methods include (1) measurement of core-scale phenomena such as core
strain recovery (anelastic strain recovery, ASR), differential core contraction (differential
strain curve analysis, DSCA), acoustic P-wave velocity analysis (circumferential velocity
analysis, CVA), and rock strength anisotropy (measured with axial point-load tests, APT),
. (2) determination of the orientations of wellbore breakouts, coring- and drilling-induced
fractures, and hydraulic fractures created in stress tests, and (3) remote monitoring of hydraulic

fracture growth directions by circumferential detection of microseismicity (CMS).
Stress Contrasts

Knowledge of contrasts in minimum principal stress (commonly referred to as in situ stress)
between rock layers is vital to hydraulic-fracture-treatment design, because fracture growth is
governed by contrasts in fracture-closure stress, a measure of the tendency for beds to resist
fracture propagation. Knowledge of fracture-closure stress is useful for specifying the locations
of perforations and the type of treatment material to be pumped. Because vertical fracture
growth is strongly dependent on in situ stress contrast among layers, optimizing a hydraulic-
fracture treatment requires an accurate profile of stress above, within, and below the zone of
interest (Gas Research Institute, 1992). Figure 7 is an example stress profile from the lower
Travis Peak Formation of East Texas.

| In the absencé of a geophysical logging tool that can measure in situ stress, it is necessary
to find some log-measured property that correlates with stress and then calibrate logs using

stress tests. Using poroelastic principles and assumptions about boundary conditions (for
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example, horizontal strains are commonly and erroneously assumed to be zero), the value of in
situ stress can be estimated from density and acoustic logs and core data, but these calculations
do not account for tectonic stress components. To be accurate guides to hydrofracturing, these
estimates require calibration with stress measurements (for example, Whitehead and others,
1989). Some of the reasons for mismatches between uncalibrated calculated stresses and
measured stresses are discussed by McGarr (1988). \

Because it relies on calibration by stress tests, the method used to derive the stress
profiles presented here is essentially empirical and can be used independently of assumptions
about elastic and permanent strains associated with various loads in a formation’s history.
This approach is consistent with experience in calculating stress profiles, which shows that
core- and log-derived stress profiles locally require recalibration over relatively short
distances (field and basin scale).

The most accurate measure of minimum principal stress for a particular layer is obtained
from injecting fluid into a rock layer in stress tests that yield fracture-closure pressure. Several
methods have been used to measure fracture-closure pressure (for example, Veach and
Moschovidis, 1986; Whitehead and others, 1989). These include injection/flowback and
injection/falloff tests (monitored small-volume hydraulic fractures, called minifracs,
microfracs, and stress tests). For example, during stress tests carried out in the Travis Peak
Formation, total fluid volume injected into a zone was less than 500 gal in several different
pumping stages. Injection volume in most stages was less than 50 gal (Whitehead and others,
1989). Because of the small volumes that are typically pumped, injection/falloff tests are
generally the most accurate. Stress tests have been carried out in both open and cased holes.

GRI research projects have shown that cores and stress tests can be used to calibrate log
data so that an in situ profile can be obtained using acoustic data, density data, and estimates
of formation rock type if profiles are properly calibrated with stress tests. When developing a
log-based stréss profile, it is necessary to run gémma-ray, SP, resistivity, density, neutron, and

acoustic logs. The acoustic logs should be proce}ssed to obtain values of compressional velocity
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and shear velocity. The remainder of the logs should be processed to determine values of
porosity, water saturation, and rock type. In addition, wireline formation pressure tests can be
run to determine values of reservoir pressure in each layer of rock, if the pressure distribution is
not known beforehand.

In this report, we provide representative stress profiles where they are available.
Whitehead and others (1989; S. A. Holditch & Associates, 1991; Gas Research Institute, 1992)
review the methods and assumptions involved in producing these profiles. An assessment by

Holditch and Voneif (1992) shows the economic value of such profiles.

Engineering Characteristics of Tight Gas Sandstones

Tight gas sandstones are characterized by high capillary pressures, high irreducible
wetting-phase saturation, low porosity, and low permeability. Economic production of gas from
the rock matrix commonly requires that flow to the wellbore be aided by natural or induced
fracture systems, but the production rate is determined by the gas flow rate from the matrix into
the fracture system. Therefore, knowledge of fluid flow in the matrix is important for
predicting overall production behavior. Experimental studies of flow properties of low-
permeability sandstones include Jones and Owens (1980), Walls and others (1982), Soeder

(1986), and Arastoopour and others (1987).
Capillary Pressure

The flow of gas from the rock matrix into the wellbore or fracture system depends on the
detailed pore structure of the matrix and the distribution of water contained within the pore

spaces. Information about pore size can be obtained by measurements of capillary pressure.

Capillary-pressure data are used to evaluate the reservoir rock quality, fluid saturations in
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the reservoir, thickness of reservoir and nonreservoir quality rocks, and recovery efficiency. In
addition, capillary pressures can be related to absolute and relative permeability values.

Capillary pressure results from interactions of forces acting within and between liquids
and their bounding solids. These include both cohesive (iiquid-liquid) forces and adhesive
'(liquid-solid) forces. Where adhesive forces are greater than cohesive forces, the liquid is
“wetting”; if cohesive forces exceed adhesive forces, the liquid is “nonwetting.” If the end of a
narrow capillary tube is placed in a wetting fluid (such as water), net adhesive forces draw the
fluid into the tube. The wetting phase rises in the capillary tube above the original interface or
free water level until adhesive and gravitational forces are balanced. Capillary pressure P is
defined as the difference in pressure across the meniscus in the capillary tube. In other words,
capillary pressure is the amount of extra pressure required to force the nonwetting phase (air in
this example) to displace the wetting phase (water) in the capillary.

Internal pore geometry of many reservoir rocks can be approximated by a system of
capillaries, formation water being the wetting phase and hydrocarbons the nonwetting phase.
The displacement of formation water by hydrocarbons first occurs in the largest pore throats
(capillaries), leaving the smaller capillaries water filled. As the hydrocarbon column
increases, capillary pressure increases, forcing hydrocarbons into smaller pore throats.
Therefore, hydrocarbon saturation of formation pores is directly related to the capillary
pressure.

Reservoir capillary-pressure relationships can be evaluated by using either (1) porous
plate or centrifuge methods or (2) mercury injection methods. Reservoirs dominated by shaly or
tightly cemented sandstone require higher capillary pressures to attain the same saturations
reached at lower pressures in well-sorted, porous sandstone. Therefore, tight gas sandstones
typically have high capillary pressures at moderately low wetting phase saturations
(Spencer, 1989). At 50-percent water saturation, capillary pressures may be >1,000 psi,

indicating that the rocks have very small pore throats and capillaries.
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Capillary pressure data can be used to help distinguish reservoir rock from nonreservoir
rock and pay from nonpay. Although “reservoir rock” has the potential to contain
hydrocarbons, it may not necessarily contain any, or they may not be producible quantities. In
contrast, “pay” is defined as “the hydrocarbon-bearing volume of the reservoir that would
produce at economic rates using a given production method” (Vavra and others, 1992, p. 848).
Sneider (1987) and Vavra and others (1992) present tables of mercury-injection capillary-
pressure (MICP) data that can be used to distinguish reservoir versus nonreservoir rocks and pay
Versus nonpay.

Capillary pressure data are important in tight gas sandstones because they have high
surface area per unit pore volume. Surface adsorption and capillary condensation contribute to
retention of large amounts of water at extremely high capillary pressures. At higher water
saturations, the relative permeability to gas is greatly reduced, thereby reducing the
producibility of the sandstones. Thus, water forced into a low-permeability sandstone reservoir
during drilling, acidizing, or fracture stimulation takes a long time to flow back to the well
(clean up) during testing and production, and a much higher in situ gas pressure is required for
establishment of a consistent gas flow into the wellbore. Very tight reservoirs may never
produce back the water that was forced into the formation, preventing the reservoirs from
regaining their original permeability (Walls, 1982; Spencer, 1989), and in some cases, the wells

may produce no gas at all.

Formation Evaluation in Tight Gas Sandstones

The three basic purposes of formation evaluation are (1) to evaluate formations for
volumetric properties, which include porosity, lithology, and water and gas saturation, (2) to
~determine the deliverability of the zones of interest by estimating the in situ permeability,
and (3) to identify the principal stress values and other rock mechanical properties to assist

the design of fracture stimulation treatments, so critical in the completion of tight gas
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sandstones. Formation evaluation in tight sandstones is challenging and requires planning.
Although it stretches the use of geophysical well logs, core analysis, and well-test analysis to
the limit, when used with care these techniques have proven to be accurate for determining
reservoir properties. Useful procedures are summarized in GRI reports on SFE wells (CER
Corporation and S. A. Holditch & Associates, 1988, 1989, 1990, 1991; CER Corporation, 1992b).

Methods of log analysis commonly fall short when evaluating low-porosity, low-
permeability sandstones, and for this reason formation evaluation has been the subject of
intense research in the GRI Tight Gas Sands project (ResTech, Inc., 1989). Geophysical well logs
provide the most continuous source of data for evaluation of any tight gas well. However,
interpretation models need to be based on core-based measurements of physical characteristics
such as porosities and permeabilities, fluid saturations, lithology, well-test measurements of
permeability, and mini-fracture stimulations or in situ stress tests to determine formation
strength. By performing log interpretation modeling based on physical measurements,
properties can be determined that represent the reservoir properties existing downhole.

Once models are developed for a specific area or field, it is no longer necessary to collect
the same extensive data required for the first one or two wells. Logging programs can be
designed that are cost effective but that provide sufficient data for volumetric analysis, rate
prediction, and estimation of rock mechanical properties.

Irregular or rugose boreholes can severely impair the accuracy of geophysical well logs
for analysis. These borehole irregularities are caused either by fluid interaction with the rock
or by borehole spalling, and they are widespread features in research wells in tight gas
sandstones (CER Corporation, 1992b). Borehole breakouts and other borehole rugosity cause
pad-type logging devices to lose contact with the face of the borehole, resulting in invalid
readings that must be corrected either by regression analysis or by replacement with other
nonpad-type porosity devices (Howard and Hunt, 1986). The bulk-density log is most severely
affected, followed by the compensated neutron log. The acoustic log, which has centralized

recording, is the least affected. This problem occurs in low-permeability sandstones in every
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basin that has been studied as part of this report. Higher permeabilify formations normally
will build a filter cake, which acts to prevent formation spalling.

The second most serious problem in log evaluation of tight gas sandstones is the
calibration accuracy required in recording porosity logs, particularly the bulk density log. In
typical wells, it is not unusual for 50 percent of wireline logs to require recalibration (CER

Corporation and S. A. Holditch & Associates, 1989). These errors must be corrected for

(Connolly, 1974). In formations where average porosities are 4 to 11 percent, a miscalibrated

density log can cause errors of up to 50 percent in porosity calculations.

Once these two corrections are made, shaly sandstone water-saturation and porosity
models can be used to estimate reservoir properties for reserve analysis. Dual water (Clavier
and others, 1984) or Waxman-Smits (Waxman and Smits, 1968) equations are both reliable
techniques for determining water saturation. A laminated shale model (Howard and Hunt,
1986) works well for porosity determinations. All of these techniques work well, provided the
models have been validated by either core or well-test analysis.

Permeabilities are routinely estimated using porosity and lithology analysis. Equations
are based on in situ core permeability and relative permeability measurements, then confirmed
by well-test-derived permeabilities (ResTech, Inc., 1989). Another method to determine
permeability is by analysis of geochemical logs (CER Corporation, 1992b), which have become
more prevalent in determining the mineralogy of tight sandstones.

Finally, the design of fracture-stimulation treatments can be improved dramatically if
rock-mechanical-property moduli are known. Acoustic logs are used for determination of these
moduli by general equations, then the logs are recalibrated using the results of mini-fractﬁre-
stimulation treatments or formation stress tests (Whitehead and others, 1986).

The use of the techniques described above is recommended in all formations and basins
that will be discussed in the following text. A multidisciplinary approach to formation

evaluation provides the most accurate assessment of reservoir properties.
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APPALACHIAN BASIN

The Appalachian Basin (fig. 8) is an elongate basin that extends southwestward from
New York to Tennessee. It is separated from the Black Warrior Basin of Alabama and
Mississippi by the Sequatchie Anticline along the southern Tennessee border (Milici and
De Witt, 1988). The eastern edge of the basin is buried beneath the Piedmont thrust sheets
(Cook and Oliver, 1981), and the Nashville-Cincinnati-Findlay-Algonquin Arch forms the
western boundary (fig. 8). The oldest Appalachian Basin sediments are late Precambrian to
Cambrian in age, and the youngest are Permian (Milici and De Witt, 1988). The Silurian
“Clinton”-Medina and the Mississippian Berea sandstones are the two major tight gas
sandstones in the Appalachian Basin (fig. 9). Production of gas from low-permeability
reservoirs in both of these sandstones occurs in the Western Basin structural province
(corresponds to Appalachian Plateau region), which is characterized by very gentle folding
with little structural relief (Diecchio, 1985). Of the tight gas wells drilled nationwide
between 1981 and 1988, 80 percent were drilled in the Appalachian Basin, and the majority of
the activity was in the “Clinton”-Medina and Berea (Haas and others, 1988).

Lower Silurian sandstones of the Medina Group of western Pennsylvania and New York
and the equivalent “Clinton” Sandstones (Albion Group) of Ohio and Kentucky (fig. 10) were
derived from erosion of the Taconic highlands, which were uplifted to the east of the
Appalachian foreland basin during the Taconic Orogeny beginning in the Middle Ordovician
(Milici and De Witt, 1988). The Taconic highlands were eroded and ceased to be a sediment
source by the end of the Silurian. The Lower Mississippian Berea sandstones of Virginia, West
Virginia, Kentucky, and Ohio (fig. 9) were derived from erosion of highlands in eastern
Virginia and West Virginia that developed during the Devonian Acadian orogeny and from
highland source areas in eastern Canada (Pepper and others, 1954; De Witt and McGrew, 1979).

Lower Silurian stratigraphic nomenclature varies from state to state (figs. 9 and 10). The

use of the term “Clinton” for the sequence of Lower Silurian sandstones in Ohio and Kentucky
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Figure 9. Generalized stratigraphic column of Cambrian through Mississippian units for Ohio
east of the Cincinnati Arch (from Channas, 1971). Highlighted intervals have been designated

tight by FERC.
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correlations are tentative. Tight gas sandstones are stippled.
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began many years ago and was based on an incorrect correlation (Keltch and others, 1987). The
“Clinton” of this report is not equivalent to the Middle Silurian Clinton Group in the eastern
part of the Appalachian Basin (fig. 10). Another source of confusion is the term “Medina.” In
New York the Medina Group is everything above the Ordovician (Queenston) and below the
Thorold (fig. 10). In West Virginia and Ohio, drillers use the term “Red Medina” to refer to the
Upper Ordovician Queenston Shale or Juniata Formation and “Medina” or “White Medina” to
refer to the Lower Silurian Tuscarora or Whirlpool Sandstones (fig. 10).

The Berea is the oldest Mississippian sandstone formation in the Appalachian Basin.
The Second Berea, which is also designated a tight gas sandstone in Ohio, refers to a sandstone
and siltstone member within the Bedford Shale (Pepper and others, 1954) (fig. 9).

Other formations in the Appalachian Basin that have been designated tight‘ by FERC
(table 6) are (1) Upper Devonian sandstones in the Venango and Bradford Groups and the
Catskill and Lock Haven Formations in Pennsylvania (Laughrey and Harper, 1986), (2) the
Maxon, Injun, Weir, and Berea sandstones and the Big Lime and Little Valley limestones in
Virginia, (3) the Big Lime, Little Lime, and numerous Upper Devonian and Mississippian
sandstones in West Virginia (see table 6 for names), and (4) the Big Six Sandstone
(“Corniferous”) in Kentucky. In the Black Warrior Basin of Alabama and Mississippi, the
Upper Mississippian Hartselle Sandstone and sandstones in the Lower Pennsylvanian
Pottsville Formation have been designated tight.

The term “Corniferous” in eastern Kentucky refers to Middle Silurian to Middle Devonian
rocks. Oil and gas is produced from both dolomite and sandstone facies in the “Corniferous”
interval, but only the Big Six Sandstone has been designated a tight reservoir by FERC. The
names Maxon and Maxton are informal drillers’ terms that are both used to refer to an Upper

Mississippian sandstone in West Virginia.
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Table 6. Appalachian Basin formations designated tight by FERC.

State!

Kentucky

New York

Ohio

Pennsylvania

Virginia

West Virginia

1'I'hese formations are designated tight by FERC only in specified counties or parts of counties within these states.

Formation

Berea Sandstone
Corniferous Big Six Sandstone
“Clinton” Sandstone

Medina Group
Queenston Shale

Berea and Second Berea Sandstone
“Clinton” Sandstone

Venango Group
Catskill Formation
Lock Haven Formation
Bradford Group

Maxon sandstone (Mauch Chunk Gp.)
Little Valley Limestone

Big Lime

Injun sandstone (Pocono Gp.)

Weir sandstone (Pocono Gp.)

Berea Sandstone

Ravencliff sandstone (Mauch Chunk Gp.)
Maxton or Maxon sandstone (Mauch Chunk Gp.)
Little Lime (Mauch Chunk Gp.)

Blue Monday sandstone (Greenbriar Gp.)
Keener sandstone(Greenbriar Gp.)

Big Lime (Greenbriar Gp.)

Injun sandstone (Pocono Gp.)

Squaw sandstone (Pocono Gp.)

Weir sandstone (Pocono Gp.)

Berea sandstone (Pocono Gp.)

Gantz sandstone (Hampshire Fm.)

Fifty Foot sandstone (Hampshire Fm.)
Gordon sandstone (Hampshire Fm.)
Fourth sandstone (Hampshire Fm.)

Fifth sandstone (Hampshire Fm.)

Riley sandstone (Chemung Gp.)

Benson sandstone (Chemung Gp.)
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Geologic Series

Lower Mississippian
Middle Silurian
Lower Silurian

Lower Silurian
Upper Ordovian

Lower Mississippian
Lower Silurian

Upper Devonian
Upper Devonian
Upper Devonian
Upper Devonian

Upper Mississippian
Middle Mississippian
Middle Mississippian
Lower Missississippian
Lower Missississippian
Lower Mississippian

Upper Mississippian
Upper Mississippian
Upper Mississippian
Middle Mississippian
Middle Mississippian
Middle Mississippian
Lower Mississippian
Lower Mississippian
Lower Mississippian
Lower Mississippian
Upper Devonian
Upper Devonian
Upper Devonian
Upper Devonian
Upper Devonian
Upper Devonian
Upper Devonian



]

o 3

C

S R

!

)

I
| —

-

L

“Clinton”-Medina Sandstone

The Lower Silurian “Clinton”-Medina Sandstone (fig. 10) has been designated tight in a
large area of New York, Pennsylvania, Ohio, and Kentucky (fig. 11, table 7). The “Clinton”-
Medina was not included in the EEA study of reserves in tight gas sandstones, but Haas and
others (1988) estimated that 94 Tcf of gas in place exist in the FERC-designated area. Average
depth to the top of the Brassfield Limestone (Packer Shell, fig. 9) above the “Clinton”
Sandstone in Ohio varies from more than 7,000 ft in eastern Ohio to slightly more than 1,000 ft
at the western limit of production (Finley, 1984). In Pennsylvania, depth to the top of the
Mediné Group ranges from 2,500 ft along Lake Erie to more than 7,000 ft in the southeast corner
of Venango County (Finley, 1984). In New York, depth to the top of the Medina Group varies
from 7,000 ft in southeastern Allegany County to outcrop just south of Lake Ontario. Production
occurs at depths as shallow as 1,000 ft (Finley, 1984). Thickness of the “Clinton” interval
(between the Queenston Shale and the Packer Shell, fig. 10) in Ohio is >220 ft in southeast
Ohio, thinning to the west and north to about 130 ft thick at the western limit of production
(Coogan, 1991). In Pennsylvania, maximum thickness of the Medina Group is about 200 ft in the
area around Clarion County, and it thins to the northwest to about 150 ft along the shoreline of
Lake Erie (Laughrey and Harper, 1986). The Grimsby Sandstone within the Medina Group
varies from 80 to 180 ft in Pennsylvania. The Medina Group in New York varies from 180 ft in
southern Chautauqua County to nearly complete pinch-out in northern Cayuga County (Finley,
1984). The Grimsby Sandstone in New York is thickest (150 ft) in southeastern Allegany County
and thins to the west, north, and east.

Several detailed studies of the “Clinton” in Ohio have been conducted as Master’s theses,
and these and other studies are listed and summarized by Coogan (1991). The Ohio Geological
Society has published two volumes of papers on “Clinton” reservoirs in Ohio, which are good
sources of both engineering and geologic data (Ohio Geological Society, 1985a, b). A cooperative

well was drilled by GRI in the “Clinton” Sandstone in Mahoning County, Ohio, to determine
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Figure 11. Counties in Kentucky, New York, Pennsylvania, and Ohio in which the “Clinton”-Medina sandstone is
designated tight by FERC. See table 7 for county names.
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Table 7. Counties in which the “Clinton”-Medina Sandstone has been designated tight. The
qualified area may not cover the entire county.

Kentucky Johnson, Lawrence

New York Allegany, Cattarugus, Cayuga, Chautaugua, Erie, Genesee, Livingston, Ontario,
Seneca, Tompkins, Wyoming, Yates

Ohio Ashland, Ashtabula, Athens, Belmont, Carroll, Columbiana, Coshocton,
Cuyahoga, Gallia, Geauga, Guernsey, Harrison, Hocking, Holmes, Jackson,
Jefferson, Lake, Lawrence, Lorain, Mahoning, Medina, Meigs, Monroe, Morgan,
Muskingum, Noble, Perry, Portage, Stark, Summit, Trumbull, Tuscarawas, Vinton,
Washington, Wayne

Pennsylvania  Crawford, Erie, Mercer, Venango, Warren; pending in Beaver, Butler, and Lawrence

47



azimuth of natural fractures and maximum horizontal stress. The “Clinton” Sandstone in
Muskingum and Noble Counties, Ohio, was also evaluated by the GRI Tight Gas Sands project

as a location for conducting experiments on hydraulic fracturing.
Depositional Systems and Reservoir Facies

Lower Silurian clastic sediments that were shed off the Taconic foreland fold-belt
highlands are primarily deltaic and shoreface deposits in the western Appalachian Basin,
where they form hydrocarbon reservoirs. The “Clinton”-Medina producing trend (fig. 11)
corresponds to the trend of deltaic-shoreface sandstones that occurs between continental fluvial
deposits to the southeast and offshore marine shelf deposits to the northwest (Martini, 1971).
In Medina outcrops in New York, Martini (1971) recognized areas of delta progradation along
the axes of major distributary channels, separated by interdeltaic areas where sediment was
reworked and dispersed by waves and longshore currents. Interdeltaic environments are
characterized by shoreface, beach, longshore-bar, tidal-flat, and tidal-channel deposits.
Similar deltaic and shoreface facies occur in the subsurface in northwestern Pennsylvania
(Laughrey and Harper, 1986). The Whirlpool Sandstone (fig. 10) is interpreted to be a basal
transgressive sandstone that was deposited on the older deltaic coastal-plain sediments of the
Queenston Formation (Laughrey and Harper, 1986). Offshore and longshore bars of the
Whirlpool Sandstone are overlain by shelf mud deposits of the lower Cabot Head Shale.
Progradation of the shoreline is represented by lower shoreface sandstones in the upper Cabot
Head Shale and upper shoreface and nearshore sandstones of the lower Grimsby Formation.
The sequence is capped by red and green muddy sandstones of the upper Grimsby Formation that
were deposited in a prograding coastal sand-mud c'omplex (Laughrey and Harper, 1986). In
places, northwest-oriented fluvial channels cut out part of the shoreface sequence, and small

- deltas formed at river mouths.
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Deltaic deposits are the main reservoir sandstones in the “Clinton” of Ohio (Knight,
1969; Keltch, 1985; Keltch and others, 1987; Coogan, 1991), and the vertical sequence of deposits
is typical of cratonic delta systems. The depositional sequence of the “Clinton” in Ohio can be
divided into four major depositional phases (Keltch, 1985), illustrated in figure 12. (1) Initial
marine transgression deposited the thin Whirlpool strandplain sandstone on the Upper
Ordovician erosional surface. (2) A prograding delta deposited prodelta shales (Lower Cabot
Head Shale) overlain by delta front and delta plain sandstones (Grimsby and Cabot Head
Sandstones). (3) A destructional phase following delta abandonment, in which delta-plain
sandstones were reworked to produce the thin, littoral Thorold Sandstone. (4) Continued marine
transgression deposited marine shelf shales (Upper Cabot Head Shale) and carbonates
(Brassfield Formation).

“Clinton” production in Guernsey County, Ohio, occurs frbm distributary mouth bars,
distribﬁtary channels, and delta-plain point bars (fig. 13), and gas production in this part of
the “Clinton” trend is controlled by reservoir facies and sandstone thickness (Keltch and others,
1987). Distributary mouth bar sandstones are widespread, occurring in 70 percent of the wells.
Individual sandstones have a maximum thickness of about 22 ft, but it is common for several
upward-coarsening mouth-bar sandstones to be stacked vertically (fig. 13). They are relatively
poor producers; in Guernsey County, median gas production from distributary mouth bar
sandstone reservoirs is only 13 MMcf in the first year (Keltch and others, 1987). Distributary
channel-fill sandstones are better reservoirs, having median first-year gas production of
30 MMcf, but they occur in only 18 percent of the wells (Keltch and others, 1987). The
distributary channel-fill sandstones are narrow, elongate, and laterally discontinuous and
have blocky log signatures (figs. 13 and 14). Point-bar sandstones are the best “Clinton”
reservoirs in this area, but they occur in only 8 percent of the wells. Point-bar reservoir
sandstones are as much as 25 ft thick and have upward-fining log signatures (fig. 13). Median
first-year gas production from point-bar reservoirs is about 60 MMcf (Keltch and others, 1987).

In general, better gas production in this area occurs in wells with greater thicknesses of clean
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OHIO SURVEY DRILLER'S FACIES AND
RADIOACTIVITY LOG NOMENCLATURE TERM | DEPOSITIONAL PHASE
GRe TR T3N Denr
wZ S 5 en t_ Rochester Shale
— 5’ . .
8% > Dayton Limestone Casing Shell carséger:fa N Marine
=35 ‘e Neahuga Shale and transgression
i shale
_ JiBrassfield Limestone| Packer Shell
+ upper Cabot Head Shale Stray Reworked Delta
Thorold Sandstone Clinton delta destruction
()
© o
E o3 Cabot Head Sandstone | Red Clinton Dlel_ta
i 2 plain
<| . 2
| < s
il % s Grimsb Delt S
7] £ rimsby oA elta =
ncH g E_"’ Sandstone White Clinton| ¢/t S
gl = 5
3| & g
=l o
aQ S
g | 3
T8 8 3 lower
g 8 E3 Cabot Head Cabot Head | Prodelta
© o Shale
~N W
G- < Whirlpool Sandstone Medina Strand- \ Marine
. A NMANAAANN B|ain ransgression
ORD < Queenston Shale Red Medina

QAa891c

Figure 12. Typical log signature of the “Clinton” sandstone in Ohio showing stratigraphic
nomenclature and equivalent drillers’ terms and facies interpretations (from Keltch and others,
1987). Stratigraphic nomenclature applied to the Lower Silurian in Ohio is not standardized.
Note that this interpretation places the Cabot Head Sandstone above the Grimsby Sandstone,
whereas the correlation charts in figures 9 and 10 show the Cabot Head Sandstone below the
Grimsby.
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Figure 13. Isopach maps of four slices of the “Clinton” interval, illustrating “Clinton”

depositional facies and log signatures in Richland Township, Guernsey County, Ohio (from
Keltch and others, 1987).
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Figure 14. Neutron-density log of a “Clinton” pay zone in Muskingum County, Ohio.
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sandstone (clean sandstone being defined as 75-percent deflection from the shale line, fig. 12)
(Keltch, 1985). In other areas of the “Clinton,” however, gas production may be controlled by
the abundance of natural fractures and not by sandstone thickness (Ohio Geological Society,

1985b).

Composition of Reservoir Facies

Medina sandstones in Pennsylvania are very fine to medium-grained subarkoses,
sublitharenites, and quartzarenites; most reservoir sandstones are moderately well sorted to
very well sorted (Laughrey and Harper, 1986). Mudstone rip-up clasts are common as basal lag
deposits in upward-fining sequences. Feldspars compose 2 to 21 percent of the detrital grains,
and microcline and orthoclase are more abundant than perthite and albite. Most potassium
feldspars are altered, but plagioclase grains appear fresh and may have been albitized during
diagenesis. Detrital clay matrix is composed mainly of illite and chlorite. Authigenic cements
in the Medina include chlorite, illite, quartz, calcite, dolomite, siderite, hematite, anhydrite,
and gypsum (Laughrey and Harper, 1986). Most macroporosity in Medina sandstones is
secondary porosity that formed by dissolution of feldspar grains and calcite cement.

In eastern Ohio, the “Clinton” consists of very fine to fine-grained sandstone and
siltstone, interbedded with shale (Smiraldo, 1985). Composition and diagenesis of “Clinton”
sandstones in Ohio are similar to those of the Medina sandstones described by Laughrey and
Harper (1986). The “Clinton” sandstones are primarily quartzarenites, subarkoses, and
sublitharenites, and extensive quartz cement is the main reason for the low porosity and
permeability (Frech, 1983). The highest volume of intergranular porosity remains in the
thickest sandstone beds (Smiraldo, 1985). Variability in gas production from local areas or
individual wells may be caused by differences in relative proportion of porosity types,

particularly intergranular and fracture porosity (Burford and Frech, 1988).
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~ Natural Fractures

Operator opinion varies on the role of fractures in “Clinton”-Medina producing areas, but
a 1985 panel discussion of experts on “Clinton” production in eastern Ohio shows that natural

fractures are widely considered to be critical to production success. Among other comments,

participants stated that “. . . reservoirs are dominated by fractures . . . [they] should be more

intensely studied” (W. Shafer, in Ohio Geological Society, 1985b); and “. . . natural fractures
are probably the most important [reservoir] characteristics” (R. Alexander, in Ohio Geological
Society, 1985b). Schrider and others (1970) state that numerous small natural fractures give
“Clinton” reservoirs an overall permeability greater than the average matrix 'p.ermeability,
but that the fractures are limited in extent and are "‘not in massive communication.” Watts and
others (1972) concede that fractures play an important role in “Clinton” production (presurﬁably
fracture permeability), but assert that fracture porosity may not be as important to success as

good intergranular porosity and thick sandstone sections. According to Finley (1984) some FERC

applicants considered fractures to play a minor role in “Clinton”-Medina production. Based on

sporadic reports of fractures in core and the lack of published fracture analyses, it is likely that
the influence of natural fractures in “Clinton”-Medina sandstones has not been adeqﬁately
assessed.

In “Clinton” sandstone core, macrofractures and microfractures are locally present as
inclined to vertical extension fractures and bedding-parallel fractures (Multer, 1963; Schrider

and others, 1970; Ovérbey and Henninger, 1985). In Hocking Cou‘nty, Overbey and Henninger

(1985) report core data that show a “well-developed natural fracture system . . . oriented N55°

to 75°E. This system correlates with a surface-joint set and the orientation of the principal
horizontal stress measured in outcropping rocks” in Hocking County. Finley (1984) reported that
fractures are present in “Clinton”-Medina sandstone in eastern Ohio, but most fractures that

were observed were healed (closed). In northwestern Pennsylvania and western New York,
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fractures are reported to be present in core, but the extent of their contribution to production is
unknown (Sitler, 1985).

According to R. Alexander (in Ohio Geological Society, 1985b) “Clinton” production and
reserve trends in Mahoning County, Ohio, suggest that productive natural fractures there trend
northwest-southeast; no northeast-southwest interwell interference has been observed in this
area. The lack of interference during well tests in the East Canton field indicates that wells in
this area were not connected by open fracture systems (Watts and others, 1972). For “Clinton”
reservoirs in the East Canton-Magnolia field, Sitler (1985) asserted that the best production is
from the “Red Clinton” sandstone interval (figs. 10 and 12), which is characterized by locally
high permeability due to natural fractures and superior matrix porosity. Sitler’s opinion is
that, in general, natural fractures are the controlling factor in determining relative
productivity of “Clinton” sandstone reservoirs, and that they can account for increases in
hydrocarbon yield of as much as 15 percent in otherwise geologically similar reservoirs. It has
also been reported that drastic drops in pressure occur after the breakdown of some “Clinton”
wells, and this has been ascribed to leak-off into natural fracture systems (Biddison, in Ohio
Geological Society, 1985b).

Fractures have been observed in some core from areas of “Clinton”-Medina production in
western Pennsylvania (Laughrey and Harper, 1986), and fractures may be responsible for some
areas of higher-than-normal permeability within Medina gas fields (matrix permeabilities
are generally. less than 0.1 md). In part of western Pennsylvania, the timing of formation of
some fractures is indicated to be late in the diagenetic history of Medina sandstones (Laughrey,
1984), so these fractures may be less likely to be occluded by diagenetic cements. High fracture
permeabilities are reported from laboratory tests on these cores (Laughfey and Harper, 1986),
but the significance of these measurements for production is uncertain because the subsurface

extent of the type of fracture tested is unknown. In addition to subvertical fractures, Multer
(1963) and Laughrey and Harper (1986) have reported horizontal or bedding-plane-parallel

open fractures in the “Clinton,” and it was this type of fracture that was tested. These
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horizontal fractures may not be natural because similar fractures are commonly created by
unloading during core recovery. Open horizontal natural fractures would have important
implications for evaluation of hydraulic fracture treatments.

In Ohio, hydraulic fracture growth directions in “Clinton” reservoirs are reported to be
either northwest or northeast and to switch rapidly from one area to the next (in Ohio
Geological Society, 1985b). If natural fractures have low resistance to reopening by fracturing
fluids, shifts in dominant natural fracture direction could be responsible for these changes in
hydraulic-fracture direction. The effect is important enough that some operators in Ohio report
spotting wells along northeast or southwest offsets to avoid well-to-well communication
(in Ohio Geological Society, 1985b). Both northwest and northeast fracture orientations have
been recognized in the area of “Clinton”-Medina production. Prominent fractures in the
subsurface strike at approximately right angles to the Appalachian orogen (fig. 15).
Descriptions of regional fracture patterns in this area include Ver Steeg (1944), Nickelsen and
Hough (1967), and Engelder (1985).

Overbey and Rough (1971; see also Ver Steeg, 1944) carried out a study of surface fractures
in eastern Ohio for the purpose of predicting reservoir attributes. The study also reports
subsurface data from core, bottom-hole impression packer surveys, and borehole photography.
In this study, subsurface fractures in Hocking County, Ohio, were found to strike east-northeast
with a wide scatter. Similar patterns are evident in outcrop. Outcrop fractures and some
fractures in the shallow subsurface were also found to parallel the current northeast maximum
horizontal stress direction. Use of the results of this study should be tempered with the
provisos that surface fractures may differ significantly from subsurface characteristics, as
demonstrated by Verbeek and Grout (1983) and Baumgardner (1991). Engelder (1985, and
references therein) has shown that in the area of figure 15, cores from deep wells mainly
contain cross-fold joints (generally striking west-northwest), whereas shallow cores contain

joints parallel to the contemporary tectonic stress field (striking northeastward).
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Figure 15. Regional fractures in area of “Clinton”-Medina production that strike normal to fold

front (based on Engelder and others, 1985, and references therein).



Fracture patterns important for production appear to be regional in character, although
local fracturing associated with folds and faults may also be significant. Allegehenian thrust
faulting in the eastern Appalachian Plateau and the Valley and Ridge province produced local
fracture porosity associated with splay faults and folds (De Witt, 1986). In the Medina gas-
producing area of northwestern Pennsylvania, structures are generally subtle, having dips of
less than 1 degree, and they may result from étratigraphic variations (Laughrey and Harper,
1986).

In addition to subtle folds, large structural features that strike parallel and
perpendicular to the axis of the basin have been recognized in the Appalachian Basin. These
features are manifested as patterns in lithofacies, surface drainage patterns, offset surface and
subsurface structural axes, and in gravity and magnetic patterns. Gravity and magnetic data
have been used commercially to identify basement structures tﬁat may influence or localize
fracture occurrence in “Clinton” sandstones. Several authors cited in Laughrey and Harper
(1986) have speculated on the origin of these features, which may be recurrently active
basement faults. These features have been equated with an orthogonal arrangement of fractures
that is assumed to exist in the subsurface. The relationship of these features to trends of gas and
oil fields is speculative (Laughrey and Harper, 1986). Laughrey and Harper (1986) postulate
that long-lived zones of strike-parallel and strike-normal crustal movement created fractures

in sedimentary rocks that affect hydrocarbon migration and flow.
Engineering Assessment

The majority of wells in the “Clinton”-Medina trend have been drilled in Ohio, where
“Clinton” porosities range from 5 to 16 percent (S. A. Holditch & Associates, 1991) (table 8).
Permeabilities generally are less than 0.1 md. As part of a GRI review, three typical “Clinton”
wells were evaluated for pérmeability using well test analysis. Permeabilities in these wells

ranged from 0.034 to 0.29 md.
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J Table 8. “Clinton”-Medina Sandstone, Appalachian Basin: production data and engineering parameters.

— Estimated resource base (Tcf): 94
! No. tight completions: No data
Cumulative production from tight completions 1970-1988 (Bcf): No data
5 1 Estimated ultimate recovery from tight areas (Bcf): No data
- Net pay thickness (ft): 9-63
i | Porosity (%): 5-16, OH; 2-12, PA and NY

- Permeability (md): 0.03-0.6
k ) Water saturation (%): 20-35
_ Reservoir temperature (°F): 95-120
- Reservoir pressure (psi): 340-1,400
|
;J Typical stimulation/hydro-frac: 1,500-2,000 bbl fluid and 30,000 Ib sand
r Production rate:
L ‘, prestimulation (Mcf/d): Usually negligible
- poststimulation (Mcf/d): 20-120, OH; 500-2,000, PA; 80-2,700, NY
f’ ; Average recovery per completion (MMcf): 80-275
— Decline rate: Half of total production in first 3-5 yr
M
g
—
3
)
|
N
U
[
|
—
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Porosities in the Medina of Pennsylvania are described as ranging from 2 to 12 percent
(Laughrey and Harper, 1986) (table 8). Cores in six Medina gas wells in Pennsylvania generally
have permeabilities less than 0.1 md, although there are some recorded permeabilities as high
as 0.6 rnd‘. Some reported pressure transient tests indicate permeability values similar to those
determined by core analysis (Laughrey and Harper, 1986). Laughrey and Harper (1986) mention
that wells in the Medina having 3 to 4 percent porosity are generally as permeable as those
having porosity of 6 to 8 percent.

Evaluation of a well log in the Medina of New York indicates porosities in the 5 to
8 percent range (Copley, 1980). Porosities in New York Medina sandstones are described by
Finley (1984) as 3 to 10 percent. Sandstones in all three areas are primarily composed of quartz
with some feldspar grains, so a grain density of 2.65 g/cc is appropriate for log-analysis
calculations.

Net-pay thicknesses in all three areas range from 9 to 63 ft (Finley, 1984) (table 8).
Initial reservoir pressure in Ohio “Clinton” wells generally is 800 to 1,000 psi but in some wells
may be as high as 1900 psi. Finley (1984) lists pressures in the Pennsylvania Medina of 700 to
1,400 psi and in the New York Medina of 340 to 1,020 psi.

Formation water salinity averages 250,000 ppm total dissolved solids (Sanders, 199D).
Laughrey and Harper (1986) indicate there is some difficulty in making log calculations for
water saturations in the Medina. Cementation and saturation exponent measurements are
different than commonly used sandstone values (Dresser Atlas log interpretation seminar,
Pittsburgh, 1982). Even when the recommended parameters are used in the Medina, log-
calculated water saturations do not always agree with core measured water saturations, which
average 20 to 35 percent in pay sandstones (Finley, 1984; Laughrey and Harper, 1986) (table 8).

Operators are prone to set casing and complete the well regardless of calculated water

saturations. Copley (1980) advocates making an open hole test in the “Clinton” before setting

casing because most wells are drilled with air.
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Many types of fracture treatments have been tried in the “Clinton” (S. A. Holditch &
Associates, 1991), including water, nitrogen, foam, and carbon dioxide. A typical well is
stimulated with 1,500 to 2,000‘bb] of fluid. Total quantities of 20/40 mesh sand range from
20,000 to 102,000 Ib and average 30,000 lIb. Fracture gradient in the “Clinton” of Ohio is
0.55 psi/ft. Fracture height growth is not excessive in Pennsylvania or Ohio (S. A. Holditch &

Associates, 1991) and is not expected to be in New York.
Production History

“Clinton” wells in Ohio produce initially at rates of 17 to 123 Mcf/d (S. A. Holditch &
Associates, 1991), and total reserves for these wells average 275 MMcf. Medina wells in New
York have average reserves of 154 MMcf (Copley, 1980). Ketch and others (1987) estimate that
“Clinton” wells of Ohio will average half of their production in the first 5 years. Decline
curves for wells in the three areas are about the same. Laughrey and Harper (1986) state that
an average well in Pennsylvania with initial production of 150 Mcf/d will produce 80 MMcf in
the first 5 years. Applying Ketch’s rule to those figures, reserves for the Pennsylvania Medina
are about 160 MMcf per well.

The success ratio of completed to total wells is high for the “Clinton” and Medina.
Copley (1980) indicates that certain areas in New York to have a 95 percent success ratio. S. A.
Holditch & Associates (1991) describe a 98.7 percent success ratio in the “Clinton” of Ohio. The
question posed by most operators is not if a well will produce gas but whether the evaluation

process can discriminate economic completions.
Berea Sandstone
The Berea is the oldest Mississippian sandstone in the Appalachian Basin; it is part of

the Waverly Group in Ohio (fig. 9) and the Pocono Group in West Virginia. The Berea

Sandstone has been designated tight by FERC in 31 counties in Ohio, West Virginia, Virginia,
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and Kentucky (fig. 16, table 9). Haas and others (1988) report that the Berea contains an
estimated 69 Tcf of gas in place in the FERC-designated tight gas area.

The Berea Sandstone is shallowest in Ohio, where it occurs at 1,200 to 2,000 ft, and
deepest in Virginia, where it ranges in depth from 3,300 to 6,000 ft (Finley, 1984). In West
*. Virginia and Kentucky the Berea Sandstone occurs at depths of about 2,500 to 3,500 ft. The
Berea is generally 20 to 60 ft thick throughout the area in which it is designated tight (Pepper
and others, 1954). It is thinnest over a post-Devonian structural high near the juncture of
Kentucky, Virginia, and West Virginia and thickens to the east and west away from this high
(Thomas and Lauffer, 1964).

Regional studies of the Berea include the work of Pepper and others (1954), Larese (1974),
De Witt and McGrew (1979), Potter and others (1983), and Pashin and Ettensohn (1987), but
little published information exists on Berea tight gas reservoirs. A GRI cooperative well with
Ashland Exploration was drilled in the Berea in Pike County, Kentucky, in which the Berea
was cored and open- and cased-hole stress tests were performed to develop a stress profile

(LoWry and others, 1991).
Depositional Systems and Reservoir Facies

Berea sand was derived from the highland area to the east, carried west by several major
river systems, and deposited in deltas that prograded into the epicontinental sea in western
West Virginia and eastern Kentucky (fig. 17) (De Witt and McGrew, 1979). Another delta,
called the Berea delta, prograded into northern Ohio at this time, carrying sediment from
eastern Canada. Sandstone from the Berea delta is quarried in northern Ohio and is commonly
used for rock-mechanics and reservoir-flow studies because of its relatively uniform porosity
and permeability (Potter and others, 1983). Sands from these two sources prograded across the
shallow sea and coalesced in easterﬁ Kentucky (Milici and De Witt, 1988). Berea sandstone is

coarsest in northern Ohio near the distributaries of the Berea delta and in central West
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Table 9. Counties in which the Berea Sandstone has been designated tight. The qualified area may
not cover the entire county.

Kentucky Lawrence, Pike

Ohio Athens, Belmont, Gallia, Meigs, Monroe, Morgan, Muskingum, Noble, Perry,
Washington

Virginia Buchanan, Dickenson, Lee, Russell, Scott, Tazewell, Wise

West Virginia Boone, Cabell, Fayette, Jackson, Kanawha, Logan, Lincoln, Mason, Mercer,
McDowell, Mingo, Putnam, Raleigh, Wayne, Wood, Wyoming



O=—r0Oo
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Figure 17. Paleogeographic map of middle Berea time showing the location of rivers that
carried sediment to Ohio Bay (from De Witt and McGrew, 1979, after Pepper and others, 1954).
Berea sandstone in the designated tight area was deposited as fine-grained sand and silt

offshore from the rivers in delta-front, prodelta, and storm-dominated shallow-shelf
environments.
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Virginia near the mouths of the distributaries of the Gay-Fink and Cabin Creek deltas
(De Witt and others, 1979).

Finer grained sandstone and siltstone were deposited down dip in delta-front, prodelta,
and shallow-shelf environments, and it is these finer grained Berea deposits that are
designated tight (fig. 16). Donaldson and Shumaker (1981) interpreted the West Virginia and
Virginia Berea deltas to be wave-dominated. Larese (1974) recognized a barrier-island deposit
north of the Gay-Fink distributary mouth bar (fig. 17), another indication of marine influence
on the Berea deltas. Much of the Berea Sandstone in the tight area occurs as a widespread
sheet of rippled sandstones and siltstones, which are interpreted as having been deposited in
open-marine shelf environments (De Witt and others, 1979; Potter and others, 1983; Pashin and
Ettensohn, 1987). These shelf sandstones may represent reworked abandoned deltaic sandstones
(Larese, 1974). Pashin and Ettensohn (1987) concluded that silt and very fine sand derived from
the deltas was transporfed by storms onto a relatively wide, storm-dominated shelf, resulting
in deposition of widespread Berea sheet sandstones and siltstones.

Most Berea fields are associated with stratigraphic traps caused by porosity pinchout
due to variations in depositional energy, degree of marine reworking, and selective cementation
of sand bodies (De Witt and others, 1979). Structure plays little or no role in the traps in Berea
fields in the western part of the basin, where strata dip gently to the west (Lowry and others,
1991). In Pike County, Kentucky, the Berea is divided into upper, middle and lower members,
and zone isolation work suggests that better production commonly occurs in a specific member.
However, production does not always correspond to net-pay thickness, suggesting that natural
fractures may strongly influence productive capacity (Lowry and others, 1991).

The Second Berea Sandstone of Ohio is a sandstone member in the Bedford Shale, which
underlies the Berea Sandstone (fig. 9). It formed as an offshore barrier-bar facies of the Red
Bedford delta, which prograded southward across the Ohio area from a source area in Canada

(Milici and De Witt, 1979). The Second Berea bar complex, which is composed of coarse silt and
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very fine sandstone, produces gas from tight reservoirs along a linear trend that extends 85 mi

from Morgan to Gallia Counties, Ohio.

Composition of Reservoir Facies

In a representative well in the area in which it is designated tight (Ashland Ford Motor
Company No. 80, Pike County, Kentucky [fig. 18]), the Berea is composed of very fine grained
sandstone and siltstone and is classified as a subarkose (S. P. Dutton, unpublished data, 1992).
Quartz and plagioclase are the most abundant detrital grains, and illite the most abundant
detrital clay. Quartz is the main pore-filling cement, having volumes of 8 to 14 percent, but
carbonate cements are locally abundant (Larese, 1974). Authigenic chlorite and illite are
common, and kaolinite occurs in some secondary pores formed by feldspar dissolution. Both

primary intergranular and secondary grain-dissolution pores are present, but secondary pores

are more abundant.

Natural Fractures

Natural fractures are thought to enhance production from some Berea sandstone wells
(Overbey and Henninger, 1985). The Berea sandstone in the Appalachian Basin in Kentucky
has been the subject of GRI engineering research that shows that natural fractures contribute to
production in these reservoirs (Frantz and others, in press).

Core from the GRI cooperative well drilled in Pike County in eastern Kentucky contains
subvertical, partly open fractures (fig. 19). Fracture traces are visible on FMS logs in both the
upper and lower Berea. Average matrix permeability is in the micro- to nanodarcy range, based
on routine and special core analyses. These matrix permeabilities measured in the laboratory
are too low to account for the average Berea production and for the results of pre-fracture

production tests in the cooperative well. Enhanced flow through natural fractures, on the other
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Figure 18. Represehtaﬁve log of Berea sandstone in Pike County, Kentucky.
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Figure 19. Fracture in Berea Sandstone core.
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hand,. can account for higher-than-expected averége production and highly variable
cumulative gas production from individual wells, ranging from 50 MMcf to 2.5 Bef for wells
producing exclusively from the Berea for 30 years.

Sparse mineralization visible in some natural fractures in core and the locally
underpressured (pressure gradient of 0.22 psi/ft in the GRI study wells) character of the Berea
in this area suggest that Berea natural fractures may be sensitive to changes in effective
reservoir stress. This effective stress sensitivity may need to be taken into account in Berea
production strategy. Fractures have limited vertical extent, being generally only a few feet
'tall, and they do not extend across the entire thickness of the unit. Fracture systems are
therefore likely to be vertically partitioned.

According to ]. Frantz (written communication, 1992), the Berea in Kentucky can best be
described as a multilayered reservoir with two noncommunicating sandstone intervals. The
sandstones are separated by about 40 ft of shale and have different reservoir pressures. The
vertical extent of natural fractures is limited, and production tests indicate that natural
fractures enhance fluid flow within each sandstone interval but they are not pathways for
fluid migration between the two sandstone intervals.

The arrangement of fractures in interconnected networks can produce heterogeneity and
anisotropy in flow characteristics; preferred orientation of fractures is the principal cause of
anisotropy. Published core information on fracture orientation is too limited to be conclusive, but
in oriented GRI core Berea fractures strike northeastward and northwestward, in agreement
with fracture orientations inferred from fracture-imaging geophysical logs from GRI study
wells. On the basis of this core and production characteristics, Frantz and others (in press)
conclude that fracture-related permeability anisotropy exists in Berea reservoirs and that it is
important to diagnose this permeability anisotropy in order to correctly predict pre- and post-
stimulation performance.

Fractures in GRI’s Berea cores have many attributes of regional fractures. Some of the

| regional structural elements that may control fracture strike in the Berea are discussed in the
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section on the “Clinton”-Medina sandstones, because the two sandstones occur in approximately
the same area. Information on regional and local controls of fracture occurrence in Devonian
shale (Cliffs Minerals, 1982) is probably also relevant to Berea sandstone fracture patterns. If
dominant fractures in the Berea strike normal to the Appalachian orogenic front as predicted
by regional fracture models (Hancock and Bevan, 1987), fractures with northwest and north-
northwest strikes should be expected in this area. On the other hand, early fractures in the
Appalachian Basin (Laubach, 1988) may tend to parallel the depositional basin axis and have
northeasterly strikes at this latitude, as will bending-related fractures localized in folds.
Berea sandstone reservoirs are in the mid-plate stress province, according to stress-
direction maps covering the area of Berea production (Zoback and Zoback, 1989). In this stress

field, east-northeast-striking fractures will tend to be open.

Engineering Assessment

Porosities are low in the Berea, averaging 4 percent in Virginia (Virginia Tight Sand
Committee, 1981) (table 10), but may be as high as 17 percent locally. In the GRI cooperative
well (fig. 18), the FMC No. 80, core porosities ranged from 6 to 10 percent and averaged 8 percent
(fig. 20). Core permeabilities in the FMC No. 80 well are mostly less than 0.1 md, except for 5 ft
in the highest porosity interval (10 percent), where permeabilities are slightly more than
0.1 md (fig. 20) (ResTech, Inc., written communication, 1992). Typical permeabilities for the
part of the Berea that has been designated tight are less than 0.1 md (Virginia Tight Sand
Committee, 1981) (table 10). In West Virginia, porosities of less than 7.7 percent have
permeabilities of less than 0.1 md (West Virginia Tight Formation Committee, 1981, 1982).
No stabili;ed flow test data were available in any of the areas for well test analysis to confirm
core permeability. Matrix permeability apparently is “too low to account for the typical Berea
production” (]. Frantz, written communication, 1992), suggesting that natural fractures are

responsible for the disparity.
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Table 10. Berea Sandstone, Appalachian Basin: production data and engineering parameters.

Estimated resource base (Tcf): 69
No. tight completions: No data
Cumulative production from tight completions 1970-1988 (Bcf): No data
Estimated ultimate recovery from tight areas (Bcf): No data
Net pay thickness (ft): 17-30
Porosity (%): 4-8
Permeability (md): <0.1
Water saturation (%): 25-35
Reservoir temperature (°F): 95-110 in KY
Reservoir pressure (psi): 780 in KY “
Typical stimulation/hydro-frac: 75-90 quality nitrogen foam carrying 100,000 Ib sand
Production rate:
prestimulation (Mcf/d): 5-80
poststimulation (Mcf/d): 500-915
Average recovery per completion (MMcf): 350-460
Decline rate: 25% in first yr, then 10-12%
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Klinkenberg-corrected gas permeability measured at NOB pressure for 71 Berea sandstone
samples.
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Net pay is described by Lowry and others (1992) as being consistently in the range of 17 to
30 ft (table 10), based on a 6 percent porosity cutoff. Water saturations in Virginia range from 8
to 50 percent and average 35 percent. In the FMC No. 80 well, water saturations range from 17 to
55 and average 27 percent. Formation water salinity is 300,000 ppm total dissolved solids
(ResTech, Inc., personal communication, 1992).

Thomas and Lauffer (1964) describe typical fracture treatments as consisting of 26,000 gal
water and 46,000 Ib of 20/40 mesh sand. The fracture stimulation treatment on the FMC No. 80
well was 75 to 90 quality nitrogen foam carrying 103,000 Ib of 20/40 mesh sand (J. Frantz, written

communication, 1992). Reservoir pressure in this well after fracturing was 780 psi.

Production History

Post-fracturing production rates in two Berea wells in Kentucky are 915 Mcf/d and
497 Mcf/d (Lowry and others, 1992). It is common for Berea wells to have high flow rates
immediately after fracturing. Reserve estimates range from a prediction of 350 MMcf for the
FMC No. 80 well to 460 MMcf averages (described by Thomas and Lauffer, 1964). Decline rate is
25 percent for the first year and 10 to 12 percent per year for the life of the well (M. C. Behling,
written communication, 1991). Gas wells in the Second Berea have initial yields ranging from 5
to 80 Mcf/d, which increases to as much as 500 Mcf/d after hydraulic fracture treatment

(De Witt and others, 1979).
EAST TEXAS AND NORTH LOUISIANA BASINS
The East Texas and North Louisiana Basins (fig. 1) formed during Late Triassic rifting
(Buffler and others, 1980). Crustal extension produced thinning and heating of the lithosphere,
and subsequent cooling and subsidence formed basins in which thick sequences of Mesozoic and

Cenozoic sediments accumulated. The major low-permeability sandstones in the East Texas and

74



North Louisiana Basins comprise the Upper Jurassic to Lower Cretaceous Cotton Valley
Sandstone and the Lower Cretaceous Travis Peak Formation (Finley, 1986) (fig. 21).

Sandstones of the Cotton Valley and Travis Peak represent the first major clastic
progradation into the East Texas—North Louisiana area after the opening of the Gulf of
Mexico in the Jurassic (Seni and Jackson, 1983). Clastic deposition was interrupted by marine
transgression that resulted in depoéition of the Knowles Limestone in downdip parts of the East
Texas Basin and in Louisiana. In updip areas of the East Texas Basin the Travis Peak Formation
unconformably overlies the Cotton Valley Group. Where it occurs, the Knowles Limestone is
used as the Cotton Valley—Travis Peak boundary. The end of Travis Peak deposition was also
marked by marine transgression, and the top of the Travis Peak is picked at the base of the
limestones of the overlying Sligo Formation (fig. 21). Stratigraphic terminology varies across
the area, but the Cotton Valley Sandstone is commonly known as the Schuler Formation and
represents the upper part of the Cotton Valley Group (fig. 21). The Travis Peak Formation in
East Texas is equivalent to the Hosston Formation in Louisiana, Arkansas, and Mississippi.

The Sabine Arch, also called the Sabine Uplift, is a broad, low-relief arch between the
East Texas and North Louisiana Basins (fig. 22) with an area of closure greater than 2,500 mi2.
The arch is the result of Late Cretaceous and Tertiary movement (Jackson and Laubach, 1991).
Secondary structures on the Sabine Arch cover 75 to 150 mi2 and form 100 to 300 ft of closure at
northern Waskom and Bethany fields, respectively (Kosters and others, 1989). The Sabine
Arch focused gas migration toward it from the East Texas and North Louisiana Basins. Many of
the traps associated with the Sabine Arch are combination traps. Specific trap mechanisms
may be controlled by small folds or paleo-topographic highs, as at Bethany field, or by

porosity pinchouts, as at Carthage and southern Waskom fields (Rogers, 1968; Forgotson and
Forgotson, 1975).

The origin of smaller structural highs on the arch is uncertain. However, elongate
anticlines and associated fields rimming the western margin of the uplift in Harrison (Whelan

and Lansing fields), Gregg (Willow Springs field), Rusk (Danville and Henderson fields), and
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Nacogdoches (Trawick field) Counties are underlain by an average of 1,200 ft of penetrated
Louann Salt (Jackson and Laubach, 1991). These structures are nonpiercement salt pillows
(Kosters and others, 1989).

Other formations in the North Louisiana basin that have been designated tight by FERC
in limited areas include (1) sandstones within the predominantly carbonate Upper Jurassic
Smackover Formation (called Gray and C Sands), (2) sandstones of the Upper Jurassic
Haynesville Formation (equivalent to the carbonates of the Gilmer Limestone in East Texas),
(3) the Lower Cretaceous James Limestone Member of the Lower Glen Rose Formation, and
(4) the Mid-Cockfield Sandstone, equivalent to the Eocene Yegua Formation in East Texas
(fig. 21). Chalks and calcareous claystones of the Upper Cretaceous Arkadelphia Formation
(Sohl and others, 1991) have been designated tight on the Monroe Uplift in northeast
Louisiana. In the East Texas Basin, the James Limestone and the Pittsburg Sandstone (fig. 21)

have been designated tight in limited areas.

Cotton Valley Sandstone

The Upper Jurassic to Lower Cretaceous Cotton Valley Sandstone, or Schuler Formation
(fig. 21), has been designated tight in a large area of East Texas and North Louisiana (fig. 23).
However, 15 fields within this area that produce from porous and permeable Cotton Valley
facies have been excluded from the FERC designation: Beekman, Calhoun, North Carlton,
Cheniere, Cotton Valley, South Downsville, Greenwood-Waskom, Hico Knowles, Lisbon,
Northeast Lisbon, West Lisbon, Ruston, Sentell, Sligo, and Terryville. Average depths to the
top of the Cotton Valley Sandstone vary from —4,000 ft subsea in the western parts of the East
Texas Basin and in northeast Louisiana to >-13,000 ft subsea on the southern margins of the East
Texas and North Louisiana basins (fig. 23). Most production occurs from depths of about 7,800 to

11,000 ft below ground surface (Kosters and others, 1989; Bebout and others, in press). The Cotton

78



6

OKLAHOMA /\_‘1
-A—\ n ,
2_‘ ’f/\/“‘r\»/\; '\rTw \ !
* /\»I ’ ' N ] N
- ! LAMAR I RED RIVER ™+ |
' FANNIN l

ARKANSAS

PANOLA |/~ i _ Lo
-800p_ [ DE SoTO 12,009 CALDWELL:

FRANKLIN =)
o,

w L
,’ \ - ‘_Az_/
y J =~ __—~"TcaTaHoULA

P NaTCHIToCHES S/ /R | (=3 ATAH

A ‘\\jLASALLfI»———/Z« -
~ e ~
[/ Jorhwt Ne——" L= AT\

\
NACOGDOCHES . ~/Gocp ——— }
-/ — 1 \ / / /\\tg_ ///r '/L \b\{
“ooo SAN T SABINE // l N - ] - -’
(AUGUSTIN ., 8 (
S eI NS SAR S ] (9
~12000 -2 P ; VY N g (U
S c /'y r>d (3
ANGELINA &, | / / r % - S
b - / / YO ¢ MIssIssIPP
- VERNON W /7 ioes M)
3,000- > — oS 4/ at
RN /-/- P // 7/ 00’ i i j \
b S 7 ¥
ey AN
. sy b ‘ |
0 50mi - B L(————{ LQD
[ C— 1 i 1 J — i 1 . ]
I I T L] T / // | I . \ '/
0 B80km —

AV \ /
,v""';/%BRAZOS,[ Contour interval 500ft
. N \/

7

/ / } Figure 23. Generalized structure contours on top of the Cotton Valley Sandstone (from Finley, 1984) in the East
X Texas Basin (after Railroad Commission of Texas, 1980) and the North Louisiana Basin (after Louisiana Office of
Conservation, 1981). The Cotton Valley Sandstone has been designated tight in all counties named in this figure.

QA0429




Valley Sandstone interval is 1,000 to 1,400 ft thick in the low-permeability trend (Finley, 1984;
Presley and Reed, 1984).

Regional studies of the Cotton Valley include the work of Mann and Thomas (1964),
Collins (1980), Coleman and Coleman (1981), Wescott (1983), and McGowen and Harris (1984),
as well as several papers in the volume The Jurassic of East Texas (Presley, 1984). The Taylor
sandstone at the base of the Cotton Valley Sandstone in Waskom field, Harrison County, Texas,
was the focus of the GRI SFE No. 3 well. (The formal name for the SFE No. 3 well is the Mobil
Cargill No. 15.) Core from the Taylor sandstone and adjacent shales was recovered in the well,
and an extensive open-hole data acquisition program of Measurement While Drilling (MWD)
logging, wireline logging (multiple passes), and open-hole stress testing was conducted. An
extensive data set was also collected during well testing and fracture treatments performed in

the Taylor sandstone (CER Corporation and S. A. Holditch & Associates, 1991).
Depositional Systems and Reservoir Facies

Depositional systems of the Cotton Valley Sandstone in Loui‘siana include a fluvial-
‘dominated delta system associated with the ancestral Mississippi River in northeast
Louisiana and a wave-dominated delta complex near the Texas-Louisiana border (Forgotson,
1954; Coleman and Coleman, 1981; McGowen and Harris, 1984; Coleman, 1985; Wescott, 1985). In
between, and fed by these fluvial-deltaic complexes, are facies interpreted as shallow-marine
sandstones, including barrier-island, shoreface, and offshore-bar deposits (Thomas and Mann,
1966; Coleman and Coleman, 1981), called the Terryville Sandstone (Mann and Thomas, 1964).
Thin wedges of transgressive blanket sands were deposited landward of the barrier facies as
washover-fan and flood-tidal-delta deposits that pinch out updip into the lagoonal deposits
of the Hico Shale. Some of the blanket sandstones are porous and permeable and form
conventional gas reservoirs that yield gas in drill-stem tests (fig. 24). Downdip, the blanket

sandstones lose permeability and grade into a thick, massive sequence of undifferentiated, low-
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permeability sandstones (Collins, 1980) that do not flow gas in drill-stem tests and that require
fracture stimulation (fig. 24).

The depositional systems of the Cotton Valley in East Texas are somewhat different than
those in Louisiana (Coleman, 1985; Wescott, 1985). Fan-delta deposits comprising prodelta,
delfa-front, and braided-stream facies have been identified in the Cotton Valley Sandstone
along the western margin of the East Texas Basin (McGowen and Harris, 1984). Along the
northern edge of the basin in the area of the present-day Sabine Arch, fan deltas prograded at
the earliest stage of Cotton Valley deposition, then evolved into wave-dominated deltas
(Bailey, 1983; Wescott, 1985). Strandplain and barrier-island environments probably existed
contemporaneously along strike from the wave-dominated deltas, away from major fluvial axes
(fig. 2).

Thick upward-coarsening sequences in the lower Cotton Valley Sandstone in East Texas
are composed of shale at the base, bioturbated, fine-grained sandstones interbedded with
siltstones and mudstones in the middle, and clean, well-sorted sandstones at the top (fig. 25).
These upward-coarsening sequences (labeled Taylor and Lone Oak Sandstone in fig. 26) were
deposited in either prograding shoreface, barrier-island, or wave-dominated-delta
ehvironments (Wescott, 1983; Hall and others, 1984; Presley and Reed, 1984; Coleman, 1985;
Wescott, 1985). Upward-fining chert-pebble conglomerates and sandstones, which commonly
overlie the upward-coarsening sandstones, probably were deposited in tidal channels (Dutton
and others, 1991b), but an alternate interpretation is that they were deposited in fluvial
channels that fed wave-dominated deltas (Presley and Reed, 1984). The Taylor sandstone
(fig. 25) is an important Cotton Valley reservoir. In the SFE No. 3 well (fig. 27), sandstones and
mudstones in the Taylor interval are interpreted as being deposited in a marine-shoreline
setting (Dutton and others, 1991c). In an upward direction, the environments represented
included the following: (1) shoreface, (2) microtidal barrier island, (3) lagoon and washover,

(4) a second microtidal barrier island, (5) tidal-inlet channels, and (6) marsh-lagoon (fig. 27).
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The best porosity and permeability occur at the tops of barrier-island sequences and the base of
tidal-channel deposits.

Above the Taylor sandstone is a thick, sandstone-rich interval (fig. 25) that coﬁposes the
bulk of the Cotton Valley. Thick, upward-coarsening sandstones, which are generally the best
exploration targets (Presley and Reed, 1984), are present in the lower part of this interval and
extend into the upper Cotton Valley to varying extents (figs. 25 and 26). The dip-elongate
nature of the sandstone bodies suggests they were deposited in a fluvial-dominated delta
(Wescott, 1985). Sandstones in the uppermost Cotton Valley are relatively thin (2 to 10 ft
[Presley and Reed, 1984]) and are interbedded with siltstones and shales. These thin sandstones
probably were deposited in a variety of estuarine, paralic, or coastal-plain environments
(Bailey, 1983; Presley and Reed, 1984; Wescott, 1985) (fig. 26). Some of the thin upper Cotton
Valley sandstones contain gas, but zones of high water saturation also are present. The water-
rich zones typically are connected to the wellbore after fracture stimulation because
interbedded shales are thin and do not act as barriers to vertical growth of hydraulic fractures

(Presley and Reed, 1984).
Composition of Reservoir Facies

Cotton Valley sandstones in East Texas generally are very fine-grained, well-sorted
quartzarentites and subarkoses, and the average composition is QgF7R; (Wescott, 1983; Dutton
and others, 1991c). Plagioclase and orthoclase feldspars occur in most samples. Lithic
components are primarily chert and low-rank metamorphic rock fragments. Mud rip-up clasts
and chert pebbles are common at the base of tidal-channel sandstones. Fossil fragments,
particularly oyster shells, are locally abundant.

Quartz and calcite are the most abundant authigenic minerals. The average volume of
quartz cement is 8 percent; the average volume of calcite is 9 percent, but total carbonate

(calcite, Fe-calcite, and ankerite) pore-filling and grain-replacing cement may compose
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>60 percent of some sandstones (Wescott, 1983). In a regional diagenetic study, Wescott (1983)
classified East Texas Cotton Valley sandstones into three groups: (1) Type I rocks are clean
sandstones that are tightly cemented by quartz and calcite and are poor reservoirs, (2) Type II
rocks are poorly sorted sandstones with a high clay content that have abundant microporosity,
and (3) Type III sandstones contain abundant unstable grains and well developed secondary
porosity due to dissolution of feldspars, rock fragments, and cements. Wescott (1983) states that
Type 1I sandstones have the highest porosities in the Cotton Valley, but he does not report
their permeability.

In the Taylor sandstone in the GRI SFE No. 3 well, Waskom field, the highest
permeability occurs in sandstones that were deposited in high-energy envifonments such as
barrier-island foreshore or at the base of tidal channels and that are cemented primarily by
quartz (Dutton and others, 1991c). The geometric mean permeability (measured under net
overburden pressure and Klinkenberg-corrected) is 0.014 md in barrier-island sandstones and
0.009 md in tidal-channel sandstones. High-energy sandstones that were cemented early in
their burial history by extensive calcite have lower porosity (average = 1.6 percent) and
permeability (<0.001 md). Permeability also is poor in muddy sandstones deposited in low-
energy environments, such as lower shoreface. Even though little cement precipitated in these

rocks, they have low permeability because of extensive compaction.

Natural Fractures

Documents submitted by operators to FERC show that natural fractures are thought to
enhance production in Cotton Valley sandstone of the East Texas and North Louisiana basins
(Finley, 1984). Naturally occurring fractures are suggested by locally high, anomalous
production (Finley, 1984) and the need for fluid-loss treatments in some Cotton Valley wells.

Accounts of the regional distribution and density of natural fractures in the Cotton Valley have
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not been published, but fractures have been documented on core and logs (Finley, 1984). The
overall contribution to production of naturally occurring fractures has not been quantified.

Cotton Valley fractures are probably regional fractures oriented approximately parallel
to. the Gulf Basin margin, as documented in the SFE No. 3 well, and similar to those in the
Travis Peak Formation (Laubach and others, 1989; Dutton and others, 1991c). Finley and others
(1990) speculated that Cotton Valley fractures may tend to be larger and more continuous or
interconnected adjacent to faults, within folds, and near salt domes than in areas having
subdued structure.

Core from SFE No. 3 well in the Cotton Valley Taylor sandstone shows that many natural
fractures are subvertical, east-northeast-striking extension fractures that are partly filled
with calcite (Dutton and gthers, 1991¢). In this well, fractures are confined to individual
sandstone beds and do.not extend across the entire interval. Inétead, they terminate at minor
lithologic breaks within sandstone beds. This lack of vertical continuity at the core scale
suggests that locally Cotton Valley natural fracture systems are discontinuous and poorly
interconnected vertically, but the characteristic size of fractures in this formation is unknown.
Fractures are visible on FMS and borehole televiewer logs, and they are oriented nearly

parallel to maximum horizontal stress (Laubach and others, 1990) (fig. 28).
Stress

The Cotton Valley is in the Gulf Coast extensional stress province (Zoback and Zoback,
1989). In the Cotton Valley in East Texas, SHmax trends predominantly east-northeast and

eastward (Dutton and others, 1991c; compare with Brown and others, 1980). A stress profile

from the Cotton Valley is shown in figure 29.
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Engineering Characteristics

Cotton Valley sandstones have variable porosities ranging from 1 to 18 percent (table 11).
The higher porosity sandstones are generally found in North Louisiana, where some fields
have been excluded from FERC tight gas sand designation. Most of the pay sandstones in
northeast Texas average less than 10 percent porosity and fall in the 6 to 11 percent range
(fig. 30) (Collins, 1980). Reservoir heterogeneity is a problem in the Cotton Valley. A 9 percent
porosity sandstone may have permeabilities of 1 to 3 md, and several feet away another
9-percent-porosity sandstone may have permeabilities as low as 0.05 md (Wilson and Hensel,
1982).

Generally core porosities agree with .llog-calculated porosities if a grain density of
2.68 g/cc is used. Caution must be used, however, when utilizingA logs to calculate porosity. The
degree of hole rugosity has a severe effect on pad-contact logging tools, and as much as 40 to
50 percent of Cotton Valley and Travis Peak porosity log data may be unusable due to poor pad
contact (CER Corporation and S. A. Holditch & Associates, 1989). Porosity cut-off for

/

production is generally in the 7 to 8 percent range (fig. 30). Locally, however, some sandstones
produce gas with porosities as low as 4 percent.

The arithmetic mean of ambient air permeability measurements for 11 cored wells at
Carthage field (Panola County), one of the best studied Cotton Valley fields, was 0.067 md
(Wilson and Hensel, 1982). Porosity in the 11 wells averaged 6.6 percent. One of the wells in
this group had average permeability of 0.33 md. If data from this well are removed, average
permeability for the group is 0.041 md, which is typical of Cotton Valley sandstones. A mean
permeability of 0.043 md for 126 wells in Harrison, Rusk, and Panola Counties was reported by
Finley (1984). Average permeability in 302 Cotton Valley wells in Louisiana is 0.015 md
(table 11). As a general rule, 75 ft of net pay is necessary for an economic completion in the

Cotton Valley (Collins, 1980). Net pay thicknesses range from 50 to 200 ft.
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Table 11.  Cotton Valley Sandstone, East Texas and North Louisiana Basins: production data and
engineering parameters.

Estimated resource base (Tcf): 24.2
No. tight completions: 2,870
Cumulative production from tight completions 1970-1988 (Bcf): 2,665.5
Estimated ultimate recovery from tight areas (Bcf): 4,999
Net pay thickness (ft): 50-200
Porosity average (%): 6-11
Permeability average (md): 0.015-0.043
Water saturation average (%): 25-30
Reservoir temperature (°F): 250-270
Reservoir pressure (psi): 5,500-6,000
Typical stimulation/hydro-frac: 9000 bbl crosslink gel and 1,200,000 Ib sand (in Taylor sandstone)
Production rate:
prestimulation (Mcfd): 50
poststimulation (Mcfd): 500-1,500
Average recovery per completion (Bcf): 1.8-2.4
Decline rate: 46% in first 1-2 yr
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Water saturations are generally 25 to 30 percent in the productive zones (table 11).
However, water-free completions have been made in zones with water saturations as high as
60 percent. Cementation and saturation exponents are 1.83 and 2.09, respectively (Wilson and
Hensel, 1982) in Carthage field. Many people use an exponent of 2 for both, but Wilson and
Hensel (1982) describe the pitfalls of doing this; in sandstones with low porosities, the error
induced by using the wrong saturation exponent 'may be severe. However, few special core
analyses exist to determine the proper cementation and saturation exponents on a local basis.
'vFormation water salinity in the Cotton Valley is 170,000 ppm total dissolved solids. This
corresponds to a water resistivity of 0.048 Q-m at 75°F. Reservoir temperature is 250° to 270°F.

A typical capillary pressure curve for a Cotton Valley sandstone is shown in figure 31.
Irreducible water saturation approaches 30 percent, which is consistent with log calculations.
There are water zones in the Cotton Valley, so height above the water table is important when
interpreting capillary pressure curves. For zones 200 ft above the free water level, water
saturation should be less than 40 percent for a successful gas completion.

Two producing intervals exist in low permeability Cotton Valley sandstones. The deeper

one is the Taylor sandstone (fig. 25). The Taylor has high stress contrast with the shales

immediately above and below it, and it is routinely fracture stimulated using massive

hydraulic fracture treatments. In the SFE No. 3 well, the fracture job consisted of 9,000 bbl of
crosslink gel carrying 1,168,900 1b of 20/40 mesh Ottowa sand proppant (CER Corporation and
S. A. Holditch & Associates, 1991). This type of massive hydraulic fracture treatment has
become typical in Cotton Valley Taylor sandstones. In contrast, the upper Cotton Valley above
the Taylor (fig. 25) has insufficient fracture barriers to sustain this size fracture stimulation
treatment without extensive fracture growth out of zone. Because there are water-bearing
sandstones in the upper Cotton Valley that do not exist in the Taylor, treatments in the upper

Cotton Valley are in general significantly smaller than those in the Taylor sandstone.
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Production History

Because of low permeability and high reservoir heterogeneity in the Cottoﬁ Valley, well
spacing has been reduced from 640 acres per well to 320 acres for many fields. In Carthage field,
an even higher well density is allowed.

The resource base in the Cotton Valley has been estimated at 24.2 Tcf (Haas, 1990).
Ultimate recovery from wells already drilled is slightly less than 6 Tcf (table 11). Average
recovery per completion is 1.8 to 2.4 Bef (Hugman and others, 1992) (table 11).

Pre-stimulation completions in the Cotton Valley usually produce at low rates
(50 Mcf/d). Post-stimulation rates are commonly on the/ order of 0.5 to 1.5 MMcf/d. The SFE
No. 3 well, which was fractured using massive hydraulic fracture technology, produced at a
rate shortly after fracture stimulation of 0.6 MMcf/d. Decline for Cotton Valley reservoirs is
significant; rate decline has been esﬁmated at 46 percent in the first 1 to 2 years. Initial water
production of more than 200 bbl of salt water per day is common in Cotton Valley wells. The
rate of water production typically decreases to 50 bbl/day over a 1 to 2 year period and

continues for the life of the well (Collins, 1980).

Travis Peak Formation

Introduction

The Lower Cretaceous (Hauterivian-Barremian) Travis Peak Formation produces gas
primarily from low-permeability sandstone reservoirs in East Texas and North Louisiana
(fig. 32), although limited production also occurs in the Mississippi Salt Basin (fig. 22) of
Mississippi and northeastern Louisiana (Weaver and Smitherman, 1978). Only one Hosston
well in Mississippi, in Jefferson Davis County, has been designated tight by FERC (Hagar and
Petzet, 1982). Application was made for the Travis Peak to be designated a tight gas sandstone

by FERC in all of Railroad Commission of Texas Districts 5 and 6, with the exception of all oil
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wells and 31 gas wells in this area. The application was remanded by FERC tb the Railroad
Commission of Texas, and in 1992 the tight gas designation was denied. However, the Travis
Peak is de51gnated tight in selected areas within Cherokee, Freestone, Leon, Limestone,
Nacogdoches, Robertson Rusk, and Smith Counties, Texas. In Louisiana, the Hosston Formatlon
has been designated tight in parts of Bienville, Claiborne, Natchitoches, and Red River
Parishes.

The Travis Peak Formation ranges from 1,400 to 3,200 ft thxck and generally increases in

thlckness from northwest to southeast (Dutton and others, 1991b). Subsea depths of the Travis

Peak range from <—4,000 ft to >-10,000 ft and increase radially away from the crest of the
Sabine Arch. Most Travis Peak production occurs at depths from 6,000 and 10,000 ft below land
surface.

The Travis Peak Formation in East Texas was the subject of a multidisciplinary study
funded by the Gas Research Institute that integrated geology, formation evaluation, reservoir
engineering, and fracture modeling. As a result of this study, abundant geologic and engineering
data are available for the Travis Peak Formation, including 2,238 ft of core from iO wells in

East Texas (CER Corporation and S. A. Holditch & Associates, 1988, 1989, 1990, 1991; Dutton

and others, 1991a, b).
Depositional Systems and Reservoir Facies

Many researchers have studied the depositional environments represented by Travis

Peak deposits (Bushaw, 1968; McGowen and Harris, 1984; Saucier and chers, 1985; Tye and
others, 1989; Davies and others, 1991; Dutton and others, 1991a, b). A generalized Travis Peak

| depositional systems tract in East Texas and western Louisiana (fig. 33) consists of: (1) a

braided- to meandering-fluvial system that forms the middle of the Travis Peak section,

(2) deltaic deposits that are interbedded with and encase the distal portion of the fluvial

section, (3) paralic deposits that overlie and interfinger with the deltaic and fluvial deposits
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Figure 33. Paleo-dip-oriented stratigraphic cross section B-B’ of the Travis Peak Formation (from Dutton and
others, 1991, modified from Tye, 1989). Datum is the top of the Pine Island Shale.
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near the top of the Travis Peak, and (4) shelf deposits that are present at the downdip extent of
the Travis Peak and interfinger with and onlap deltaic and paralic deposits.

Two main depositional systems, a lower aggradational fluvial system and an upper
retrogradational paralic system (fig. 34) occur in East Texas, where most Travis Peak gas is
produced. The 1,600-ft-thick sandstone-rich fluvial interval is interpreted to have been
deposited in fluvial systems that evolved from braided to more meandering streams during
Travis Peak deposition (Tye, 1989, 1991). Initially, fluvial systems consisted of broad, low-
éinuosity, sand-rich channels. The thickest and most continuous sandstones were deposited in
3- to 5-mi-wide fluvial channel belts that form a network of overlapping, broad, tabular
sandstones with thickness-to-width ratios of 1:800 (fig. 35). Reservoir sand bodies in this part
of the Travis Peak are large (at least 5,000 acres) and thick (12 to 45 ft) (Davies and others,
1991). As a result of relative sea-level rise, the systems tract waé compressed and the fluvial
style in East Texas evolved from braided to braided-meandering deposition (bed-load to mixed-
load sedimentation) during later Travis Peak time (Tye, 1989). Fluvial-channel deposits in the
upper Travis Peak are arranged multilaterally, as are channel belts in the lower Travis Peak,
but the upper Travis Peak channel-belt sandstones are thinner (8 to 29 ft) and vertically
separated by thicker floodplain and overbank deposits (fig. 36). Thickness-to-width ratios of
approximately 1:100 are typical of the braided-to-meandering-channel sandstones in the upper
Travis Peak (Dutton and others, 1991a, b). Reservoir sandstones in the upper fluvial interval
cover approximately 300 acres (Davies and others, 1991).

The upper, 160 to 600 ft of the Travis Peak (fig. 34) contains interbedded sandstones and
mudstones that were deposited in a paralic depositional setting that consisted of coastal?plain
(fluvial meanderbelt, floodplain) and marginal-marine (marsh, estuary, bay, tidal-flat,
shoal) environments (Finley and others, 1985; Dutton and others, 1991a, b). Sandstonesv in the
paralic interval are an average of 10 ft thick. Mudstones in the paralic section are thicker and
more laterally continuous than are mudstones in the fluvial section. However, mudstones in

both the fluvial and paralic intervals have low stress contrast with the interbedded
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Figure 34. Representative log of Travis Peak Formation from eastern Panola County, Texas
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Figure 36. Representative log of a pay zone in the upper Travis Peak from the GRI SFE No. 1 well (S. A. Holditch &
Associates Howell No. 5). It is projected that 1.14 Bcf of gas will be recovered from this zone over 6.5 years
(from CER Corporation and S. A. Holditch & Associates, 1989).
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sandstones and thus do not act as barriers to vertical hydraulic fracture growth (Dutton and
others, 1991a, b).

Progradational deltaic sandstones occur at the base of the formation above the Knowles
Limestone (fig. 34). Travis Peak deltas and the shelf over which they prograded were located
mainly in western Louisiana and south of the Mount Enterprise Fault Zone (fig. 22).

Most hydrocarbon production from Travis Peak reservoirs in East Texas is from structural
and stratigraphic traps over the crest of the Sabine Arch and from combination traps associated
with salt-cored anticlines and pillows off the flanks of the uplift (Dutton and others, 1991a).
The reservoirs occur in both fluvial and paralic sandstones, but most of the production has been
from paralic sandstones in the upper 300 ft of the formation. Sandstones in the lower Travis
Peak are gas saturated (Davies and others, 1991) but have low porosity and permeability

because of extensive quartz cementation.
Composition of Reservoir Facies

The Travis Peak Formation in East Texas is composed mainly of fine-grained to very fine-
grained sandstone, silty sandstone, and sandy mudstone. Matrix-free sandstones are moderately
to well sorted and texturally mature. Travis Peak sandstones are quartzarentites and
subarkoses, and the average composition is QgsF4R; (Dutton, 1987). Plagioclase is more
abundant than orthoclase feldspar in most samples. Lithic components are primarily chert and
low-rank metamorphic rock fragmehts. Ripped up and redeposited mud clasts are common at
the base of fluvial-channel sandstones.

Extensive cementation during burial diagenesis has resulted in the present low porosity
and permeability in Travis Peak sandstones. Cements and replacive minerals constitute an
average of 23 percent of the rock volume. Quartz, illite, chlorite, ankerite, and dolomite are
the most abundant authigenic minerals in Travis Peak sandstones (Dutton, 1987). Reservoir

bitumen, a solid hydrocarbon residue that occurs in some sandstones (Dutton and others, 1987;
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Lomando, 1992), is also considered a cement. Authigenic quartz, which averages 17 percent by
volume in clean sandstones, is the main reason for low porosity and permeability in the Travis
Peak. The volume of quartz cement increases with present burial depth, from an average volume
of 15 percent at 6,000 ft to 20 percent at 10,000 ft (Dutton and Diggs, 1990).

Illite and chlorite are the most abundant authigenic clays. Authigenic illite occurs as
delicate fibers inside both primary and secondary pores. Routine preparation of core plugs by
Soxhlet extraction and air drying damages the morphology of fibrous illite in pore systems and
consequently alters measured permeability (Luffel and others, 1990). Brine permeabilities of
air-dried and extracted core plugs are an average of 1.5 times higher than brine permeabilities
measured on preserved plugs (Luffel and others, 1990).

Reservoir bitumen that lines and fills pores is present in about 1/3 of Travis Peak
sandstones. Reservoir bitumen occurs primarily within the paralic facies and is most abundant
in the upper 300 ft of the formation. Among samples that contain bitumen, the average volume
is 4 percent, but bitumen volume ranges as high as 19 percent. The presence of bitumen makes
accurate reservoir evaluation more difficult because it affects both neutron and density log

response (Dutton and others, 1987).
Natural Fractures

Open and filled subvertical extension fractures have been documented in the Travis Peak
Formation in East Texas (Laubach, 1989a, b). Fractures range from microfractures to open
macrofractures as much as several feet tall. Many fractures, however, are short (<1 ft tall) and
probably have poor lateral and vertical interconnection. Fractures in core are confined to
individual sandstone beds, suggeéting that fracture systems in the Travis Peak are vertically
isolated.

Fractures in the '(I‘ravis Peak Formation in East Texas strike east-northeast (Laubach,

1989a), parallel to the margin of the Gulf of Mexico Basin and the local direction of maximum
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horizontal stress (Laubach and Monson, 1988). Open fracture apertures in core are as much as
0.5 cm. Minerals lining and filling Travis Peak fractures include quartz, ankerite, and calcite.
Wireline formation tests of individual fractures (identified in core and on borehole televiewer
logs) show that at least some Travis Peak fractures can conduct fluid (Laubach, 1989a).

In addition to fractures visible in oriented core, information on Travis Peak fractures was
obtained from logs, petrographic studies, and rock-properties tests. Fracture shapes and
orientations were assessed using dipmeter logs equipped to produce high-resolution resistivity
images of the borehole wall (FMS logs) and borehole televiewer logs (Laubach and others,
1989). The orientation of microfractures visible under the petrographic microscope was used to
infer macrofracture orientation (Laubach, 1989b). Microfracture strikes were detected using tests
designed to reveal tensile strength anisotropy (Clift and others, 1992). Dutton and others
(1991b) and GRI publications on East Texas SFE wells (CER Corporation and S. A. Holditch &
Associates, 1989, 1991) provide further information relevant to natural fractures.

Fractures occur in both the lower Travis Peak (fig. 37) and in the generally more gas-
productive upper Travis Peak. Fractures were recovered from areas lacking folds and faults.
These fractures apparently result from regional tectonic stretching combined with evolving rock
properties and episodically high pore-fluid pressures accompanying diagenesis (Laubach, 1988;
Laubach and others, 1989). Although evidence is sparse for fractures being more common
adjacent to faults, within fold hinges, and near salt structures, where local bending and
stretching are expected, diagenetic and structural studies show that quartz cementation
occurred earlier in the burial history of the Travis Peak. The formation therefore likely had
appropriate physical properties for fractures to form during these later structural processes.

A potentially important role for natural fractures in the outcome of stimulation
procedures is suggested by experiments in GRI's SFE No. 2 well in North Appleby field (fig. 32),
northern Nacogdoches County. In this well, overcored hydraulic-stress-test fractures in
naturally fractured intervals developed multiple, bifurcating strands rather than single

fractures (Laubach, 1989a), resulting in narrower apertures of individual fracture strands than
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would otherwise be the case. One manifestation of fracture branching during hydraulic fracture
treatment is high net fracturing pressures such as those encountered in the lower Travis Peak

treatment intervals in the SFE No. 2 well (Laubach and others, 1989).

Stress

The Travis Peak Formation is in the Gulf Coast extensional stress province (Zoback and
Zoback, 1989). In East Texas, SHmax trends predominantly east-northeast and eastward
(Laubach and others, 1989; see also Brown and others, 1980). A stress profile from the Travis

Peak is shown in figure 38.

Engineering Characteristics

Porosity and permeability are not uniform throughout the Travis Peak Formation (Dutton
and Diggs, 1992). Porosity ranges from 1 to 21 percent and generally decreases with increasing
depth, from a (geometric) mean of 10.6 percent at 6,000 ft to 4.4 percent at 10,000 ft (fig. 39,
table 12). In clean sandstones, porosity decreases from a (geometric) mean of 16.6 percent at
6,000 ft to 5.0 percent at 10,000 ft. Mean stressed permeability (geometric mean) in Travis Peak
samples decreases significantly between 6,000 and 10,000 ft, from 0.8 to 0.0004 md (fig. 40,
table 12). Mean stressed permeability (geometric mean) in clean sandstones is 10 md at 6,000 ft
and 0.001 md at 10,000 ft. Permeability at any given depth varies by more than four orders of
magnitude (fig. 40). The observed decline in porosity and permeability with depth between
6,000 and 10,000 ft results from: (1) increasing quartz cement, (2) decreasing secondary porosity,
and (3) increasing overburden pressure that closes narrow pore throats (Dutton and Diggs, 1992).

The correlation between porosity and permeability in Travis Peak sandstones is
reasonably good (r = 0.79) (fig. 41), but for a given porosity value, the 95-percent prediction

interval for permeability is +2 orders of magnitude (Dutton and Diggs, 1992). For example, for
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Figure 39. Semi-log plot of porosity vs. depth for 1,687 Travis Peak sandstone samples (from
Dutton and Diggs, 1992). Porosity values have a log normal distribution. Linear regression
equation relating depth and log porosity: log porosity (percent) = 1.6 — 9.6 x depth (ft) x 10-5.
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Table 12. Travis Peak Formation, East Texas and North Louisiana Basins: production data and

engineering parameters.

Estimated resource base (Tcf): 6.4

No. tight completions: 860

Cumulative production from tight completions 1970-1988 (Bcf):508.3
Estimated ultimate recovery from tight areas (Bcf): 1,269

Net pay thickness range and average (ft): 30-86; 48

Porosity (%): 5-17

Permeability (md): 0.0004-0.8

Water saturation (%): 30-60

Reservoir temperature (°F): 190-272

Reservoir pressure (psi): 3,920-6,000

Typical stimulation/hydro-frac: 78,000 gal crosslink gel and 87,500 Ib sand in upper Travis Peak; 235,000

gal fluid and 520,000 Ib interprop in lower Travis Peak
Production rate:

prestimulation (Mcfd): 0-765
poststimulation (Mcfd): 500-1,500
Average recovery per completion (Bcf): 1.8-2.4
Decline rate: Up to 65% in first 1-2 yr
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Figure 40. Semi-log plot of stressed permeability vs. depth for 649 Travis Peak sandstone
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10+
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-an individual sample with 10 percent porosity, the 95-percent prediction interval for
permeability ranges from 0.001 to 21 md. Travis Peak sandstones have a good relationship
between porosity and permeability because the main control on porosity is the volume of quartz
cement. As more quartz fills intergranular pore space, permeability is reduced.

As is the case in the Cotton Valley, there is reasonable agreement between core porosity
and porosity derived from log analysis. Because the sandstones are dominated by quartz, a
grain density of 2.65 g/cc should be used in log calculations. Hole rugosity causes a severe
problem in log response. Logs should be carefully scrutinized for this problem when making
porosity calculations.

Average net pay thickness in the Travis Peak is 48 ft (Finley, 1984). The normal range is
from 30 to 86 ft. Most of the successful completions occur in the upper 300 ft of the Travis Peak
Formation, where permeability is higher than in the lower Travis Peak.

Water saturations in productive Travis Peak sandstones vary from 30 to 60 percent
(Finley, 1984) (table 12). Cementation (m) and saturation (n) exponents vary according to area.
In the area studied during GRI Travis Peak research (ResTech, Inc., 1989), cementation
exponents were fairly constant, ranging from 1.87 to 2.07. Saturation exponents varied from 1.32
to 2.21, depending not only on the county, but on the field as well. As in the Cotton Valley, many
people ﬁse 2 for both m and n. Without the benefit of core analysis in an offset well, this is the
procedure we recommend.

Formation water salinity is 170,000 ppm total dissolved solids, which corresponds to
formation water resistivity of 0.048 at 75°F. In the southern part of the basin (Nacogdoches
County), formation water resistivities have been measured at 0.065 at 75°F. Reservoir
temperature in the Travis Peak ranges from 190° to 272°F.

A typical Travis Peak capillary pressure curve is shown in figure 42 for a clean, fine-
grained sandstone. The curve is much like that of the Cotton Valley, with irreducible water

saturation of 27 percent in reservoirs significantly above the water table.
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Figure 42. Typical air-brine capillary pressure behavior for Travis Peak sandstone (from CER
Corporation and S. A. Holditch & Associates, 1989). Sample is from a depth of 8,251.9 ft in the

SFE No. 2 (S. A. Holditch & Associates SFE No. 2) well.
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Hydraulic fracture treatments vary in size depending on the resefvoir. Some Travis Peak
sandstones produce naturally. In the upper 300 ft of the Travis Peak, fracture stimulation
treatments may be small. Two fracture treatments were made in GRI research wells, SFE No. 1
‘and SFE No. 2. In SFE No. 1 a completion was made in the upper Travis Peak (fig. 36) (CER
Corporation and S. A. Holditch & Associates, 1988). The fracture stimulation consisted of

78,000 gal of 30-1b cross-linked gel and 87,500 Ib of 18/20 mesh intermediate strength proppant.v

In SFE No. 2, the completion was made in the lower Travis Peak. This fracture -

stimﬁlation treatment was larger and was designed to pump 520,000 1b of interprop in
235,000 gal of fluid. However, the fracture stimulation was terminated after pumping 115,000 Ib
of interprop due to increasing pump pressure indicating formation “screen out,” not uncommon in
the lower Travis Peak. Normally the lower Travis Peak requires much larger jobs to improve its

‘flow characteristics.
Production History

Well spacing in the Travis Peak is 640 acres. Estimated resource base is 6.4 Tcf (Haas,
1990), and ultimate recovery from current Travis Peak wells is estimated to be 1.3 Tcf (Hugman
and others, 1992). Unstimulated wells range from negligible flow rates to a natural flow of
765 Mcf/d. Post-fracture flow rates can be as high as 1.5 MMcf/d. Recovery per completion

ranges from 1.8 to 2.4 Bcf. Decline rate is rapid, up to 65 percent in the first 1 to 2 years.
MAVERICK BASIN

The Maverick Basin is a restricted depression in the Rio Grande Embayment (fig. 43) that
probably formed as an aulacogen following the Triassic breakup of Pangea (Walper, 1977). The
basin is bounded on the west by the Salado Arch, and on the east by the San Marcos Arch,

which acted as a mildly positive structure that subsided at a slower rate than did adjacent
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basins during Cretaceous sedimentation (Loucks, 1976). The northwestern and northern limits of
the basin are defined by the Devils River Uplift and the Balcones Fault Zone (fig. 43).
Structural influences in this basin therefore include those of a passive margin basin and distal
effects of the northwest-trending Cordilleran thrust belt of Mexico.

Carbonates dominated the Lower Cretaceous sedimentation, whereas the Upper
Cretaceous sequence is characterized by terrigenous clastics derived from adjacent highlands
following renewed tectonism in the latest Cretaceous (Murray, 1957; Weise, 1980). By the Late
Eocene, the embayment was filled, and centers of deposition had begun to shift gradually
southeastward into the Gulf Coast Basin (Spencer, 1965).

The tight gas sandstone reservoirs occur within the Upper Cretaceous Olmos Formation.
There are as many as 973 tight completions in the Olmos, and cumulative prodqction is 298.6 Bef

with an estimated ultimate recovery of 408 Bcf (Hugman and others, 1992).
Olmos Formation
Introduction

The Olmos Formation is one of three Upper Cretaceous terrigenous clastic wedges
deposited in the Maverick Basin of the Rio Grande Embayment in South Texas (Tyler and
Ambrose, 1986; fig. 43). The Olmos Formation conformably overlies the lowermost clastic
wedge, the San Miguel Formation, and is in turn unconformably to disconformably overlain by
the uppermost clastic wedge, the Escondido Formation (fig. 44). Snedden and Jumper (1990)
dated the Olmos as Maestrichtian. The formation is exposed around the Chittim Anticline in
Maverick County and is erosionally truncated by the pre-Escondido unconformity along a line
that trends approximately easterly from the Uvalde-Zavala County border (fig. 45). The
formation extends in the subsurface to the southeast beyond the Lower Cretaceous shelf edge in

Webb and La Salle Counties (fig. 45).
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Tyler and Ambrose (1986) recognized seven Olmos exploration and production plays on the
basis of trapping mechanism and depositional setting of the reservoirs. The tight-gas-
producing reservoirs reviewed here are included in their downdip deltaic andr shelf tight-gas
sandstone play (fig. 46). The area formally designated by FERC as tight-gas-producing covers
northwestern Webb County and southern Dimmitt County (Railroad Commission of Texas,
1981). The A.W.P. Olmos field, which covers an area of approximately 5,000 acres in McMullen
County, was also designated as tight-gas-producing (Railroad Commission of Texas, 1985,
1986), and is within the shelf edge trap play of Tyler and Ambrose (1986; fig. 46).

The Olmos Formation is 400 to 500 ft thick at.outcrop and thickens to the southeast,
where it is as much as 1,200 ft in Webb County. Net sandstone of the formation is typically from
50 to 150 ft but exceeds 200 ft in three distinct areas centered in Frio, Maverick, and Dimmitt
Counties. Structural dip in the Maverick Basin is to the southeast and east-southeast at 50 to
150 ft/mi such that the depth to the top of the Olmos Formation varies from outcrop to slightly
more than 6,000 ft at the Lower Cretaceous shelf edge (fig. 45).

The Olmos Formation has been the subject of many recent studies. Tyler and Ambrose
(1986) carried out a regional study of the formation from the shallow subsurface down to the
Lower Cretaceous shelf edge, and Snedden and Jumper (1990) investigated Olmos deposition
beyond the Lower Cretaceous shelf edge. Barrow and Asquith (1992) resolved correlation
problems across the shelf edge. The Las Tiendas trend, an Olmos tight-gas-producing zone
down-dip of the shelf edge, was a target of the State Lands Energy Resource Optimization
(SLERO) project headed by the Bureau of Economic Geology, The University of Texas at Austin.
Barrow and others (1992) reported on the utility of shaly sand log analysis as an indicator of
hydrocarbon potential in these tight Las Tiendas reservoirs.

The key studies listed above represent a broad data set that provides a good overview of

reservoir characteristics, production trends, and completion practices for the Olmos Formation.
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Depositional Systems and Reservoir Facies

Olmos deposition updip of the Lower Cretaceous shelf edge occurred in two principal
depocenters (Tyler and Ambrose, 1986; fig. 47). Sedimentation was initially focused in the
western depocenter where the Catarina delta system first deposited a highly wave-reworked,
strike-elongate delta complex (Unit A), followed by more fluvially-influenced, wave-modified
delta complexes (Units B and C; fig. 48). Sedimentation shifted to the eastern depocenter where
again a wave-dominated delta complex (Unit F) was followed by two episodes of high
constructive but wave-modified deltaic sedimentation (Units G and H; fig. 48). Units F, G, and
H compose the Big Foot delta system. Sands not retained in the Big Foot delta system migrated
alongshore to the west, where they forrﬁed thick retrogradational coastal/interdeltaic
complexes (Units D and E) of the Rocky Creek barrier/strandplain system (Tyler and Ambrose,
1986; fig. 48).

Downdip of the Lower Cretaceous shelf edge, the Olmos sandstones are informally
designated the Olmos “A” and underlying Olmos “B,” although Barrow and Asquith (1992)
have shown the Olmos to consist of at least nine individual sandstone bodies (A1 through A3,
Bl through B6 [fig. 49]). A regional shale marker enabled Barrow and Asquith (1992) to
establish correlation across the Lower Cretaceous shelf edge. They demonstrated that the
Olmos “A” is equivalent to the lower portion of the Rocky Creek barrier/ strandplain system
(Unit D of Tyler and Ambrose, 1986) and the Olmos “B” correlates with the upper portion of the
Catarina delta system (Units B and C of Tyler and Ambrose, 1986). The Olmos “A” sandstones
are interpreted as storm-dominated lower shoreface to marine shelf deposits (Snedden and
Jumper, 1990; Barrow and others, 1992), which is consistent with their stratigraphic position,
seaward of the Rocky Creek barrier/strandplain system. The Olmos “‘B” sandstones were
deposited basinward of the Catarina delta system and were interpreted by Snedden and Jumper

(1990) as shelf sand ridge/shoal facies. Barrow and others (1992) argued that there was no

123



KINNEY UVALDE | MEDINA [~

. 1
Erosional -
truncation I

MAVERICK ZAVALA

EXPLANATION

E{—:j <50 ft

> 200 ft
. Weli
B Typelog

~~~~ Updip limit of Olmos Formation
Principal transport direction Tt
20 40 km

~507 Thickness of Olmos Formation \,\ Contour interval 50 ft

A Core locations

QA 4985

Figure 47. Net sandstone map of the Olmos Formation. Sediments were transported from the north and north-
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Counties (from Tyler and Ambrose, 1986).
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Figure 49. Type log of the Olmos Formation showing Al through A3 sandstones and B1, B2, and B5 sandstones.

The well is Peninsula Exploration Company No. 1-A, Maria Barreda, et al. (API 42-479-30434). The well was drilled
in 1972 and has produced 262 MMcf of gas.
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evidence of wave-generated traction current structures in these sandstones and interpreted them
as storm reworked distal delta-front deposits.

Description of reservoir facies for the Catarina delta system and the Rocky Creek
barrier/strandplain system is synthesized from Tyler and Ambrose (1986). Deposits of the Big
Foot delta system do not occur in the designated tight-gas-area and are not discussed. Facies
description of the distal deposits, the Olmos “A” and “B,” are taken from the work of Snedden

and Jumper (1990) and Barrow and others (1992).
Catarina Delta System

Unit A sandstones are up to 60 ft thick, display simple upward-coarsening SP log
patterns, and are arranged in a 75-mi-long, strike-elongate sandstone-rich trend. Potential
reservoir sandstones are thus extensive in the strike direction. Unit A sandstones however, are
present only in the northwesternmost corner of the designated tight-gas-producing area.

Unit B sandstones display both lobate and digitate sand axes that are up to 120 ft thick.
Four SP log motifs are recognized within Unit B: upward-coarsening, upward-fining, thick
complex upward-coarsening, and mixed (upward-fining and upward-coarsening). The
arrangement of SP responses is complex, reflecting the diverse depositional environments on a
wave-modified, fluvially dominated delta platform. Potential reservoirs are dip-elongate
upward-fining channel sandstones (70 to 100 ft thick), upward-coarsening channel-mouth bar
sandstones (20 to 50 ft thick) and thin, muddy delta-front sandstones. Unit B sandstones are
developed in the northern half of the tight-gas area.

Unit C is extensive in the tight-gas area and contains two distinct lithofacies with
reservoir potential. The upward-fining, crossbedded sandstone lithofacies consists of 15 to 20 ft
of fine-grained sandstone with clay rip-up clasts at the base and a progression in bedforms from
crossbeds to low-angle inclined laminations. This facies is interpreted as distributary-channel

deposits. The upward-coarsening, ripple-laminated, fine-grained sandstone lithofacies ranges
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in thickness from 7 to 12 ft and shows a succession in bed forms of horizontal Iathinations at the
base to climbing ripples at the top. This facies has abundant roots and plant fragments and is
interpreted as crevasse splay and levee deposits. The facies are distributed as é dip-elongate
- system containing a maximum of 80 ft’ of sandstone in southern Dimmitt County and as a strike-

oriented system with up to 100 ft of sandstone in northwestern Webb County.
Rocky Creek Barrier/Strandplain System

The shore-zone of Unit D was centered over the tight gas area in northwestern Webb

County and consists of a major strike-elongate belt with up to 90 ft of sandstone. Two lithofacies _

of this system are potential reservoirs. The upward-coarsening, internally eroded sandstone
lithofacies represents storm-wéshover sheets or fans and consists bf sandstone units up to 5 ft
thick. The erosionally based crossbedded sandstone lithofacies are interpreted as transgressive
barrier deposits and are up to 30 ft thick.

Unit E was deposited during continuing marine onlap and most sandstone deposition
occurred updip of the tight-gas area. Small-scale (10-ft-thick), erosionally based, trough
crossbedded tjdal channel units, however, may have limited reservoir potential in

southwestern Dimmitt County and southeastern Maverick County.
Olmos “A” and “B” Sandstones

The Olmos “A” and “B” sequence consists of thin sandstone beds that are interbedded
with bioturbated shaly to sandy siltstones. In cores, the sandstones display sharp to clearly
erosional bases. The upper contacts are sharp to gradational and commonly bufrowed. The
sandstone is uniformly very fine grained, but the amount of admixed clay and silt kincrekases
~upward, in part from bioturbation. The dominant Bedform in the sandstones is horizontal

lamination, with subordinate low-angle cross lamination, hummocky cross stratification, and
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combined current and wave ripples. The Olmos “A” and “B” sandstones differ slightly in areal
and vertical distribution. Olmos “A” sandstones display a sheet-like geometry, are generally
thinner, and more widely separated by interbedded shales, whereas the “B” sandstones show
more discrete sand bodies and are thicker because of amalgamation. Contrast in the sandstone
distribution suggests that the “A” sandstones were deposited in a more distal setting than the
“B” sandstones. Sandstone beds of both however, display considerablé lateral extent and may

be continuous from 1 to 2 mi.
Composition of Reservoir Facies

Sandstones of the Olmos Formation are classified as subarkose and sublitharenite
(classification of Folk, 1974) and are dominated by quartz and detrital clay matrix (Snedden
and Jumper, 1990). Feldspar and rock fragments comprise less than 25 percent of the whole rock
composition. The clay minerals are largely detrital and include subequal amounts of mixed-
layer illite/smectite and chlorite (Snedden and Jumper, 1990). The accessory mineral glauconite
averages 2 to 3 percent. Core, SEM, and petrographic analyses indicate that porosity, which
ranges from 6 to 16 percent and averages slightly under 10 percent, is 80 percent primary
macroporosity, 10 percent secondary macroporosity, and 10 percent primary microporosity.
Dissolution of feldspar, calcite cement, and shale clasts contributes to secondary porosity. The
very fine grain size and high clay content results in low permeability, which ranges from 0.01 to

8.0 md (unstressed) and is undoubtedly much lower in situ (Snedden and Jumper, 1990).
Natural Fractures

The role of fractures and faults in Olmos reservoirs has not been described in the
literature. Three structural zones having Olmos production, the Charlotte fault zone, Stuart

City reef trend and associated minor faults (Snedden and Kersey, 1982), and Chittim Anticline,
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are areas where the potential for natural fracture-enhanced production has been identified
(W. A. Ambrose, personal communication, 1992). The types of faults and fractures likely to be
important in this unit are similar to those described below for the Wilcox Lobo trend: small
normal faults that tend to block or enhance fluid movement and extension fractures that, if not
filled with authigenic minerals, may promote fluid flow and permeability anisotropy parallel
to regional strike. Olmos reservoirs are locally overpressured (Tyler and Ambrose, 1986), and
fractures and faults may play a role in defining pressure compartments in this unit. Large faults
and associated fracture zones may locally be conduits for fluid movement. Minor faults that are
indistinguishable on regional maps (for example, Weise, 1980) are present in parts of the Olmos

trend (Tyler and Ambrose, 1986).
Engineering Assessment

Consistent with the geological subdivision, engineering analysis of the Olmos indicates
two distinct trends, one updip and one downdip of the Lower Cretaceous shelf edge. In the updip
trend, such as at Dos Hermanos, net pay thickness ranges from 50 to 250 ft. In the downdip trend,
net pay thickness averages 50 ft (Snedden and Jumper, 1990) (table 13). Completion and
production data are most comprehensive in the downdip portion of the trend, particularly in
Tom Walsh and Owen fields, which have together produced 44 percent of downdip trend gas
(Snedden and Jumper, 1990).

The Olmos sandstones at Tom Walsh-Owen are divided into two producing zones, “A” and
“B.” Downdip Olmos sandstones are shaly, and the two zones at Tom Walsh-Owen average
24 percent detrital clay matrix (Snedden and Jumper, 1990). Measured permeébilities in these
two sandstones are 0.09 md for the “A” zone and 0.56 md for the “B” zone (geometric mean for
unstressed core data). Core porosities are 6 to 16 percent, averaging 10 percent. Log porosities
generally indicate porosities of 15 percent in the better wells. At Apache Ranch, porosities are

8 to 15 percent, and in situ gas permeabilities are 0.001 to 0.01 md (S. A. Holditch, personal
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Table 13. Olmos Formation, Maverick Basin: production data and engineering parameters.

Estimated resource base (Tcf): No d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>