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RESEARCH SUMMARY

Increasing development efficiency in low-permeability gas reservoirs:
a synopsis of tight gas sands project research

~ Bureau of Economic Geology, The University of Texas at Austin, GRI

Contract No. 5082-211-0708, “Geologic Analysis of Primary and Secondary
Tight Gas Sands Objectives.”

S. E. Laubach

November 1982-December 1992
Topical Report

To enhance the application of research results by industry, this report
provides a guide to the literature developed at the Bureau of Economic
Geology in the Geological Analysis of Primary and Secondary Tight Gas
Sands Objectives Project as part of the Gas Research Institute (GRI) Tight Gas
Sands Research Program in the period 1982-1992.

Since 1982, the Gas Research Institute (GRI) Tight Gas Sands Program has
supported geological investigations designed to develop the knowledge
necessary to produce gas from low-permeability sandstones efficiently. As
part of that program, the Bureau of Economic Geology has conducted in-
depth research on low-permeability sandstone in the Lower Cretaceous
Travis Peak and Jurassic Cotton Valley formations of East Texas, the Upper
Cretaceous Corcoran and Cozzette sandstones of Colorado, the Upper
Cretaceous Frontier Formation of Wyoming, the Pennsylvanian Sonora
Canyon Sandstone and Davis Sandstone of Texas, and the Pennsylvanian
Cleveland Formation of Texas and Oklahoma, as well as conducting limited

* studies of other low-permeability sandstones and compiling two major

national summaries of low-permeability sandstone reservoir attributes. This
effort was part of a broader program designed to increase the understanding
and ultimate utilization of gas resources in low-permeability formations
through integration of geology, formation evaluation, reservoir engineering
and fracture modeling. To develop advanced technologies verified in the
field, which are necesary for continued cost-competitive production from
low-permeability reservoirs is the objective of the GRI Tight Gas Sands
Research Program. '

The completion of the national survey Atlas of Major Low-Permeability
Sandstone Gas.Reservoirs in the Continental United States is an appropriate point
to compile a guide to research results that cover a broad range of regions,
formations, and geological and engineering topics, and that have been -

~ published in both geological and engineering journals, as well as GRI topical

reports. This report is intended to be a companion to the Atlas of Major Low-
Permeability Sandstone Gas Reservoirs in the Continental United States, which
brings together geologic, reservoir characterization, and engineering insights
on 24 producing low-permeability sandstone formations in 13 basins. This
report can serve as a directory to this literature.



Technical , : ; _ ‘
Approach We review some of the key findings of the geologic studies published in 17
GRI topical reports and more than 95 Bureau of Economic Geology ,
monographs, refereed journal papers, contributions to other GRI reports, and
; papers and abstracts in meeting transaction volumes. '
Project o B ‘ ‘ ' o .
Implications The importance of detailed resource characterizations in low-permeability
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 and the companion atlas volume serve as
references that will aid low-permeability gas sand development.

John T. Hansen .
Project Manager, Natural Gas Supply
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OBJECTIVE OF THIS REPORT =~

This report provides a guide to the literature developed at the Bureau of Economic
Geology in the Geological Analysis of anary and Secondary T1ght Gas Sands Objectives Project
‘as part of the Gas Research Institute (GRI) T1ght Gas Sands Research Program during the period
1982 through 1992, We review some of the key f1nd1ngs of the geologic studies pubhshed in 17
GRI topical reports and more ‘than 95 Bureau of Economic Geology monographs, refereed
journal papers, contributions to other GRI reports, and papers and abstracts in meeting
» transaction volumes. This report' is intendedto be a directorv to this literature and to enhan‘ce
the apphcatlon of research results by industry.

The completion of the national survey Atlas of Major Low-Permeability Sandstone Gas
Reservoirs in the Continental United States in December 1992 was an appropriate point to
summarize and compile:a guide to research results that cover a broad range of regions, |
formations, and geologic and,engineering topics, and that have‘ been published in both geologic |
‘and engineering journals, as well as GRI topicalreports.‘ This r_eport is intended to be a
companion to the Atlas of Maior Low~Penneability SandstOne ‘Gas Reservoirs in the Coritinental
United States, which brings together geologic, reservoir characterlzatlon and ‘engineering
insights on 24 producing low- permeability sandstone formations in'13 basms (fig. 1).

The first section Evolution of Geologlc Invesnganons traces the history of the pro;ect and
explains how the various formations became objects of our investigation. In the followmg
section, Research Approaches, we summarize some of the main elements voi reservoir
characterization and geological analysis that areincorporated into many of the reports
developed in this project. This summary section could not be comprehensive without repeating
‘the reports themselves, so it should be regarded asa broad overview of methods rather than a
‘c0mplete listing of topics. In the Synopsis of Research Res‘ults an outline is presented of the main
findings of Bureau geologic research on the Travis Peak, Frontier, Canyon, andCleveland

Formations, as is a summary of results from the recently completed national survey of 24 low-
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Figure 1. Map showing basins containing low-permeability sandstone gas reservoir formations
described in the Atlas of Major Low-Permeability Gas Reservoirs in the Continental United
States [23]. Labels on the map correspond to basin designations as follows: 1, Appalachian Basin;
2, East Texas Basin; 3, Maverick Basin; 4, Gulf Basin; 5, Fort Worth Basin; 6, Anadarko Basin; 7,
Permian Basin; 8, Val Verde Basin; 9, San Juan Basin; 10, Denver Basin; 11, Piceance Basin; 12,
Greater Green River Basin; 13, Wind River Basin; BW, Black Warrior Basin; AR, Arkoma Basin;
UN, Uinta; BH, Big Horn Basin.



permeability reservoirs. In the sections Review of Technology Transfer Success and Impact of
Geological Studies on Efficient Gas Production we briefly describe two measures of the
dissemination and influence of this research on industry and the geological and engineering
communlty at large. The final section, An Annotated Summary of Project Publications, is a list of the
major topical reports and monographs, with brlef summanes of their contents and a llSt of

.

other publications that stem directly from the project.

EVOLUTION OF GEOLOGIC INVESTIGATIONS

Since 1982 the Gas Research Institute (GRI) Tight Gas Sands Pngra’m has supported
geological investigations designed to develop the knowledge necessary to produce gas from loW-
permeability sandstones efficiently. As part of that program, the Bureau of Economic Geology
has cdnducted in-depth research on low-permeability sandstone in the Lower Cretaceous Travis
Peak and Jurassic Cotton Valley Formations of East Texas, the Upper Cretaceous Corcoran and
Cozzette sandstones of Colorado, the Upper Cretaceous Frontier Formatidn of Wyoming, the
Pennsylvanian Sonora Canyon and Davis Sandstones of Texas, and the Pennsylvanian
Cleveland Fo'rmation of Texas and Oklahoma, as well as conducting limited studtes of other low-
permeability sandstones and compiling two major national summaries of l‘ow-permeability
sandstone reservoir attributes. This effort was part of a broader program designed to increase
the understanding and ultimate utilization of gas resources in low-permeability formations
through integration of geology, formation evaluation, reservoir engineering,v and fracture
modeling. To develop advanced technologies and understanding of the formations studied in
depth and apply them to these and other formations to enable greater recovery of gas in place
in low-permeability reSeﬁoirs is the goal of the GRI Tight Gas Sands Research Prograrn.

Geologic analysis ot low-permeability sandstones by the Bureau of Economic Geology '

began in 1982 with a national assessment of low-permeability reservoirs suitable for an



extensive research program [28]." The next phase of study involved detailed evaluation of six
tight gas sandstones and the sel‘ection of two of these units for comprehensive geologic,
engineering, and petrophysical assessment: the Lower Cretaceous Travis Peak (Hosston)
Formation in East Texas and northern Louisiana and the Upper Cretaceous Corcoran and
Cozzette Sandstone Members of the Price River Formation (Mesaverde Group) in the Piceance
Basin of Colorado. Because of ,iimited development of the Corcoran and Cozzette at that time,
detailed study of the genetic stratigraphy focused on three contiguous fields that contained
most of the Corcoran-Cozzette prod‘uctibn. In cdntrast, evaluation of the Travis Peak
emphasized the establishment of a basinwide stratigraphic and structural framework across East
Texas and North Louisiana. |

In the subsequent phase of study, which required operator activity and cooperation, core
and production data were collected extensively from cooperative »wells drilléd in the Travis
Peak Formation. A total of 1;280 ft of Travis Peak core was drilled by GRI in seven cooperative
wells, from which operating compan‘ies allowed GRI contractors to collect data, and an
additional 1,440 ft of existing core was loaned or donated by operators. Research on the
Corcoran and Cozzefte Sandstones received lower priorify during this phasg of the project
because operator activity in the Piceance Basin declined as a result of market conditions.
However, one cooperative well was drilled through the Corcoran-Cozzette Sandstones to the-
underlying Sego Sandstone, and a total of 270 ft o f' core was recovered [59].

The first phase of geologic, engineering, and petrophysical assessment of the Travis Peak
lasted from ‘1983 through 1‘98.6. Information gained from the cooperative wells, combined‘ with
detailed chafacter-ization of two regionally productive trends, or fairways, within the Travis Peak
study area, led to drilling by GRI of three Staged Field Experiment (SFE) wells in the second
phase of the Travis Peak study. The SFE wells were drilled and completéd ‘by GRI specifically for
research on low-permeability gas reservoirs. SFE No. 1 was drilled in Waskgm field Harrison

County, Texas, in August 1986 [11], and SFE No. 2 was drilled in North Appleby field in

* Bracketed numerals refer to the annotated project-publication list at the back of this report.



September 1987 [12]. Research on these two wells focused on productive sandstones near the
top and base of the Travis Peak Formation. Research on SFE No; 3, drilled in September 1988 in
Waskom field, focused on the low-permeability Taylor Sandstone in the lower Cotton 'Valley
Formation [13] The purpose of drilling this well was to test the transfer of technologies,
techniques, and models developed durmg study of the Travis Peak Formation to another
formation, the Cotton Valley, that has a 51m11ar stratlgraphlc and tectonic setting. A total of [
1,050 ft of core was taken from the three SFE wells.

The next phase of the project was to extend and apply, in a new area, techniques for the
geological, geophysical, and engineering characterization of low-permeability reservoirs that
were developed during work on SFE wells 1 through 3. ‘This work would eventually involve
drilling several cooperative wells and -fhe SFE No. 4 well in a formation and basin having a set of
geologic and engineering attributes substantially different frbm the Lower Cretaceous
formations of East Texas. Part of the motivation for selecting another basin was that geologic
variability has a vital effect on the success of engineering aﬁsessments and operations, and that
in order to be robust, technical engineering solutions r_equire testing in éontrasting geologic
settings. The process of selecting a site for SFE No, 4 began with an appraisél bf 183 low-
permeability formations in all major low-permeability gas producing areas across the country.
From a group of four candidate formations that were reviewed in detail by the Bureau [22], the
Upper Cretaceous Frontier Formation in the Green River Basin of southwestern Wyoming was
selected as the site of SFE Nb. 4 on the basis of the scientific challenges and lessons that it
pfbvided, high incremental resource potential, and strong operator activity.

(Information gained from three successful Frontier cooperative wells (including 520 ft of
core), combined with geologic characterization of the Frontier throughout a study area that
encompassed the area of greatest operator actiflity, led to GRI's drilling of SFE No. 4 in 1990
- [185]. Specifically targeted was the Second Benéh of the Second Frontier, which extends the

length of the Moxa Arch and contains the most prolific Frontier gas reservoirs in the western



Green River Basin. The SFE No. 4 well was drilled in Chimney Butte field, Sublette County,
through the Frontier Formation to a depth of 8,100 ft. A total of 323 ft of core was recovered.

Research was extended in 1990 to include the Pennsylvanian Canyon Sandstone in
southwest Texas, where the efficiency of burgeoning operator activity was being impeded by
lack of information on regional and reservoir geology. Regional geology of the Canyon was
investigated in a five-county (Schleicher, Sutton, Edwards, Val Verde, and Crockett) study area
in the Val Verde Basin and Ozona Arch-—mapping of structure and sandstone geometry,
construction of detailed stratigraphic cross'sectioris, and description and interpretation of core
from Sawyer and Sonora fields in Sutton County [32] and [61].

The Pennsylvanian Cleveland Formation had been considered as a candidate for the SFE
No. 4 well [23] and, due to continued operator interest in geologic framework studies, a
stratigraphic study of the formation was undertaken in a seven-county (Hansford, Ochiltree,
Lipscomb, Hutchinson, Roberts, Hemphill, and Wheeler) area of the Anadarko Basin. Mapping
of structure, formation thickness, and sandstone thickness was used to delineate. reserv‘oir
distribution of this progradatiohal clastic system, interpret depositional history, and characterize
component facies {19].

In 1990 a screening process was initiated for chéosing an appropriate low-perineability
formation for the proposed GRI hydraulic fracture test site facilit)}. A nationai screening of low-
permeability formz‘lti‘ons was conducted by the Bureau to identify units that met the criteria for
the test site. Invthe course of this work data from cooperative Wells and a GRI research well
were collected and analyzed [52].

By 1991, simultaneous studies were ﬁnder way in the Frontier, Canyon, Davis, and
Cleveland sandstones, and limited studies or reviews of other formations were in progress in
support of proposed engineering experiments. These wi‘de-fanging studies, together with
previous work on the Tra‘vis Peak, Corcoran-Cozzette, and Cotton Valley set th>e stage for
preparing'a national survey of the depositiohal history, reservoir distribution, diagenesis,

structure, in situ stress, engineering attributes, and ptoduction of 24 leading low-permeability

/



sandstone reservoirs. The Atlas of Major Low-Permeability Sandstone Gas Reservoirs in the

Continental United States (1993) resulted.

RESEARCH APPROACHES

A multidisciplinary approach to formation evaluation is the most accurate for assessing
reservoir properties. This section, excerpted partly from the introduction to the Atlas of Major
Low-Permeability Sandstone Gas Reservoirs in the Continental United States, summarizes some of the
elements that have been found to be critical in characterizing low-permeability sandstone
reservoirs.

Our geologic studies can be divided into (1) stratigraphy and depositional systems,

(2) reservoir compdsition and diagenesis, and (3) structural history, structural geometry, natural
fractures, and stress attributes. vInformatiron on each of these topics is necessary to completely
characterize any tight formation geologically. Stratigraphic information explains the physical
ffa’mework in which the gas resource exists. Depositional history determines the regional
distribution, geometry, and texture of the reservoir sandstones, as well as the character‘isfics of
the nonreservoir facies that may act as barriers to vertical growth of hydraulic fracturés resulting
from high in situ stress. Production characteristics of tight gas reservoirs are partly Confrolled by
diagenetic modifications to the reservoirs; extensivé ceme}ltation is commonly why
permeability is low. Finally, studies of structural history and geometry, natural fractures, and
stress attributes are important to the understanding of tight gas resources because hydraulic
fracture treatments are commonly carried out to achieve economic flow rates. Hdrizontal
drilling is a promising method for developing low-permeability gas reservoirs. Determining the
present stress state in reservoir rocks and adjacent strata helps the direction of hydraulic
fraéture propagation to be predicted and fractures to be Confained more effectively. 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 characte'ristics.

Stratigraphy and Depositional Systems

A depositional system is a group of lithogenetic facies linked by depositional environment
and associated processes. 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 gedmorphic units, such as modern rivers or deltas. 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. Understanding at the facies level
is a goal of stratigraphic analysis because commonly at the facies scale the basin’s fluid migration
pathways, including those of gases and connate waters, are established. 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,
ciassifying tight gas sandstones by their depositional systems and component facies establishes a
framework for comparison among 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 classiﬂcatidn helps provide a basis for determining the extent to
which geologic and engineering knowledge gained in the study of one formation can be
applied to the study of andther.

Nine principal cla'stivc depositional systems can be classified into continental, shoreline
(marginal marine), and marine environments, and the nine systems can be subdivided further.
For example, the fluvial system can be divided into 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.

The thickness of a sandstone depends on sediment supply, water depth, and rate of basin
subsidence. Thick sandstones generally form when the p‘roducts of repetitive depositional
events stack vertically, which introduces layering that can be detrimental to hydraulic-fracture
stimulation. The amount of sediment input, basin subsidence, and sea-level changes are the
main factors that control the vertical sequence of‘deposits. Clean (low clay confent)
sandstones, which generally rhake 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
and fine sediment fractiohs. Processes at the distributary mouth bar of delta systems are also
efficient sediment sorters. The cleanest shales (having the 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 sa{ndy mudstones are deposited.
Only in special cases (during marine transgressioh, for example) are the élean 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 ovérlying and underlying
beds is critical to hydraulic-fracture design, aﬁd 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 theit 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 m1nera1 cements from aqueous

~ pore fluids during burial have destroyed much of the original 1ntergranular (primary) porosrty.
Older and deeper sandstones typically have lower porosity than do younger or shallower
sandstones because they have undergone more extenswe compaction and cementation. The
rimportance of time for these porosity-reducmg reactions to occur is evident from the age of
most of the tight ga‘s sandstones in the United States, which are Paleozoic (570 to 245 Ma) or
Mesozoic (245 to 66 Ma). The only major Tertiary (66 to 1.6 Ma) tight gas sandstones 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
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.

Information on the composition and distribution 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”
tnat are used to classi‘fy a sandstone. 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 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 affects the porosity
network. »Abundant rock fragments, particularly metamorphic and sedimentary rock fragments,

may indicate that the sandstone has undergone loss of porosity by ductile grain deformation.
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Petrographic analyses of framework mineralogy, porosity, clay content, and clay
distribution reveal compositional controls on rock strength. This information can then be "
COmbined with well-log analyses to yield fairly accurate predictions of rock strength and
mechanical properties in treatment intervals and potential fracturebarriers.,
| Fluid and gas in a sandstone flow most readily through well-connected, intergranular pores.
In most tight gas sandstones, the intergranular poreﬁnetwork has been almost completely
occluded by precipitationIOf authig‘enic cements. The result is that narrow,. slot-lil<e apertures
between pores provide themajor'connectivity for fluid flow, and these narrovv slots are closed
easily by increasing pressure (effective stress). Thus, to me'asure permeability in tight gas
sandstones accurately,one must analy‘ze core 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

( ES

radii of >0.5 um) are secondary pores formed by dissolution of detrital grains, particularly :
feldspars. Secondary pores provide pore volume for gas storage, but they generally are
connected only by the remaining narrow, intergranular pores. Th’erefore, permeability in tight
gas sandstones containing mostly secondary pores is still controlled by thebighly occluded
“intergranular pore netvvo_rk.‘ Micropores (pore-aperture radii of >05 pum) are common in some
tight gas sandstones, such as the Frontier Formation in the Green River Basin, but
microporosity contributes little to permeability. Formations tbat have abundant microporosity
may be interpreted from logs as having high porosity, but theéy have low permeability.
Tight sandstones can be divided on the basis of pore,geometry into (1) sandstones that
have open intergranular pores whose pore throats are plugged by authigenic clay minerals,
(2) sandstones that have intergranular‘ pores that have been largely occluded bv authigenic
cements (mainly quartz and calcite) and reduced to narrow slots that connect large secondary
pores formed by grain dissolution, and (3) muddy sandstones that have intergranular volumes
filled by detrital clay matrix and porosities that are mainly microporosities. According to recent

surveys, Type 2 sandstones are the most common tight gas reservoirs, and most of the 24
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sandstones in the 1992 atlas are Type 2 [23]. 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 pluggirig 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 qumation is an example of a
Type‘ 3 sandstone. Type 3 sands‘tones ére poor reservoirs because they have low porosity and
permeability from the time of deposition as a result of an ‘abundance‘ of detrital cl’ay that was |
either deposited with the sand or mixed in shortly after deposition by burrowing. Compaction
further reduces pbrosity, so that Type 3 sandstones typically have nd visible macroporosity.
Although log-measured porosity may be as high as 10 percent, the porosity is all microp‘o‘rosity,
and the sandstone has very low,perméability.

Diagenetic complexity in Type 2 low-permeability sandstones varies considerably; thé
Travis Peak provides an example of a relatively simple system. lehere, although sandstones
contain many different authigenic minerals, quartz is the most abundant porosity-occluding
cement. As the volume of quartz cement increases with increasing burial depth, th‘e‘ volume of
intergranular primary‘poro’sity decreases and permeability also decreases [41]. Average pbrosity
and permeability can be predicted by depth in this formation. The Frontief Formation in the
Green River Basin is a more corﬁplicated system. Quartz cement is the main control on porosity
in some areas along the Moxa Arch, but in cher areas calcite cement dominates. As a result, no
trend emerges in either porosity or permeability with burial depth [14].

Authigenic clay minerals have an effect on the producibility of tight gas sandstones
beyond simple porosity reduction. Because of their high surface-to-volume ratio, clays increase
water saturation, which decreasés relative permeability to gas. The relative influence on
permeability of the main types of clay minerals varies in tight gas sandstones. Kaolinite
generally occurs in compact clusters inside secondary pores, so it has the least effect on
permeability. Chlorite flakes commonly line primary pores and thus have an influence greater

than kaolinite of decreasing permeability. Illite and mixed-layer illite-smectite occur as fibers -
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tliat have high surface areas and thus the greatest effect in reducing permeability. The
presence of fibrous illite in a sample can jeopardize accurate permeability measurements from
core plugs. Conventional core analysis of illite-bearing sandstones can indicaté unrealistically
high permeabilities caused by the collapse of illite fibers during dryirig.

Clay minerals in sandstones can also cause production problemﬁ because they are sensitive
to completion fluids. Iron-rich chlerite will react with aci‘d and form iron hydroxides that reduce
permeability if the treatment liqﬁids are not properly chelated. Swelling clays, such as smectite
or mixed-layer illite-smectite with a high percentage of smectite layers,i are sensitive to fresh
water. Marry of the 24 formations reviewed by Dutton and others in the atlas have a high
percentage of illite layers, and thUS they are not very sensitive to fresh water. A ‘more difficult
problem is reducing the permeability that results when rvater saturation increases as a result of

drilling or stimulating a low-permeability formation.

Natural Fractures and Structure

Most rocks near the earth’s surface (<3 to 6 mi deep) are brittle-elastic materials '
responding to natural stresses. Consequently, under the inﬂrrence of extension, compression,
flexure, uplift, cooling, and fluid migration, many rocks acquire networks of fractures of various
types and sizes, which 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 can be used to classify fractures further and define fracture style and architecture.
Reservoir 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.
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Natural fractures are commonly observed in core from low-permeability-sandstone
reservoir rocks, although many Qf these fractures are nearly vertical and Vtherefore scarcely
prone to intersection by vertical boreholes. Fractures are thus locally abundant in the
subsurface, even in areas distant from structural perturbations such as folds and faults. In many
cases, these fractures have been open or partly open in the subsurface, and locally they are
associated with abrupt inflows of gas into the wellbore. Most documentéd fracture porosity
values are low ‘(a few percent and generally <1 percent). Recently fractures in several of low-
permeability reservoirs have become targéts for horizontal drilling, and ih some cases increased
gas production has been linked t6 fractures observed in core or oh well logs from ‘horizontal
wells.

~ Knowledge of fi'a_cture occurrence, orientation, and pattern is importaht for engineering
evaluation and development of reservoirs having low matrix perme-a’bjility and for icorrect
placement of deviated and horizontal wells designed to cross fractures. The full impact of
fractures on ﬂuid‘ﬂow or engineering operations in most low-permeability-sandstone reservoirs
has not been quantitatively assessed. Natural fractures likely play a key role in production from
parts of most, if ﬁot all, low-permeabili‘ty-sand»stone reservoirs based 6n the disparity observed
in some reservoirs befwéen permeability measured on core samples and thatk implied by
production histories. Fractures having marked veffects on reservoir performance have been:
described from the Cotton Valley sandstone_in the East Texas zind North Louisiang basins, the
Mesaverde in the Piceance Basin, the Frontier Formation in the Greeh River Ba_sin,' and the
Davis Sandstone in the Fort Worth Basin, among others.

In addition'to providing pathways for fluid movement locally, recent engiﬁeering analyses
have also confirmed geologic predictions that ,natural‘ fractures can profour”lvdly affect the way
indu?:ed hydraulic fractures grow. The growth of multiple fracture strands in naturally fractured
intervals has been postulated to reflect pressure anomalies détected during hydraulic fracture
treatments. Opening of natural fractures could account for the wide scatter of microseismic

signals detected after hydraulic-fracture treatments, which were monitored using in-well
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geophones, and evidence from some basins that hydraulic fractures have grown parallel to the
natural-fracture rather than the maximum-horizontal-stress direction [68]. Hydraulic fracturing
suggests that natural fracfures need to be considered in hydraulic-fracture-treatment design.

Fractures can be classified according to the processes that produced them, 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 sandstbnes 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. Because all of these processes can act fogether or
separately toiproduce fractures, fractures having different origins can coexist in a reservoir
interval. N

Although regional fractures éommonly occur in subparallel sets, sets generally show
variable spacing and patterns may change gradually or abruptly on bdth regional -and locél (field,
interwell) scales. Such patterns can be documented and predicted. Reservoir fractures are
arranged in networks that reflect the reservoir structure, the history of burial and tectonic loads
that caused fracture propagation, and the evolving physical bropérties 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.

Faults are common geologic features that are a type of reservoir heterogeneity occurring in
tight gas sandstones in a wide spectrum of sizes. Whefeas 1arge faults can compartmentaiize
reservoirs by juxtaposing reservbir and nonreservoir rocks, small faults may also be barriers to
fluid flow as a result of grain breakage and porosity reduction, even where faults produce
sandstone-on-sandstone contacts. Nbrmal faults are comrrion features of many Gulf Basin
reservoirs such as the Lobo Wilcox and Vicksburg. Reverse faults occur locally in some
sandstbnes adjacent to the Cordilleran thrust belt, such as the Frontier and Mesaverde, ahd-
strike-slip faults are possibly features of some Abo reservoirs. Daté on faults in a given.reservdir

are commonly incomplete and‘ affected by sampling bias. Short faults with small throw are
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generally in\tisible 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,'too; is hindered by obstacles to fracture sampling. Even simple
fracture network patterns are difficult to impossible to document using conrizentiohal methods
in vertical boreholes:: _fraCtures commonly escape detection oh logs or in core. Detailed
information on fracture density, connectivity, and orientation patterns currently can he
obtained only from outcrop studies of reservoir analogs (exposed reservoir-facies rocks having
structural histories similar‘ to target horizons). Well tests and other engineer'ing tests have
provided little insight into hatural fracture systems; commonly oversimplified representations
of fracture networks are used to interpret such tests, often ovbscuring' the effects of hatural
fractures on well tests and long-term reservoir behavior.

Although prediction,‘detection, and characterization of natural fractures are Vkeys to
reservoir assessment, to evaluate’é ‘reservoir successfully is a challenge. The effect of fractures
on production depends on, among other factors, the relative permeability, porosity, and
interconnectivity of the fracture network compared with that of the matrix rock. Fracture
connectivity, or the distributioh of fracture-occluding ‘minerals in fracture systems, has not yet
been successfully predicted on the prospect scate. The cumulative effect of long exposure to
fracturing processes associated with tectonism, burial, uplift, and migrating flutds should work to
produce an ihterconnected, conductive fracture network in older rocks. However, diagenetic
processes of mineral precipitation tend to fill and close fractures. The intense faulting that
characterizes the Tertiary (Eocene) Lobo Wilcox trend shows that such generalized models are

no substitute for direct measurement of fractures and formation-specific predictive models.

Stress

Stress directions and stress contrasts in low-permeability sandstone reservoirs are important

to the design of engineering operations in these rocks. Hydraulic fracturing is an effective
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stimulation method for low-permeability reservoirs, and hydraulic fracture growth directions
ahd hei‘ghts are key variables in hydraulic fracture treatment design‘ in all of the sandstenes
described in this report. Because under typical reservoir conditibns, the growth direction of
hydraulic fractures tends to parallel maximum horizontal stress (SHmax), knowledge of principal
stress directions is necessary for effective placement and stimulation of wells. This information
is also important where open hatural,fiactutes contribute to production because open fractures
may be preferentially aligneel parallel to SHmax. .

The contrast in the rhagnitu,de of the minimum principal stress between different beds is
one of the’key factors governing the vertical growth of a hydraulic fracture. If hydraulically
created fractures grow signifieaﬁtly 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 ihadvertently intersected by treatvment fractures, which may
damage the well. |

Intraplate tectonic stresses such as those that affect virtually all‘low-petmeabi‘lity gas
reservoir rocks are r‘nostly’ the result of plate tectonic f_orces acting on the lithosphere. Regidnal
maps Qf current stress 'directions are thus useful tools for predictiné approximate maximum
horizental stress directiohs on the local (field or interwell) scale. Analysis of tectonic history
helps predict paleostress directions and the orientation of natural fractures. For most of eastern
North America, midocean-ridge push forces cause a large province of -generally north-northeast-
trending maximum horizonfal stress, the midplate compression province, which extends east
from the Rockies to near the Mid-Atl‘antic Ridge.

Worldwide, most intraplate stresses are compressional, but a complex extensional stress
province exists in the western United States: the Cordilieran extensional province. Such
provinces commonly hﬁve elevated topography and heat flow. The Cordilleran province also
comprises several domains having contrasting directions of ma}cimum horizontal stress. This
variability in stress orientation and the limited resolution of regidnal stress-direction maps that

arises from sparse well data make stress directions in some western basins challenging to predict.
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For example, evidence conﬂicts ab‘out stress di‘rections from the Frdntier Formation in the
Green Ris/er Basin -[68]. Stress directions in the formations studied in this project have been
determined by various GRI contractors using several methods. One of our roles has been to
synthesize and intetpret test results in their geologic and tectonic context and according to the
rock’s composition and microstr‘ucture. |

GRI research prOiects have shown that cores and stress ‘tests can be used to calibrate log
data so that an in situ profile can be obtained usiri_g acdustie data, density data, and estimates of
formatlon rock type (1f profiles are properly calibrated with stress tests) In ‘conjunction with
burial history, rock composmon—partlcul\arly the volume of pore space and the amount and
diStribution of clay minerals—can profOundly affect rock strength and thus measured stresses,
and information on diagenetic patterns can be used to predict rock properties and help
calibrate stress profiles based on geophysical well log suites and stress tests. Using data

generated by the Bureau, several research groups and other GRI contractors have attempted or

are in the process of such analyses.

SYNOPSIS OF RESEARCH RESULTS

In addition to developing general principles that apply to many formations, this project
‘has produced specific, in-depth geological and reservoir-property analyses of several important

low-permeability reservoir formations.

‘East Texas Studies: Travis Peak Formation

The mainigoal of the geologic studies of the Tight Gas Sands Program in East Texas was to
document the geologic framework of the Travis Peak Formation (fig. 2). Insights gained from
this multifaceted study increased understanding of the geologic controls oﬁ distribution and
behavior of Travis Peak tight gas reservoirs. Geologic studies in East Texas thoroughly |

characterized low-permeability gas reservoirs by determining (1) the size, orientation, and
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Figure 2. The Travis Peak Formation study area and wells in East Texas (from [27]). (a) Structural

setting of the Travis Peak Formation, East Texas. (b) Wells for which Travis Peak cores are
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others [27), their table 1.
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distribution of resefvoir sand bod’ies,"(Z) the mineral composition of reservoirs and their
response to geophysical logs, (3) the vériability in porosity and permeabiiity with. depth,
(4)‘natura1 fracture occurrence and orientation,,an(vi‘ (5) the difection of in situ stress, which v
controls hydi‘éulic fracture pfopagation. In addition to réaching specific conclusions about tﬁ'e
Travis Peak, this study al'so'providéd a methodology for-futuré geoiogic s’tu‘di‘é‘s' of other l;),w- ,
permeability, gas-bearing sandstones. Stratigfaphic,«petrographi‘c,y and structural studies formed
the three maih areas of geologic invesfigation that were needed to cﬁafacterize'this tight gas 5
sandstone. | |

Mapping and core destri‘ption sfudies in_dicaté that‘kVTravis Peak depositional systems in tﬁ/is
region of the East Tean Basin include a braided- to meandéring-ﬂuvial syétefﬁ that forms xﬁost
of the Travis Peak secti‘on ’deltaic depoSits that are interbedded with and encase the distal part
of the ﬂuvial sectlon paralic deposus that overlie and interfmger with the deltaic and fluvial
deposits near the top of the Travis Peak, and shelf dep051ts at the downdlp extent of the Travis
Peak. Shelf sediments interfin'ger with and onlap deltaic and paralic depo'sit‘s;, and ther
stratigraphy of the uppef interbedded sandstone-m}uds‘tone interval implies retrogradational
(onlapping) depositional co}nditi‘ons. ’ -

Stratigraphic correlation ofﬂsandstones‘ and interbedded mudstbnes proyides a basis for
identifying Travis Peak reservoirs and eﬁtimating their extent and geométry. Reservoir quality-
and geometry vary with the original depositional processes that controlled sedlment llthology,
texture, and beddlng, in addltlon to the degree of diagenesis. Sandstones at the top of the
formatlon that were deposited in paralic and meandering-fluvial environments are thin
(average 10 ft) and are separated by thick mudstones. In most of the lower barts of the Travis
Peak Formation, sandstones are dominantly braided fluvial. The braided-stream system consists
of stacked sahdstones that individually range from 10 ft to >50 ft in thickness and average 21 ft
in thickhess. Best quality réservoir sandstone exists in wide,bar}ds oriented‘parallel to

depositional dip.
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Petrographic studies indicate that the Trav1s Peak Formatlon contains mainly fine- to very
fine grained sandstone, muddy sandstone srlty sandstone, and sandy mudstone. True claystones
that could provide stress barriers to contain hydraulic fracture growth are rare. The sandstones
are mineralogically mature, consisting of quartzarenites and subarkoses. Well-sorted sandstones
had high porosity and permeabihty at the time of deposition, but their reservoir quality has
been reduced by compact1on and cementation. Cementatron by quartz dolomite, ankerite,
illite, and chlorite and introduction of reservoir bltum\en by deasphalting have reduced,porosity
to <8 percent and permeability to <O.1 md throughout much.of the formation.

Diagenetic studies 1nd1cate that structurally deeper Travrs Peak sandstones are more
intensely quartz cemented than are shallower sandstones. This varrabrllty in cementation
results in differences in -mechanical propertles, porosity, and permeabrhty between upper and
lower parts‘of the Travis Peak. Furthermore, differences in diagenetic history between fluvial
and paralic sandstones have resulted in fluvial sandstones that have an order of rnagnitude
higher permeability than paralic sandstones.at all depths. Because of the correspondence
between extensive quartz cementation and fracture occurrence, open natural fractures should
be abundant in highly cemented sandstones and log responses can be cali‘brated with core and
used to identify beds prone to contain natural fractures. Natural‘fractures‘ may contribute to
production in Travis Peak sandstones that have very low matrix permeability. |

A single producing reservoir sandstone in the Travis Peak can cover several thousand acres,
but maximum drainage areas are generally <80 acres per well. ‘Hydraulic fracture half-lengths
range from 1OOY to 500 ft, far below the 1atera1 dimensions of‘ the sand_stones.: Owing primarily to
uniform stresses and an absence of vertical’harriers to fracture growths, circular, east-we_st-
oriented fractures will form that will vertically connect as many as eight stacked sandstones.
Predicting the propagation direction of hydraulically induced fractures is a key part of
completion strategy, and geologic studies of core show that borehole breakouts and drilling-
induced fractures in core can be used as inexpensive and reliable'methods of predicting

horizontal stress directions and the direction of hydraulic fracture propagation. Hydraulic

21



fractures propagate subparallel to the east-northeast strike of the natural fracture; thus,
hydraulically induced fractures may intersect few natural fractures. |

Among the effects that natural fractures can have on well treatments ére increased leakoff,
fracture branching, and curvature. Fractﬁre branching could cause high treatment pressures and
spoil treatment results if not accounted for in treatment design. Geologic models indicate that
natural fractures are unlikely to be closely spaced in the upper Travis Peak sandstones and that
special precautions for freating nattirally fractured rock are not required in the upper zone, but

in the lower Travis Peak, natural fractures are locally extensively developed.

Green River Basin: Frontier Formation

The main goal of the geologic studies of the Tight‘Ga's'Sands "Program‘in‘ the Green River
Basin, Wyoming, was to document‘ the geologic framework lbf the ’Fronfier Formation (fig. 3).
Results are summarized in Dpttori and others [14] and other reports and pépefs described in. the
annotated bibliography. Insights ‘ga‘ined from this multifaceted study increased the
understanding of geologic controls on the distribuﬁon and behavi.or of the‘ Frontier tight gaS
reservoir. |

Gas producers directly bene‘fit from this research because the collféction‘and assimilation of
geologic information can lead to improved gas recovefy and lowered complefion costs through
better field-development and well-completion programs in the Frontier Formation and similar 1
tight gas sandstones. The results of petrographic examination of two potential pay intervals in a‘
Frontier well are an eXampie of how geologic characterization can benefit an operator. Log-
calculated permeability det‘c\frmine‘d by the Geochemic’a_l‘ Logging Tool™" (GLT) vmatched core-
measured permeability in oné interval but not in the other. By loéking at thin sections of the
two potential pay zones, we détermined that one of the ihtervals had abundant miCropbfosity .

but little intergranular primary porosity. Log-derived permeability for this interval was too high

" The use of firm and brand names in this report is for identification purposes only and does not
constitute endorsement by the Bureau of Economic Geology.
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because log-dgrivéd porosity included ‘abund'anvt microporosity -as effectivé porosity. The other
interval had more primary porosity anﬁd'less micropbrosity, o) t_ﬁe iogfderived permeability was
correct. On the basis of the pétroygrap‘hic inf.orn;ation, the bperator was able to identify pay
zones using the GLT log m combination with 2 resistivity lég.

Mapping and core description‘ studies ihdicate that the main depositional and stratigraphic :
controls on distribution and quality of Frontier reservoirs are sandstone cohtinuify and detrital |
clay content. Frontie:r prdduction trends reflect sandstone distvr‘ibution and continuity. The
Second"Fronti‘er Waﬁ déposited in a fluvial-deltaic system having prominent delta-flank
strandplains. Marine shorefacé and: fluvial chbannel-fill sandstones are the feservoir facies. On
the La Barge Platform, ‘the widéspread productivity of the Seéohd Bench can be attribdted
partly to the remarkable contiﬁuity of this marine shoreface sandstone. The First Bench
contains numerous discontinuous fluvial channel-fill sandstones, and only those wells |
penetrating these chahnels typically have First Bench produdion. However, First Bench
channel-fill sandstones ére the primary reservoir facies in the Secohd Frontier along the south
- part of the Moxa Afch where Syecond‘ Bench upper shqréfacevsandstone is commonly absent
owing to erosional truncation. Fluvial channel-fill sandstones,form sboutheas‘t-trending belts,
which are a few milgs wide, several tens. of feet thick, ahd whfch are separated by' interchannel
shale and sandy shale. Within the channel belts, cle‘an sandstone occurs as discontinuous lenses
as much as 20 ft thick that are interIayered and laterally gr'adational With mud-clast-rich shaly
sandstone. The marine shoreface facies forms a continuous no’rtheast-thinnihg sheet of
sandstone, 40 to 120 ft thick. Clean sandstone is best developed near the top :of the shoreface
facies in northeast-oriented trends Slyto 40 ft thick. The Fourth aﬁd Fifth Benches of the
Second Frontier and the Third and Fourth Frontier, thch were -deposited-in mud-dominated
coastal plain and m‘arine shoreline systems, contain isolated sandstoné§ that are lbcally » |
productive. | |

D‘etritall day content exerts a strong influence on the porosity and per‘meability of

Frontier sandstone before diagenetic modification, and detrital clay content is controlled by
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depositional environment. Most Frontier sandstones along the Moxa Arch were deposited in
one of three depositional environments: lower shoreface, uppe;, shoreface, and fluvial
channel. Frontier lower shoreface sén\dstone‘is characterized by abundant pore-filling detrital
clay matrix, which was mixed into the sand by burrowing organismS on the sea floor. In Frontier
lower shoreface sandstone, pe;‘meabilities are generally low, although porosities maybbe sjmilar
to those in the other sandstone facies. Frontier upper shoreface sandstone was free of clay at
the time of deposition because in the shallow-water upper‘shéyeface environment strong
currents winnow fine-grained sediment and inhibit burrbwing organisms. On the La Barge
Platform, the most prolifiéiFrontier resérvoirs lie in Second Bench upper shoreface sandstone.
Frontier fluvial channel-fill sandstone contains abundant sand- and gravel-sized mud rip-up
clasts, which defomi into pores and pore throats during compaction. The chann’el—fill facies
typically consist of mud-clast-rich sandst‘one interlayered, émd laterally gradational, with
sandstone that is relatively free of mud clasts. Thus, clean sandstone typically océurs as
discontinuo>us lenses within the channel-fill facies. Upper shoreface cleari saﬁdstone, on the
other hand, consistently occurs at the top of the progradational shoreface sequence and
therefore is a more predictable target. |

The major causes of porosity loss in Frontier sandstones during bﬁrial diagenesis were
mechanical and chemical compaction and cementation by calcite,‘ quartz, and authigenic clays.
Quartz cement is most abundant in déeply buried fluvial channel-fill sandstones at the south
end of the Moxa Arch and in the Green River Basin. Calcite cement is most abuﬁdant in
Frontier sandstones depositey‘d in lower shoreface envirorimentsT Both upper and lower
shoreface sandstones from“the Hogsback area at the north end of the Moxa Arch contain
significantly more calcite cement than do shoreface sandstones in either theFontenelle or
Church Buttes areas. |

Despite extensive diagenetic‘modificatior‘l, reservoir quality in t‘h'e Frontier Formation is
best in facies that had the highest porosity and pérmeability at the tirﬁe of deposition. Original

intergranular porosity has been substantially reduced in these clean sandstones by compaction
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and prec’ipitation of authvi”genic. cements, but they still retain higher porosity and permeability
than do sandstones that have abundant detrital elay matrix. T hus, exploration for Frontier
reservoirs should foeus on locating clean sandstones depdsited in high-energy depositional
environments. The reservoir intervals in the wells in this study are mainly‘ in clean, upper
shoreface and fluvial channel-fill sandstones.

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

The general distribution of quartz cement is predi_ctable because a strong correlation exists
between volume of quartz cement and depth. Thus, fluvial channel-fill sarldstones at the
deeper, south end of the Moxa Arch can be expected to contain a greater volume of quartz
cement than can fluvial channel-fill sandstones from the rrqrth end. Occurrences of calcitearrd
fibrous illite cements exert a powerful control on porosity and permeability in Frontier
| reservoirs, but they cannot be predicted on the basis _of current knowledge. However, patterns
in the distribution of these cements provide general guidelines of where they are most likely to
occur. Fibrous illite and MLIS are most abundant in upper shoreface sampies from Fontenelle
field. Calcite cement is most plentiful in the Hogsback area on the northwest part of the La
Barge Platform. Calcite cement commonly is rnost abundant atithe top of clean, well-sorted |
sandstones, directly below the contact with an overlying muddy sandstone. Oﬁce a well has

been drilled, zones of intense calcite cementation can be identified on logs, for example by
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high resistivity response. Intervals of intense calcite cementation should not be counted as part
of the pay in a well

Open fractures exist in Frontier Formatlon core, and productron and fracture treatment
results suggest that natural fractures locally play significant roles. The sparse occurrence of
natural fractures does not necessarily mean that they are an unimportant reservoir element in
these rocks. Fracture networks in outcrops that like]y resemble fractures eXistivng at depth have
attributes such as wide spacing and great lateral extent that would tend to make them both
effective as fluid conduits and difficult to intersect and detect by means of vertical wells.

Outcrop‘ studiesb show that fractures are in networks where fracture connectivity is locally
highly variable and anisotropic. For example, the direction of fracture strike can shift by»90°
among adjacent beds. Moreover, fractures commonly are in discrete, irregularly spaced swarms
separated laterally by domains that have few fractures, rather than ir1 regularly spaced,
orthogonal fracture sets. Because average strlkes of fracture sets can be predicted from regional
tectonic extension directions, an optlmum d1rect10n for drrllmg m flat-lying rocks can be
determined. More challenging to predict arefracture Qrientation in a specific bed, fracture
density, and the probability of encouutering a dense,cluster of fractures using hydraulic
fractures or honzontal wells. For predlctmg open natural fractures the direction of maximum ‘
horizontal stress also needs to be exammed

Natural fracture swarms in the Frontier Fermation are potential high-permeabilit}; ”srveet
spots” that can be in‘cluded‘in reservoir models and targeted in exploration. In outcrop, swarms
are separated laterally by domains couamonly tens or hundreds of meters wide where fractures
are markedly less common or not in contad'With other fractures. Fluid communication between
adjacent 'sWarms, both laterally and vertically, is likely to be poor to nonexistent, resulting in
elliptical islands (in plan view) where fracture permeability is high. This view of fracture
patterns is in sharp contrast to conventional views in which regional fractures are in regularly
spaced, orthogonal arrays. The implication for hydraulic fracturing and horizontal drilling is that

good fracture targets can still be missed, even if hydraulic fractures or horizontal wells are
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‘correctly oriented in a direction that crosses fracture strike. Methods are needed for detecting
’fracture swarms and improving predictions of swarm spacing, length, an/d connectivity.
Reservoir heterogeneities resulting from fractures may‘be as pronounced as those
produced by stratigraphic‘ variations. The drastié differences in fracture-network connectivity
and fracture density in otherwise similar upper shoreface sandstones is one piece of evidence
for this heterogeneity. Another is clilstered fiacture patterns that are similar over a range of |
observation scales;, showing thét fractal concepts are a valid approach to desciibing fracture
distributions in these sandstbnés. The-discontinuous, fractal nature of fracture networks, such :as
those in Frontier Formation sandstones, should be incorporated in explorétion plans and
models that simulate flow in these reservoirs.’Otherwise, using production results to predict the
presence of natural fractures that could ultimately play a large role in production over the life
of a well may be unwarranted. The well tests and production characteristics of variably
interconnected fracture rietworks, over the short term, niight mimic the behavior of a reservoir
having only matrix permeability, yet the impact of fractures on drainage patterns and stress .
sensitivity over longer production tinies could be large_. | |
Stress-direction indicators suggest north-trending SHmax but givey inconsistent orientations
of SHmax in the Frontier wells we studied. Borehole breakouts, coring-induced fractures,
anelastic strain recovery, P-wave velocity anisotropy, and strength anisotropy tests each show
V large dispersion in inferred maximum horizontal stress direction. Wellbore bieakohts and coring-
induced fractures, which are generally among the most reliable methods, are poorly expréssed.
We interpret wellbore breakout data to show north-trending maximum horizontal stress. The
scétter of stress directions from the methods we used may indiéate that a low contrast in the-
magnitudes of horizontal stresses‘ exists in the Frontier Formation on the Moxa Arch. This is
compatible with the position of the western Green River Basin near a stress province boundary
and with evidence from remote monitoring of hydraulic fracture growth that created fractures

propagated to the east-northeast rather than to the north, paralllel to inferred maximum
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horizontal stress. If this is the case, tensile strength anisotropy, in the form of natural fractures,

is likely the main control on hydraulic fracture growth directions in these wells.

Val Verde Basin: Canyon Sandstone

The objective of the geologic study of the Cahyon Sandstone formation was to develop a
comprehensive description of the physical characteristics Qf t‘he rese'rvoirbsandstones. To
accomplish this task, it was necessary to (1) map regional and field-scale Canyon sandstone
distribution; (2) interpret and characterize depositional systems and facies, (3) investigate how
the diagenetic history of the sandstones has modified reservoir porosity and permeability, and
(4) summarize preliminary observations of natural fractures in Canyon core. Although research
on the Canyon Sandstone is ongoing, results-to-date are described in several reports and papers
(see annotated bibliography).

The Cahyon Sandstone tight gas play stretches mainly over the north and east parts of the
Val Verde Basin in southwest Texas but also extends across the Ozonat Arch, the south end of
the Midland Basin, and the southwest margin of the Eastern Shelf (fig. 4). Cumulative gas
production from Canyon Sandstone reservoirs is almost 2 Tcf and several trillion cubic feet of
recoverable gas is thought to remain. Hamlin and others [61] summarized recent work on the
stratigtaphy and diagenésis of Canyon reservoirs in Sonora and Sawyer fields, Sutton County,
and Marin and others [76] doctxmented for the first time the occurrence and attributes of
natural fractures in Canyon sandstones. These results are useful for designing more effective
exploration and development strategies and improving design and modeling of hydraulic
fracture treatments in the Canyon Sandstone.

Canyon sandstones were deposited in shelf-edge, slope,b and basin-floor environments
during the late Pennsylvanian‘ and early Permian. The largest ;nd most prolific fields, such as

the Ozona, Sawyer, and Sonora fields, produce from thick sandstones in a slope setting, where
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the Canyon is 1,000 to 3,000 ft thick and comprises cqmplexly interbeddéd sandstones and
shales (net sandstone reaching 1,000 ft). Canyon gas reservoirs lie at depths between 2,000 and
8,000 ft.

Most Canyon sandstones were 'deposited in submarine fan systems. During sea-level
lowstands fluvial-deltaic systems transportedsediments across exposed shelf areas and deposited
them directly into basinal areas. Sediment input occurred at many locat»ions .alovng the shelf
' margins, forming wedge-shaped slope aprons composed of small, laterally coalesced submarine
fans. The primary reservoir facies are submarine channel-fill and fan-lobe sandstones. On the
inner or proximal part of the fan, isolated channel-fill sandstones, 20 to 100 ft thick and
<0.5 mi wide‘, are enclosed in thick slope mudstones. The middle fan comprises a complex Cross-
cutting network of channel-fill and proiimal fan-lobe sandstones and intershannel mudstones.
Even the more sheetlike fan-lobe sandstones, because they formed in numerous small
submarine fans, individually do not extend more than a few miles. The distal fan-lobe margins
are composed of thinner but more laterally continuous ssndstones interbedded with basinal
mudstones.

Turbidites are the main sedimentary features of Canyon reservoirs. A turbidite, which may
be characterized simply as massive to laminated sandstone overlain by laminated mudstone,
records deposition by a waning turbidity flow. Wells in Sawyer and Sonora fields commonly
penetrate as much as 1,000 ft of gross sandstone that is composed of hundreds of turbidites.
Many Canyon resérs’oirs,‘ althdugh fhick, are thus compartmentalized vertically by the fine-
grained components of the turbidites.

Canyon reservoirs are typically composed of very fine to medium-grained sandstone,
although coarser, locally conglomeratic sandstone is present in the channel-fill facies.
Intergranular detrital clay matrix is abundant locally, and even clean Canyon sandstones include
numerous unstable rock fragmerits. Clay matrix and rock fragments are susceptible to porosity
occluding and physical and chemical alterations. Intergranular cements, which also destroy

porosity, constitute as much as 52 percent of rock volume in Canyon sandstone samples from
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Sonora and Sawyer fields. Clean, matrix-free reservoir ysandstOnes generally have <5 percent
effective porosity and 0.1 md permeability. |

The best matrix reservoir qrr’alit‘y in Canyon sandstones conrmonly occurs in siderite-
cemented zones. Siderite (FeCO3) was one of the first cements to precipitate, and siderite
volume ranges from 0 to 30 percent. Siderite-rich sandstones corn'monly occur in
bedding-parallel layers that‘ average 6'to 8 inches in thickness and are rarely >iOinches.
Siderite also occurs in 1rregular patches that are typically 3to 4 1nches in diameter. The highest
porosity in Canyon sandstones occurs in assocration w1th abundant srderite possibly because
early-formed siderite cement created a rigid grain framework that preserved intergranular
* porosity that would otherwise have been lost to mechanical compaction. According to Dutton
and others [88], Canyon Sandstone layers that contain >10 percent grain-rimming siderite result
from cementation shortly after deposition of deep marine sediments in an anoxic-nonsrilfidic
(poStoxic) geochemical environment. Bacterial reduction of iron accompanying organic rnatt'er ‘
decomposition increased Fe** in pore fluids, and in absence of sulfide, ‘siderite precipitated. In
samples from GRI Canyon cooperative wells, average porosity of siderite‘-rich sandstones
(>10 percent siderite) is 7.9 percent, compared vvith 6.4 percent in siderite-poor sandstones.
Similarly, the geometric mean of stressed permeability is higher in siderite-rich sandstones
(0.042 versus 0.009 md). |

Data obtained from three cored cooperative wells shows that natural fraCtures are locally
abundant [77]. At least three distinct natural fracture classes coexist that have contrasting
‘(1) distributions; (2) characteriStic siz-es, and/or (3) ’mineral fills. The vmost abundant fracture .
class comprises clay- or clayQ and carbonate-filled fractures that are confined to siderite-
cemented zones in sandstones. Ovving to their cl.ay content, these fractures locally ‘may
interrupt fluid flow or cause reservoir heterogeneity and anisotropy. Calcite- and quartz-
cemented fractures are less common fracture classes. These fracturesare larger than those in -
’ siderite layers and are partly open as a result of propping by diagenetic minerals. Our results

show that fractures in Sonora Canyon sandstones should be considered for completion and
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stimulation design. For ‘example, high treatment pressures observed in some Canyon Sandstone
stimulations may be due to natural fractures promoting propagation of multiple fracture strands
near the wellbore. Inconsistencies between hydraulic fracture strike and maximum horizontal

stress may be due to natural fractures guiding hydraulic fracture growth.

North Texas/Oklahoma: Cleveland Formation

Low-permeability sandstones of the Upper Pennsylvanian (lower Missourian) Cleveland
Formation compose ma;or gas-producing reservoirs in the western Anadarko Basin of the
northeastern Texas Panhandle. Although Cleveland reservoirs had produced >435 Bcf of natural
gas as of January 1991 (according to Railroad Commission of Texas reports) and have an
estimated 38 Tcf of gas in place, little published information is available on even the basic
geology of the unit. The topical report on the Bureau’s Cleveland study, which was distributed
to GRI in November 1992, offers a firrh geologic basis for other subregional and field-specific
studies of the Cleveland.

Existing fields of the Cleveland gaﬁ play are restricted to folded and minor faulted zones
that have deformed the northern occurrences of Cleveland sandstones in Ochiltree and |
Lipscomb Counties (fig. 5). Regional characterization of the lithokstratigraphy, stru‘cture,
depositional systems, and sequence stratigraphy of the Cleveland Formatibn will enable more
accurate subregional and reservoir-scale geologic sfudy. The ability to p’redivc.t and explore for
other possible Cleveland pay zones outside this region has been hampered by th‘e‘limited
published information regarding the regional and subregional lithostratigraphic,‘stru‘ctural, and
depositional architecture "of the formation. Th-e areal coincidence of abundant sandstone,
vertically proximal potential soufce rock underlying the Cleveland reservoir facies (black shale
marker bed at the top of the Marmaton Group and distal delta shales of the Marmaton and

lower Cleveland), and potential traprroducing structures and facies pinch-outs throughout
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much of the western Anadarko Basin indicate the possibility of hew field discoveries outside
the known producing region.

The Cleveland Formatioh, a well-conStraihed lithost‘ratigraphic division, is bounded by
regionally gontinu_ous high-gamma-ray black shale marker beds that extend beyond the study
afea to the north and at least as far east as west-central Oklahoma and probably well beyond
into the Anadarko Basin. The Cleveland section contains mostly siliciclastfcs between the
Amarillo Uplift and the north part of the study area, where the sandstones thin markedly and
grade into thin shale intervals between much thicker, massive liméstone facies of the Kansas
Shelf. To the south, Cleveland strata interfinger with wedges of granite wash along the norfh
flank of the Amarillo Uplift. Eastward toward the deep Anadarko Basin, the thickening
formation becomes shalier.

Reservoir sandst’ones;origirvlated in proximal delta-front and fluvial depbsitional
environments. The lower to middle Cleveland comprises stacked, upward-coarsening deltaic
intervals that prograded eastward and were fed by fluvial systems that had sediment sources
west of the Anadarko Basin. These successions in cores can be divided into‘prodelta, distal
delta-front, and proximal delta-front facies. A regional fluvial channel fill ’incises the up‘permost
deltaic cycles in most of the study area; incision is inferred to have occurféd during a sudden
drop in regional base level. |

Distinctive trends of Cleveland thickness variation record penecontemporaneous‘
structural elements that greatly affected sediment dispersal and accumulation patterns. Areas of
thickest Cleveland (as much as 590 ft) mark a paleophysiographic basin in most of Lipscomb
and Hemphill Counties that was formed by syndepositional faulting and localized doWnWa.r,ping
alohg a rﬁonoclinal flexure at its south and north borders, tespectively. The basin was the site of
primary sand accumulation during Cleveland time. A generally east-West-trending paleohigh
within a broad physiographic shelf platform updip to the west separafes Cleveland silicicléstic
deposits (in the south) from coeval carbohate facies (in the north). The Cleveland depositional

shelf edge overlies a pronounced slope break in the Oswego shelf platform and marks the
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basinward limit of Cleveland delta progradatidn. Both the Oswego and Cleveland slope breaks
were formed, and their geomorphic expression sustained, by differential Subsidence. Structural
activity during Cleveland ‘time is partly an expression of the Pennsylvanian orogenic épisode
that affected most of the Aﬁadarko Basin and surrounding highlands.

The siliciclastic interval between the Oswego Limestone and the Kansas City Formation
can be divided into well-defined ‘parasequénces/parasequence sets (P) and systems tracts
composing three sequences (S1 through $3). Sequence 1 (S1) includes the Marmaton Group
(undivided) énd the lower half to two-thirds of the Cleveland i;n most of the western Anadarko’
Basin. Marmaton P1 thr‘ough P6 overlie a ’Iypé 1 sequence boundary that coincides with the
top of the Oswego Limestone. P1 through P5 rep’iesent a series of westward-prograding,
seaward-stépping, stécked delta and/or shoreface systems deposited during a relative sea-level
lowstand. Subsequent retrogradation of deltaic/shoréface systems during rising relative ‘séa level
is recorded in the laridwatd-stepping parasequences of Marmaton Pé6. A regional, fossiliferous
condensed section (base-of-Cleveland mark‘ér bed) oécurs at the top of this tranSgressive
systems tract or straddles the boundary (maximum flooding surface) between the Marmaton
" transgressive systéms tract and the overlying lower Cleveland highstahd systems tract.
Cleveland P1 thrdugh P3 form generally sandstone-bearing, seaward-stepping, stacked deltaic
cycles that prograded eastward during a relative sea-l‘evel maximum. The top of P3 and ld_cally of
P2 is a regional erosional surface (Type 1 sequence boundary) cfeated by incision of a westerly
sourced fluvial system (P4, incised-valley system) during‘a rapid fall i‘n relativé sea level.
Sandstones of Cleveland P2 through P4 compose the Clevéland reservoir facies in the north
part of the study area. A relative sea-level rise followéd, allowing aggradation of the valley fill
and formation of the overlying retrogradational parasequence sef that inchides P5 and Pé6. |
Component systems tracts of the upper Cleveland (P7 through P10) and Kansas City Formations
are thin, and they were dominated by carbonate and shale deposition, probably at the distal

margins of progradational cycles sourced far to the east or southeast.
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1993 National Survey of Tight Gas Sandstones

The Atlas of Major Low-PerinetzbiIity Sandstone Gas Reservoirs bin the Continental United States
summarizes geologrc eng\meenng, and /productron 1nformat10n for 24 low permeabrlrty, natural
gas-bearing sandstone reservoirs in 13 basrns in the United States (f1g 1). The Federal Energy
Regulatory Commission (FERC) has desrgnated all but one of the units, the Davis Sandstone in
the Fort Worth Basin, to be tlght formations in spec1f1ed areas under the definition of section
107 of the Natural Gas Policy Act (NGPA) of 1978. The 24 low- permeabilrty formations in the
atlas were selected either because they contain abundant natural gas reserves and resources or
because the geologic and engineering data available for their characterization could apply to
other, similar gas-bearlng formations. | |

The 1993 atlas updates an earlier summary of low- permeabllrty sandstones by Frnley (29]
titled Geology and Engineering Characteristics of Selected Low-Penneability Gas Sandstones: A National
Survey. Considerably more geologic and engrneerrng information now exists for the formations
presented in the F1nley report and the atlas attempts to 1ncorporate the latest publicly
available literature on these and other gas-bearing formatiOns in the United States.

The atlas includes production data for all forrnations except the ”Clinton"—Medina, Berea,
and Davis San’dstones.rbThese data come from the_repor't'r Tight Gas Field, Reservoir, and
Completion Analysis of the' Unitéd States which was prepared by'Energy and Envir‘onmental
Analysrs, Inc. (EEA) for the Gas Research Institute. The report summarizes cumulatrve'
production through 1988 from the formations covered in this atlas and lists estimates of
ultimate recovery v(defined as cumulative production through 1988 + proven reserves) from
existing wells. Engineering data tables for each formationl_ist other information from the EEA
report, including the number of completions with'in the area of the formation that has been
designated tight and average recovery per completion. |

Formations were selected for the atlas because they are rnajor‘producers of gas from low-

permeability sandstone reservoirs or because a large amount of study has focused on them, or
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both. All formations listed by EEA as having estimated ultimate recovery of >500 Bcf are
included. The EEA report did not cover the Appalachian Basin,' but the two most prolific low-
permeability Appalachian reservoirs, the “Clinton"'-Medina and the Berea,'are included.
Several formations in the atlas were not in the Finley [29] 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 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 EEA is significant. Conversely,
some formations that were in the Finley report have been excluded in this »voltime. 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 have
been designated tight but have a low estimated ultimate recovery and so were not included:
Hartselle Sandstone, Black Warrior Basin; Spiro Sandstone, Arkonia Basin; Sanostee Member of
the Mancos Shale, San Juan Basin; Sego and Castlegate Sandstones inthe Mesaverde Group and
Mancos Shale, Uinta Basin; and Fox Hills Sandstone, Green River Basin.

An introduction to each basin in which the selected tight gas formations occur 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 (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"»fractiires, (5) engineering |

characteristics, and (6) production history.
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The report reviews 24 iformations that, either because of the large volumes of natural gas
reserves contained within them-or the data available for their characterization, are the most
important tight gas sandstones in the United States. Assessment 'of these sandstone reservoirs
indicates that geologic‘ controls play a eritical role in gas producibility and that these reservoirs
share a number of key Ygeological' attributes. Perhaps a surprising result is th‘at most -of the tight
gas reservoirs in this atlas are not immature, muddy sandstones havmg large volumes of
diagenetically reactive detrital clay matrrx, but rather are clean sandstones deposrted in high-
energy depositional settings whose intergranular pores have been largely occluded by
authigenic cements (mainly quartz and calcite).

Just as in conventionai oil and gas fields, reservoir genesis in tight gas sandstone reservoirs
clearly influences gas aecumrllation and recovery. The major tight gas sandstone reservoirs
surveyed herein were deposited most commonly in barrier/strandplain _(10)'an‘d del‘taic (8)
depositional systems. Fluvial (2), shelf ‘(2), slope and basin ‘(25, and fan-delta (1) depositional
systems make up the remainder. A survey of the largest conventional clastic oil reservoirs in
Texas shows a comparable bias in hydrocarbon recovery t‘oward wave-modified deltaic and
barrier/strandplain reservoirs that together account for >60 percent of the .estimated
recoverable oil resource. | |

Depositional systems govern the physical processes under which sediment is deposited
and thus influence sedlment sorting, packing, and separation of ﬁnes and these parameters
determine the original porosity and permeablllty However productron characterrstrcs of low-
permeability gas reservoirs are largely controlled by the diagenesis, ot chemical and physrcal
changes, that the sediment has undergone after deposition. Sediment composition, depth. of
burial, and age of the reservoir are important parameters in d_iagenetic 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 before well stimulation; the exact production limits

vary with formation depth. Economic viability of such formations will depend on the success of
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hydraulic-fracturé treatments to stimulate greater flow rates. An understanding of the natural

fracture systems will benefit design of completion practices and guide drilling strategies.

REVIEW OF TECHNOLOGY TRANSFER SUCCESS

Measuring the success of the dissemination of infor'niation is’challenging.- How and to what
exfent ideas, c’oncept‘s, models, and Specifi"c facts about formatibns and reservoirs are acquired
by the producer community, how they are perceived, and how they are used, are often
difficult to judge qu'antit:itivély. Although improving methods to assess technology transfer
success is a worthwhile goal (because it can lead to enhanced utilization of research results), it is
beyond the scope of this repbrt. However, We do present a few readi-ly available measures of
information transfer success showing that the results of our studies have been made avaiiable to
the public. |

Over the course of the project, top'ical reports, the Bureau of Economic Geology
publications series, published papérs, oral presentations, and workshops have been used to
communicate research results to industry and the general scientific community: 17 Gas
Research Institute topical r‘eports and‘ 'nklore than 95 other published works, Fiivbe Bureau
Reports of Investigations and one Geological Circular have been pubiished by the Bureau of
Economic Geology, and at least three additional Bureau publication‘s Will appear in 1993. These
reports and papefs describe preiiminary findings, summarize specific experiments and studies,
and present final results of completed studies. In addition to these pixbiications and for the
purpose of facilitating Tight Gas Proiecf engineering research activity, the Bureau also produced
- numerous written documents that are not formal pﬁblications, including preliminary geologic‘
description reports and other documents describing core and other data collected in SFE and
cooperative wells. Shortly after data collection, these reports were issued to other GRI

contractors and to companies and operators involved in cooperative wells.
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Topical reports communicate results efficiently because they are distributed directly to
indusﬁy users, appear as part of a set of GRI project publications, and are made available
through GRI’s publication distributioﬁ system. The Bureau has contributed to GRI reports on
SFE wells, which describev integrated reservoir characterization and’engineering case studies in
experimental wells.

The publication series of the Bureau of Economic Geology is advertised nationally to a
mailing list of about 7,500 subscribers. More than 145 libraries and other geological surveys
receive Bureau publications in cooperative exchange-of—publications agreements. Bureau
publications are also distr‘ibute‘d' through over-the-coﬁnter sales. Six project-related Bureau
publications have been issued, three are in press or in preparation, and over-the-counter sales
of publications developed in the Tight Gas Sands Project have been steady. By 1989, more than
1,500 Tight Gas Sands Proiect-related BEG publications had been sold.

Another important medium for information transfer is peer-reviewed journals. These
publications reach a wide international audience that includes not‘onlﬂy other résearchers but
also key management personnel in industry who direptly influence the resource development
strategies and field operations that are used in their companieﬁ. Bureau workers have published
14 articles in peer-reviewed journals on topics directly related to work conducted on the tight
gas project. On the basis of a conservative circulation estimate of 10,000 for each of these
journals (for example, AAPG Bulletin circulation is 33,500), we estimate that these articles have
reached more fhan 100,000 readers.

A total of 63 professional presentations, of which papers or abstractsf w6uld be published,
were given concerning the Bureau’s project research. Many o’f these were presented at large
national or intemational'conventions, where audiences can be substantial. We estimate that
these presentations reached an audience of 4,400 engineers, geologists, and managers.

A‘ total of 55 presentations that had no published papers or abstracts were made on various
aspects of the Bureau’s tight gas sandstone research. Many of these were given at local

geological societies whose members actively explore and produce tight gas sandstones and thus
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can 1mmed1ately apply 1nformatlon and technology developed thr0ugh the GRI program. An
additional 16 talks were presented in GRI and other workshops We estimate that these:talks
and workshops of GRI-sponsored Tight Gas Sands research reached an audience of 3,500
geologists and engineers.

Direct discussions with in'du‘stry workers, although informal, can“c0nvey a quantity of
information developed in the pro1ect Although fewer people are reached d1rectly by these
means than by publrcation and formal presentation 1nterpersona1 communlcatlon commonly
solves specific geologic and-engineering problems. |

Additionally, because of continuing tight gas sands research at the Bureau an‘dthe steady
distribution of research results, the Bureau is perceived as a source of tight gas sand geologic
-information. Through telephone conversations, letters, visits, and informal meetings, the -
Bureau receives inquiries concerning specific tight gas reservoirs, field‘s, or wells, regional or
basinwide geologic frameworks, and analytical techniques for characterizing tight gas sands. On
average, Bureau WOrkers involved "in tight gas sands research receive three to fiye telephone or
letter inquiries per month. Many of these inquiries lea_d, to office visits during which research |
results are reviewed and discussed in depth. Because the project typically in‘volves about four
Bureau scientists, informal industry, contactsaverage 200 to 250 per year.

The Tight Gas Sands Project has l_Jeen singled out for several professional and technical
awards. The paper Petrogmphy arrd Diagenesis of Lower Cretaceous l‘ravis Peak (Hosston) Formation,
East Texas, which was presented at the 1986 annual meeting of the Gulf Coast Association of
Geologlcal Socretles received the FlI‘St Place Best Paper award and the A. l Levorsen Memorial
Award for excellence in presentatlon The paper Orgamc Geochemistry of the Lower Cretaceous
Travis Peak Fomzation, East Texas Basin, which was presented at the 1987 annual meeting of the
Gulf Coast Association of Geological Societies, also received the First Place Best Paper aWard and
the A. 1. Levorsen Memorial Award. A paper titled Fracture Trace Maps of Upper Cretaceous
Pictur‘edv Cliffs Sandstone Pavements, which describes fracture studies of tight gas sandstones, and

which was presented at the American Association of Geologists Annual Meeting, was awarded
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the AAPG Energy Minerals Division President’s Certificate for Excellence in Presentation.
Finally, a paper titled Fracture Detection in Low-Permeability Reservoir Sandstone: A Comparison of
BHTV and FMS L‘ogS to Core, presented at the 1988 Socie»ty of Petroleum Engineers Annual
Technical Conference in Houston, October 2-5, '1988, was chosen for presentation in the Best
of SPE for AAPG session at the 1989 Annual Meeting of the American Association of Petroleum

Geologists.

IMPACT OF GEOLOGICAL STUDIES ON EFFICIENT NATURAL‘GAS PRODUCTION

This research directly benefits gas producers because collecting ahd assimilating
information could lead to improved gas recovery and lowered completion costs through better
field-developmeht and welll-completion programs in tight gas sandstones. Within the Tight Gas
Sands Program, new geologic information has supported testing and applying new technologies
for resource exploitation. Geologic studies in low-permeability sandstone reservoirs help
industry utilize an underdeveloped gas resource at the lowest cost. A major gas resource is
known to exist in stratigraphically and diagenetically complex low-permeability sandstones. By
studying these sandstonesvas‘ genetic units deposited in a giVen depositional environment,
workers can transfer geologic and engineering knowledge from this system to simflar systems
elsewhere. Natural fracturés, commonly an uhknown quantity in formation evaluation, can be
better understood and predicted in the tonfext of their relationship to other, more readily
measured geologic factors. More efﬁcierit exploration and devélopment on the part of i'ndustry
and lower costs for the consumer result.

" The refinement of knowledge of depositional systems,vreservoir geology, and structural
geology can increase efficient resource utilizatiOn, benefiting both ihdustry and the consumer.
For example, a recent analysis by W. L. Fisher of reserve additioos in East Texas tight gas
sandstone trends (Railroad Commission of Texas Districts 5 and 6) ihdicates that at an in-ground

value of $0.65/Mcf, as proVed reserves increased nearly threefold in a:decade, $5-billion-worth
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of reserve additions have been realized. Reserves per completion increased about 80 percent
in this time. If as little as 10 percent of these reserve additions can be attributed to improved
access through research and development, a c0n$ervative value, then a return of $500 million
has been realized. Attributing 50 percent of this to geologic characterization of reservoirs as the
foundation for applying‘ engineering and well-log analysis, then $250 million worth of resources
have been converted to reserves. Even if the geologic contribution is as low as 30 percent
(arguably well below its actual contribution) the value realized is $150 million. Given GRI’s
expenditure on low-permeability sandstone geology research over a decade at the Bureau,
which includes research on areas outside of East Texas, pius assuming an expenditure ef half
that amount elsewhere relating to East Texas geology, the return on research investment is
between 15:1 and 25:1. Alth'o‘ugh problems pertaining to the geology and characterization of
" complex, low-permeability reservoirs remain, foctised research on those in East Texas has ‘had a
tangible effect on efficient resource use.‘

The Bureau of Economic Geology has enieyed a unique position as re‘search organization
and,p\ublic agency, with a long,histery of providing research products to natural gas producers.
Many producers look speeifically to the Bureau to supply research results whether or not those
producers have internal research_ capabilities. Such capabilities have always largely been limited
to major companies, buttoday capabilities are shrinking even within ‘the majors. The Bureau
has increased levels of technology trarisfer through workshops Sponsored by producers, such as
those organized by the Texas Independent Producers and Royalty Owners (TIPRO). A recent
(1992-93) round of TIPRO-Bureau-sporisored seminars ineorp0rated formatibn evaluation and
reservoir engineering of tight gas sandstone in the Travis Peak Formation and Cotton Valley
Sandstone. |

The Bu_reau has been widely recognized for its GRI-supported work on the geology of tight
gas sandstones through the activities documented here. Such recognition reflects both the

usefulness of the research to the producing industry and the caliber of the work.

!
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AN ANNOTATED SUMMARY OF PROJECT PUBLICATIONS

Gas Research Institute Topical Reports

East Texas Studies

1.

Geology of the Lower Cretaceous Travis Peak Formation, East Texas—depositional

history, diagenesis, structure, and reservoir engineering implications: by Dutton,

S. P., Laubach, S. E., Tye, R. S., Baumgardner, R. W, Jr., and-Herrington, K. L., 1990, The

University of Texas at Austin, Bureau of Economic Geology, topical report no. GRI-

90/0090 prepared. for the Gas Research Institute under contract no. 5082-211-0708,

170 p.

This report summarizes stratigraphic, petrographic, and structural studies of the

Lower Cretaceous Travis Peak Formation, a low-permeability gas sandstone in East
Texas, and presents reservoir engineering implications. Depositional systems in this
region were interpreted from logs and cores and include (1) a braided- to meandering-
fluvial system that forms the majority of the Travis Peak section, (2) deltaic deposits
interbedded with the distal part of the fluvial system, (3) paralic deposits that overlie
and interfinger with the deltaic and fluvial deposits near the top of the Travis Peak,
and (4) shelf deposits present at the downdip extent of the formation. Petrographic
studies indicate that the sandstones are quartzarenites and subarkoses. Cementation
by quartz, dolomite, ankerite, illite, chlorite, and reservoir bitumen has reduced
porosity to <8 percent and permeability to <0.1 md throughout most of the
formation. Structurally deeper sandstones are more intensely quartz cemented than
are shallower sandstones and contain abundant, open natural fractures. Borehole
breakouts and drilling-induced fractures in core can be used to predict horizontal
stress directions and the direction of hydraulic fracture propagation. Hydraulic
fractures propagate in directions subparallel to the east-northeast strike of the natural
fractures; thus, hydraulically induced fractures may not intersect many natural
fractures.

Analysis of natural fractures and borehole ellipticity, Travis Peak Formation, East
Texas: by Laubach, S. E., Baumgardner, R. W., Jr., and Meador, Karen, 1987, The
University of Texas at Austin, Bureau of Economic Geology, topical report no. GRI-
87/0211 prepared for the Gas Research Institute under contract no. 5082-211-0708,
128 p. , '

This report summarizes petrographic studies of natural and coring-induced
fractures in 7 cores from the Travis Peak Formation, a low-permeability gas sandstone
in East Texas, and also presents an analysis of fracturing and wellbore elongation
based on Borehole Televiewer, Formation Microscanner, and Ellipticity logs from 12
Travis Peak wells. Natural, vertical extension fractures in sandstone are open or only
partly mineral filled in the cored depth range (~-5,000-to -10,000 ft), and theyare
therefore potential gas reservoirs as well as a potentially important influence on
commercial hydraulic fracture treatment. Crack-seal structure in fracture-filling quartz
shows that fracturing and quartz cementation were contemporary; this result,
together with evidence of timing of fracturing and the large water volumes that are
inferred to have passed through the Travis Peak, suggests that elevated pore-fluid
pressures enhanced fracture development. Healed transgranular microfractures that
occur in sandstone can be used to ascertain natural fracture trends in core that lacks
macrofractures, and coring-induced petal-centerline fractures can be used to infer
stress orientations. Fractures trend east-northeast to east. In the upper Travis Peak;
borehole ellipticity trends east-northeast, parallel to fracture trends, and in the lower
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Travis Peak ellipticity trends north-northwest, parallel to the direction of least
horizontal stress. This preliminary report presents initial data and conclusions that
were developed in subsequent work and reported in Bureau Report of Investigations
No. 185 and various journal publications.

‘Application of borehole-imaging logs to  geologic analysis, Cotton Valley Group. and
Travis Peak Formation, GRI Staged Field Experiment wells, East Texas: by Laubach,
S. E., Hamlin, H. S., Buehring, Robert, Baumgardner, R. W., Jr., and Monson, E. R., 1990,
The University of Texas at Austin, Bureau of Economic Geology, topical report no. GRI-
90/0222 prepared for the Gas Research Institute under contract no. 5082-211-0708,

115 p.

This report summarizes studies of tWo geophysical logging tools, the borehole
televiewer and the Formation Microscanner, that were used in GRI’s three Staged
Field Experiment wells and in a cooperative well in East Texas. These tools can detect
natural fractures and induced fractures that reflect in situ stress conditions, as well as
lithologic features that can be important for geologic interpretation. Improvement in
borehole televiewer and Formation Microscanner technology has been rapid in the
past several years, but calibration of the logs with core is needed to ensure accurate
interpretations of the logs. Our study compares borehole televiewer and Formation
Microscanner logs with core from wells in low-permeability gas reservoir sandstone.
Vertical fractures in Travis Peak and Cotton Valley sandstone usually are visible on
borehole televiewer and Formation Microscanner logs, but some fractures were missed
or are indistinct. Aspects of fracture shape can be determined and fractures can
generally be separated from borehole breakouts, but natural fractures are difficult to
distinguish from some types of ‘drilling-induced-fractures on either log. Fracture
orientation is readily obtained for inclined fractures from either borehole televiewer
or Formation Microscanner logs, but the orientation of vertical fractures, the common

_fracture type in East Texas reservoirs, can be ambiguous locally on both logs.
Formation Microscanner images can be used to help document and interpret
depositional environment, and they provide 1mages of sedimentary structures and
thin beds.

The Travis Peak (Hosston) Formation: geologic framework, core studies, and
engineering field analysis: by Finley, R. J., Dutton, S. P., Lin, Z. S., and Saucier, A. E.,
‘1985, The University of Texas at Austin, Bureau of Economlc Geology, topical report -
no. GRI-85/0044 prepared for the Gas Research Institute under contract no. 5082 211-
0708, 233 p.

Because this was the first Bureau topical report on the Travis Peak Formation,
much of the information in it was updated and superseded in subsequent reports,
particularly the regional stratigraphic interpretations (see GRI-88/0325 and GRI-
90/0090). '

The Travis Peak (Hosston) Formation constitutes a 1,000- to. 5,000-ft-thick clastic
wedge that formed two major depocenters along the north flank of the Gulf Coast
Basin. The depocenters were dominated by fluvial-deltaic facies. A delta-fringe facies,
including tidal flat and nearshore shallow-marine shelf facies, formed around the
margins of the clastic wedge. Thesé marginal-marine deposits within the upper Travis
Peak are the most productive facies of the formation within a nine-county area in
East Texas.

Sandstones in the Travis Peak are mmeraloglcally mature, Low permeability and
occlusion of porosity is primarily due to quartz overgrowths, authigenic clay, ankerite,
and reservoir bitumen, a high-molecular-weight hydrocarbon residue. Within six Travis
Peak gas fields in East Texas, porosity ranges from 8 to 11 percent and water
saturation ranges from 28 to 44 percent within intervals of net pay. The permeability-
thickness product is low in the south part of the study area and increases toward the
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north. Upper limits of permeability range from 0.074 md (median value) to 0.084 md
(thickness-weighted average), on the basis of well tests that postdate fracture
treatment. Within Chapel Hill field, three reservoir sandstone types were defined;
sandstones with greatest lateral continuity were deposited as sandy tidal flats,
including associated channel sandstones that trend northwest. Lower energy tidal-flat
deposition is characterized by increased mud content of sandstones, and local marine
transgression resulted in deposition of mudstone and muddy limestone.

Diagenesis and burial history of the Lower Cretaceous Travis Peak Formation, East
Texas; controls on permeability in a tight gas sandstone: by Dutton, S. P., 1987, The
University of Texas at Austin, Bureau of Economic Geology, topical report no. GRI-
87/0079 prepared for the Gas Research Institute under contract no. 5082-211-0708,
158 p. r

Petrographic and geochemical studies were used to determine the diagenetic and
burial history of Travis Peak sandstones in East Texas and to relate the diagenesis to
permeability variations within the formation. Permeability in much of the formation
has been reduced to less than 0.1 md by compaction, cementation, and minor
pressure solution.

Travis Peak sandstone is quartzarenite and subarkose, having an average
composition of QgsF4R;. The first authigenic cements to precipitate were illite, which
coated detrital grains with tangentially oriented crystals, and dolomite. Next,
extensive quartz cement, averaging 17 percent of the rock volume in well-sorted
sandstone, occluded much of the primary porosity. Quartz is most abundant in the
lower Travis Peak, in well-connected sandstone beds that were deposited in braided
streams. Dissolution of orthoclase and albitization of plagioclase followed quartz
cementation and occurred prior to mid-Cretaceous movement of the Sabine Uplift.
Illite, chlorite, and ankerite precipitated after feldspar diagenesis. Oil migrated into
Travis Peak reservoirs in the Late Cretaceous from Jurassic source rocks. Later
deasphalting of the oil filled much of the remaining porosity in some zones near the
top of the formation with reservoir bitumen.

Petrography and diagenesis of the Travis Peak (Hosston) Formation, East Texas: by

Dutton, S. P., 1985, The University of Texas at Austin, Bureau of Economic Geology,

topical report no. GRI-85/0220 prepared for the Gas Research Institute under contract

no. 5082-211-0708, 71 p. , '

This preliminary report on the diagenesis of the Travis Peak Formation presents

the results of petrographic studies based on data from 10 cores. The petrographic
results are used to interpret the diagenetic history of Travis Peak sandstones and to
relate the diagenetic history to permeability variations within the formation. Tables
of petrographic data for 187 thin sections are included in the report, as are plates of
photomicrographs that display characteristic features of Travis Peak sandstones. Many
of the conclusions in this report are preliminary and were modified and documented
more thoroughly in the later topical report GRI-87/0079 (following).

Comparative engineering field studies and gas resources of the Travis Peak
Formation, East Texas Basin: by Lin, Z. S., and Finley, R. J., 1986, The University of
Texas at Austin, Bureau of Economic Geology, topical report no. GRI-86/0016 prepared
for the Gas Research Institute under contract no. 5082-211-0708, 96 p. '
Data from eight fields producing from the Travis Peak Formation in the eastern
East Texas Basin were used to define key engineering parameters for each field and to
develop resource-reserve estimates. Field-average porosities range from 8 to
11 percent, and the median permeability for 191 wells is 0.088 md; field-average
permeability ranges from 0.006 to 0.1 md. Gas productivity generally increases from
south to north across the area studied with changes in the reservoir drive mechanism.
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10.

Gas in place in the Travis Peak of the East Texas Basin is estimated to be 19.5 Tcf,
assuming 12 percent of the area of the basin is ultimately productive.

Stratigraphy and,depoysiti’onal systems of the Lower Cretaceous Travis Peak

_ Formation, East Texas Basin: by Tye, R. S., 1989, The University of Texas at Austin,

Bureau of Economic Geology, topical report no. GRI-88/0325 prepared for the Gas
Research Institute under contract no. 5082-211-0708, 80 p.

The Travis Peak Formation of the East Texas Basin was divided into five
lithostratigraphic units. Formation of a fluvial-deltaic-paralic-shelf depositional systems
tract was interpreted from analyses of stratigraphic and sedimentologic data that were
acquired for each lithostratigraphic unit from well logs and cores. During early Travis
Peak development, braided streams deposited channelbelt, floodplain, and overbank
sediments in most of the study area. Downdip of the braided streams, deltas
prograded to the south and southeast over a shallow, stable shelf. As braided streams
migrated and enlarged, the site of deltaic deposition advanced southward and
expanded to the northeast. Estuaries developed in relatively sediment-starved,
embayed portions. of the shoreline between centers of deltaic deposition. Seaward of
the deltas, shelf sandstones accumulated through sediment-gravity processes triggered
by high sediment loads and rapid deposition in the deltas.

Shoreline transgression and development of coastal-plain and paralic
environments characterize late Travis Peak evolution. Fluvial systems transported a
mud-rich sediment load and assumed a sinuous-braided to meandering form.
Channelbelts coursed across a coastal plain with expansive floodplains and lakes and
fed a few small retrogradational deltas. Estuaries enlarged and became a dominant
coastal feature as submergence of the coastal plain progressed. With continued
transgression, marine limestone of the Sligo Formation onlapped the Travis Peak.

Relationship between radar lineaments, geologlc structure, and in situ stress in East
Texas: by Baumgardner, R. W, Jr., 1988, The University of Texas at Austin, Bureau of
Economic Geology, topical report no. GRI-88/0094 prepared for the Gas Research
Institute under contract no. 5082-211-0708, 43 p. \

Radar-based lineaments in East Texas and northwest Louisiana were studied to
determine their relationship to surficial and subsurface geologic structure and to in
situ stress. For all lineament data, two significant azimuths of vector sums were
defined: 325° and 37°. The northwest trend has the same orientation as the mean
direction of wellbore elongations in the Schuler Formation throughout the East Texas
Basin. However, this trend is significantly different from the 344° orientation of
wellbore elongation in the overlying Travis Peak Formation. These results suggest a
complex relationship between subsurface stress and the northwest lineament trend.
The northeast lineament trend does not coincide with the orientation of any known
stress or regional structure and may be an artifact of radar illumination direction.
Unlike a previous regional study based on smaller-scale Landsat data, no consistent
correlation between surficial or subsurface structure and lineament density was
discovered. However, high values of lineament density occur preferentially on
outcrops of the Sparta and Weches Formations. These results suggest that either
(1) most radar lineaments smaller than Landsat lineaments are manifestations of
unmapped subregional or local structures or (2) most radar lineaments are surficial
phenomena unrelated either to subsurface geologic structure or to stress..

Landsat-based lineament analysis, East Texas Basin, and StructUral history of the
Sabine Uplift area, East Texas and North Louisiana: by Baumgardner, R. W, Jr., and
Jackson, M. L. W., 1987, The University of Texas at Austin, Bureau of Economic Geology,
topical report no. GRI-87/0077 prepared for the Gas Research Institute under contract
no. 5082-211-0708, 117 p.
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12.

13.

The first half of this report documents the relationship between subsurface
structure and lineaments in East Texas. More than 2,200 lineaments were mapped
from 1:250,000-scale Landsat images. Vector sums of greater-than-average values of
length-weighted frequency define significant peaks of lineament orientation.: For all
lineaments, significant peaks occur at 325° and 21°. The northwest peak parallels
mean azimuth of borehole elongations in Cotton Valley sandstone wells throughout.
East Texas. Within the salt structure province of the East Texas Basin, lineament
_azimuth is not significantly different from salt structure azimuth. Lineament density
delineates major fault zones.

The second part of this report describes new mapping of the stratigraphy and
structure of East Texas and identifies the timing, extent, and orientation of arching
episodes in the Sabine Uplift area, which is important in developing a structural
history of the area. Estimation of movement on the Sabine Uplift was made from
isopach maps of five Lower Cretaceous units. The isopach maps show that the Sabine
Uplift was not a horst during the Late Jurassic and Early Cretaceous but part of a large
basinal area. Timing and magnitude of arching episodes on the uplift in-the Mid-
Cretaceous and early Tertiary indicate that the Sabine Uplift may have been
produced by northeast-directed tectonic events in the Mexican Cordillera.

Geological analysis of the Travis Peak Formation: by Dutton, S. P., Fracasso, M. A,,
Laubach, S. E., Baumgardner, R. W, Jr., and Finley, R. J., 1988, in CER Corporation and
S. A. Holditch & Associates, compilers and eds., Advancements in Travis Peak Formation
evaluation and hydraulic fracture technology: Staged Field Experiment No. 1, Waskom
field, Harrison County, Texas, topical report no. GRI-88/0077, prepared for the Gas
Research Institute, p. 35-62. . : :

Geological analyses of the Travis Peak Formation: by Laubach, S. E., Tye, R. S.,

Dutton, S. P., and Herrington, K. L., 1989, in Staged Field Experiment No. 2: application .
of advariced geological, petrophysical, and engineering technologies to evaluate and
improve gas recovery from low permeability sandstone reservoirs, Travis Peak Formation,
North Appleby field, Nacogdoches County, Texas: CER Corporation and S. A. Holditch ‘
and Associates, Inc., report no. GRI-89/0140 prepared for Gas Research Institute,

p. 42-90. ’

Geological analysis of the Travis Peak Formation and Cotton Valley Sandstone: by
Dutton, S. P., Laubach, S. E., Tye, R. S., Herrington, K. L, and Diggs, T. N., 1991, in Staged
Field Experiment No. 3: application of advanced technologies in tight gas sandstones—
Travis Peak and Cotton Valley Formations, Waskom field, Harrison County, Texas: CER
Corporation and S. A. Holditch & Associates, Inc., topical report no. GRI-91/0048
prepared for the Gas Research Institute under contract no. 5090-211-1940, p. 27-66.

Frontier Formation

14.

Geologic controls on reservoir properties of low-permeability sandstone, Frontier
Formation, Moxa Arch, southwest Wyoming: by Dutton, S. P., Hamlin, H.S., and
Laubach, S. E., 1992, The University of Texas at Austin, Bureau of Economic Geology,
topical contract report no. GRI-92/0127 prepared for the Gas Research Institute under
contract no. 5082-211-0708, 199 p. : .
This report examines the influence of stratigraphy, diagenesis, natural fractures,
and in situ stress on low-permeability, gas-bearing sandstone reservoirs of the Upper
Cretaceous Frontier Formation along the Moxa Arch in the Green River Basin,
southwestern Wyoming. The main stratigraphic controls on distribution and quality of
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16.

17.

‘Frontier reservoirs are sandstone continuity and detrital clay content. The Frontier
was deposited in a fluvial-deltaic system, in which most reservoirs lie in marine upper
shoreface and fluvial channel-fill sandstone facies. The major causes of porosity loss in
Frontier sandstones during burial diagenesis were mechanical and chemical
compaction and cementation by calcite, quartz, and authigenic clays. Despite’
extensive diagenetic modification, reservoir quality is best in facies that had the
highest porosity and permeability at the time of deposition. Natural fractures are
sparse in Frontier core, but outcrop studies show that fractures commonly are in
discrete, irregularly spaced swarms separated by domains havmg few fractures. Natural
fracture swarms are potential high-permeability “sweet spots.” Stress-direction
indicators give highly scattered estimates of maximum horizontal compression
direction ranging from north to east or northeast. The scatter may reflect
interference of natural fractures with measurements of stress directions, as well as
spatially variable stress directions and low horizontal stress anisotropy.

Geological analysis of the Frontier Formation: by Laubach, S. E., Dutton, S. P., and
Hamlin, H. S., 1992, in CER Corporation, ed., Staged Field Experlment No. 4: appllcatlon
of advanced technologles in tight gas sandstones—Frontler Formation, Chimney Butte
field, Sublette County, Wyoming: CER Corporation, topical report no. GRI1-92/0394
prepared for the Gas Research Institute under contract no. 5091-221-2130, p- 25-90.

Stratlgraphy and depositional systems of the Frontier Formation and their controls

on reservoir development, Moxa Arch, southwest Wyoming: by Hamlin, H. S., 1991, The

University of Texas at Austin, Bureau of Economic Geology, topical report no. GRI-

91/0128 prepared for the Gas Research Institute under contract. no. 5082-211-0708, 45 p.

By controlling sandstone continuity and detrital clay content, depositional

systems influence reservoir development in low-permeability gas-bearing sandstones
of the Upper Cretaceous Frontier Formation along the Moxa Arch in the Green River
Basin, southwest Wyoming. Original depositional porosity and permeability are
highest in clean Frontier sandstones, which even after diagenetic modification
comprise the most prolific reservoirs. The Frontier was deposited in a fluvial-deltaic
system, in which most reservoirs lie in fluvial channel-fill and marine shoreface
sandstone facies. The fluvial channel-fill sandstones form southeast-trending belts,
which are a few miles wide, several tens of feet thick, and separated by interchannel
shale and sandy shale. Within the channel belts, clean sandstone occurs as
discontinuous lenses as much as 20 ft thick that are interlayered and laterally
gradational with mud-clast-rich shaly sandstone. The marine shoreface facies forms a
continuous northeast-thinning sheet of sandstone, 40 to 120 ft thick. Clean -
sandstone is best developed near the top of the shoreface facies in northeast-
thinning trends 5 to 40 ft thick.

Diagenetic controls on reservoir properties of low-permeability sandstone, Frontier
Formation, Moxa Arch, southwest Wyoming: by Dutton, S. P., 1991, The University of
Texas at Austin, Bureau of Economic Geology, topical report no. GRI-91/0057 prepared
for the Gas Research Institute under contract no. 5082-211-0708, 48 p.

This report presents preliminary data and conclusions about the relatlonshlp of
diagenesis to permeability in Frontier sandstones. (A later, more complete synthesis is
found in topical report GRI-92/0127.) Diagenetic history influences reservoir quality
in low-permeability gas-bearing sandstones of the Upper Cretaceous Frontier
Formation along the Moxa -Arch-in the Green River Basin, southwest Wyoming.
Frontier Formation sandstones are litharenites and sublitharenites. Clean sandstones
contain an average of 1.6 percent primary porosity and 4.4 percent secondary
porosity. Calcite, quartz, mixed-layer illite-smectite (MLIS), and illite are the most
abundant cements. The relative order of occurrence of diagenetic events was
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(1) mechanical compaction, (2) formation of illite and MLIS rims, (3) precipitation of
quartz overgrowths, (4) calcite cementation, (5) generation of secondary porosity, and
(6) intergranular pressure solution and stylolitization. Low permeability in Frontier
sandstones is caused by (1) loss of porosity due to compaction, (2) occlusion of
primary pores by cements, particularly calcite and quartz, and (3) lining of primary
pores by fibrous illite and MLIS. Unstressed permeability to air averages 0.21 md in
upper-shoreface, 0.14 md in-fluvial channel-fill, and 0.08 md in lower-shoreface
sandstones.

Analysis of hydraulic fracture azimuth and height: Staged Field Experiment No. 4: by
Laubach, S. E., Fix, ]., Kalik, A., Warpinski, N., and Hill, R., 1992, in Application of
advanced technologies in tight gas sandstones—-Frontier Formation Chimney Butte field,
Sublette County, Wyoming: CER Corporation, report no. GRI-92/0394 prepared for Gas
Research Institute, p. 115-132.

Other Formations

19.

20.

21.

Reglonal geology of the low-permeability, gas-bearing Cleveland Formation,
western Anadarko Basin, Texas Panhandle: lithologic and depositional facies,
structure, and sequence stratigraphy: by Hentz, T. F., 1992, The University of Texas at
Austin, Bureau of Economic Geology, topical report no. GRI-92/0459 prepared for the
Gas Research Institute under contract no. 5082-211-0708, 135 p.

The Upper Pennsylvanian (lower Missourian) Cleveland Formation produces gas
from low-permeability (“tight”) sandstone reservoirs in the western Anadarko Basin of
the northeastern Texas Panhandle. In this six-county region, these reservoirs had
produced >412 Bcf of natural gas through December 31, 1989. Because of their
typically low permeability, the Cleveland sandstones require acrdlzlng and hydraulic
fracture treatment to produce gas-at economic rates.

This report summarizes findings on the regional geology, depositional setting,
sequence stratigraphy, and petrology of the Cleveland Formation. Investigation of
this sandstone involved drilling cooperative wells. The Cleveland Formation contains
an estimated 38 Tcf of gas in place. '

Geology of the Davis Sandstone: by Collins, E. W., Laubach, S. E., and Dutton, S. P.,
1992, in Investigation of the Davis Sandstone (Fort Worth Basin, Texas) as a suitable
formation for the GRI hydraulic fracture-test site: CER Corporation, topical report

no. GRI-92/0194 prepared for the Gas Research Institute under contract no. 5091 21 1-
2130, p. 4-12. a

Reservoir Survey Reports

Geologic analysis of primary and secondary tight gas sand objectives, phase A—
selective investigation of six stratigraphic units; phase B—initial studies: by Finley,
R. J., Garrett, C. M., Jr., Han, J. H,, Lin, Z. S, Seni, S. J., Saucier, A. E., and Tyler, Noel,.
1983, The Un1versity of Texas at Austin, Bureau of Economic Geology, annual report
no. GRI-84/0026 prepared for the Gas Research Institute under contract no. 5082-211-
0708, 334 p.
The objective was to expand and verify interpretation of the depositional
systems and other geologic and engineering characteristics of six blanket-geometry
tight gas sandstones, to recommend two formations for research emphasis, and to
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begin initial geologic framework studies of these two formations. After investigating
the geology and engineering characteristics of >30 blanket-geometry tight gas
sandstones in a survey of 16 sedimentary basins, defining clastic depositional systems
and using constituent facies as a method of evaluating the common features of
stratigraphic units of different ages in diverse sedimentary and structural settings were
emphasized. Blanket-geometry tight gas sandstones considered suitable for future
research by the Gas Research Institute were found primarily within deltaic and
barrier-strandplain depositional systems. Expected transferability of research results
(extrapolation potential) between stratigraphic units was. assessed, and more detailed
study of six formations was recommended.

Of the six formations, the Frontier and the upper Almond Formations of the
Greater Green River Basin, the Olmos Formation of the Maverick Basin, and the
Mancos “B” Sandstone of the Piceance Basin were not recommended for further
research at that time, but should be researched to test barrier, offshore bar, and
deltaic facies. The Corcoran and Cozzette Sandstones of the Piceance Creek Basin and
the Travis Peak Formation of the East Texas Basin and North Louisiana Salt Basin were
recommended for further research, and initial studies indicate that the Corcoran and
Cozzette represent a barrier-strandplain system and contain barrier, offshore bar, and
associated marginal-marine facies. Detailed studies of the Corcoran-Cozzette in Shire

-Gulch and Plateau fields show shoreface sequences common to the lower parts of
both units and bay-lagoon and deltaic facies occurring in the upper parts. The Travis
Peak Formation represents a deltaic system, having a lower subdivision of
progradational deltaic facies, a thick middle subdivision of braided alluvial deposits,
and an upper subdivision of marginal marine deposits influenced by marine
transgression. Sandstones >50 ft thick are prominent in the middle subdivision in
areas on the west flank of the Sabine Uplift. The estimated gas resources associated
with the Corcoran-Cozzette and the Travis Peak in Texas are 3.7 and 17.3 Tcf,
respectively.

Base maps and a selected number of well logs were acquired to prepare new Cross
sections and maps illustrating the stratigraphic characteristics of the Corcoran-
Cozzette and Travis Peak Formations. Depositional systems and constituent facies
were defined from cross sections and maps in conjunction with published and
unpublished information' compiled earlier. No major differences were noted between
results reported here and the previous GRI data compilation, but a better
understanding of the genetic stratigraphy of each unit was gained. For formations
included in previous studies of tight gas resources, new resource estimates for
particular formations were made by separating published data that had been
combined for multiple formations. A completely new resource estimate was prepared
for the Travis Peak Formation. Opportunities.for cooperative coring and logging with
operators were evaluated within the Corcoran-Cozzette producing trend. Within the
East Texas Basin, study of a six-county area of high operator activity was emphasized.

22. Site Selection for GRI cooperative tight gas field research, volume II: geologic
characteristics of selected low-permeability gas sandstones: by Baumgardner, R. W.,
Jr., Tye, R. S., Laubach, S. E., Diggs, T. N., Herrington, K. L., and Dutton, S. P., 1988, The
University of Texas at Austm Bureau of Economlc Geology, topical report no GRI-
88/0180 prepared for the Gas Research Institute under contract no. 5082-211-0708,

225 p.

Geologic, engineering, and economic data on selected formations were compiled
to provide a basis for siting the fourth Staged Field Experiment (SFE) for the Tight Gas
Sands Research Program. The geologic units chosen are the Abo, Cleveland, and
Frontier Formations, and the Mesaverde Group. Extrapolation potential is good for all
formations except the Cleveland, whose thin deltaic package has no good analogy in
other low-permeability sandstones. The Abo and Frontier have the best potential for
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23.

24.

25.

26.

27.

28.

29.

30.

extrapolation to other low-permeability formations. Average thickness of reservoirs is
~250 ft in the Mesaverde and Abo, ~160 ft in the Frontier, and ~120 ft in the
Cleveland. Deepest production depth varies from 4,750 ft (Abo) to 12,198 ft (Second
Frontier sandstone). Estimated resource base ranges from 3 Tcf (Abo) to 86 Tcf
(Mesaverde). Prestimulation production ranges from too small to measure (Cleveland,
Frontier, and Mesaverde) to 314 Mcf/d (Frontier). Post- stimulation production ranges
from 3 Mcf/d (Mesaverde) to 12,250 Mcf/d (Cleveland). Permeability ranges from
<0.0001 md (Frontier) to 1.3 md (Frontier). Natural fractures have been shown to be
significant locally in the Mesaverde, but their contribution to reservoir permeability
in the other formations is not well documented.

Atlas of Major Low-Permeability Sandstone Gas Reservoirs in the Continental United
States: by Dutton, S. P., Clift, S. J., Hamilton, D. §., Hamlin, H. S., Hentz, T. F., Howard,
W. E., Akhter, M. S., and Laubach, S. E., 1993, The University of Texas at Austm Bureau

of Economic Geology, topical report prepared for the Gas Research Institute under
contract no. 5082-211-0708.

Bureau of Economic Geology Publications and Other Monographs

Listed Alphabetically by Author

Landsat-based lineament 'analysis, East Texas Basin and Sabine Uplift'Area: by

Baumgardner, R. W;, Jr., 1987, The University of Texas at Austin, Bureau of Economic

Geology Report of Investigations No. 167, 26 p.

Geologic controls on reservoir properties of low-permeability sandstone, Frontier
Formation, Moxa Arch, southwest Wyoming: by Dutton, S. P., Hamlin, H. §., and
Laubach, S. E., in review; submitted to the Wyomlng Geological Survey as a Report of
Investigations. .

Diagenesis and burial history of the Lower Cretaceous Travis Peak Formation, East
Texas: by Dutton, S. P., 1987, The University of Texas at Austin, Bureau of Economic
Geology Report of Investigations No. 164, 58 p.

Geologic characterization of low-permeability gas reservonrs Travis Peak Formation,
East Texas: by Dutton, S. P., Laubach, S. E., Tye, R. S., Baumgardner, R. W., Jr., and
Herrington, K. L., 1991, The University of Texas at Austm Bureau of Economic Geology
Report of Investigations No. 204, 89 p. '

Geology and engineering characteristics of selected low-permeability gas
sandstones: a national survey: by Finley, R. J., 1984, The University of Texas at Austin,
Bureau of Economic Geology Report of Investigations No. 138, 220 p.

Structural history and origin of the Sabine Arch, East Texas and Northwest Louisiana:
by Jackson, M. L. W.,, and Laubach, S. E., 1991, The University of Texas at Austin, Bureau

-of Economic Geology Geological Circular 91-3, 47 p.

Fracture analysns of the Travis Peak Formation, western flank of the Sabine Arch,

~ East Texas: by Laubach, S. E., 1989, The University of Texas at Austin, Bureau of

Economic Geology Report of Investigations No. 185, S5 p.
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31.

32.

33.

34.

3S.

36.

37.

38.

39.

40.

41.

In Focus—Tight Gas Sands Publications

Listed Alphabetically by Author

Diagenesis of the Travis Peak tight gas sandstone, East Texas: by Dutton, S. P., 1987,
In Focus—Tight Gas Sands, v. 4, no. 2, p. 18-25.

Results of applied research in the Canyon sands, Val Verde Basin, southwest Texas:
by Hamlin, H. §., Miller, William, Peterson, Richard, and Wiltgen, Nick, 1992, In Focus—
Tight Gas Sands, v. 8, no. 1, p. 1-32.

Results of research in the Cleveland Formation, Anadarko Basin, North Texas: by
Hentz, T. F., Hill, R. E., Whitehead, William, 1992, In Focus—Tight Gas Sands, v. 8, no. 1,
p. 33-49.

Identlfymg key reservoir elements in low-permeability reservoir sandstones: natural
fractures in the Frontier Formation, southwestern Wyoming: by Laubach, §. E., 1992,
In Focus—Tight Gas Sands, v. 8, no. 2, p. 3-11. _

Advancements in hydraulic fracture azimuth research, Green River Basin, Wyoming:
by Laubach, S. E., 1992, In Focus—Tight Gas Sands, v. 8, no. 2, p. 12-22.

The Travis Peak/Hosston Formation of East Texas and North Louisiana—a laboratory
for tight gas technology development: by Saucier, A. E., and Finley, R. J., 1984, In
Focus—Tight Gas Sands, v. 1, no. 1, p. 15-25.

Geologic analysis of the Travis Peak tight gas sandstones: by Tye, R. S., Dutton, S. P.,
Laubach; S. E., and Finley, R. ]J., 1989, In Focus--Tight Gas Sands, v. 6, no. 1, p. 63-69.

Journal Publications

Listed Alphabetically by Author

Bureau of Economic Geology: tight gas reservoir research: by Dutton, S. P., 1987, Texas
Energy Reporter, v. 5, no. 2, p. 3-7.

Influence of provehance and burial history on diagenesis of Lower Cretaceous
Frontier Formation sandstones, Green River Basin, Wyoming: by Dutton, S. P., in press,
Journal of Sedimentary Petrology.

History of quartz cementation in the Lower Cretaceous Travis Peak Formation, East
Texas: by Dutton, S. P., and Diggs, T. N., 1990, Journal of Sedlmentary Petrology, v. 60,
no. 2, p. 191-202. :

Evolution of porosity and permeability in the Lower Cretaceous Travis Peak

Formation, East Texas: by Dutton, S. P., and Diggs, T. N., 1992, American Association of
Petroleum Geologists Bulletin, v. 76, no. 2, p. 252-269.
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42.

43.

44,

45.

46.

47.

48.

49.

S0.

S1.

52.

Controls on reservoir quality in tight sandstones of the Travis Peak Formation, East
Texas: by Dutton, S. P., and Finley, R. J., 1988, SPE Formation Evaluation, v. 3, no. 1,
p. 97-104. ’

Cementation and burial history of a low-permeability quartzarenite, deer
Cretaceous Travis Peak Formation, East Texas: by Dutton, S. P., and Land, L. S., 1988,
Geological Society of America Bulletin, v. 100, no. 8, p. 1271-1282.

Developments in gas reservoir research with applications to tight sandstones: by

Finley, R. J., 1985, Interstate Oil Compact Commission Committee Bulletin, v. 27, no. 1,
p. 47-53. '

An overview of selected blanket-geometry, low-permeability gas sandstones in
Texas: by Finley, R. J., 1986, American Association of Petroleum Geologists Studies. in.
Geology No. 24, p. 69-8S.

Depositionallsystex'n's and diagenesis of Travis Peak tight gas Sahdstone reservoirs,
Sabine Uplift Area, Texas: by Fracasso, M. A,, Dutton, S. P., and Finley, R. J., 1988, SPE
Formation Evaluation, v. 3, no. 1, p. 105-115. '

Subsurface fractures vand their relationship to stress history in East Texas basin
sandstone: by Laubach, S. E., 1988, Tectonophysics, v. 156, p. 37-49.

Paleostress directions from the preferred orientation of closed microfractures (fluid-
inclusion planes) in sandstone, East Texas basin, U.S.A.: by Laubach, S. E., 1989,
Journal of Structural Geology, v. 11, no. S, p. 603-611. : :

Fracture networks in selected Cretaceous_sandstones of the Green River and San Juan
Basins: by Laubach, S. E., 1992, in Schmoker, J. W., Coalson, E. B., and Brown, C. A,, eds.,
Geological studies relevant to horizontal drilling in western North America: Rocky
Mountain Association of Geologists, p. 61-74. N »
Origin of arches in the northwestern Gulf of Mexico basin: by Laubach, S. E., and
Jackson, M. L. W., 1990, Geology, v. 18, no. 7, p. 595-598.

Fluvial-sandstone reservoirs of the Travis Peak Formation, East Texas Basin: Tye,
R.S., 1991, in Miall, A. D., and Tyler, Noel, eds., The three-dimensional facies ‘
architecture of terrigenous clastic sediments and its implications for hydrocarbon
discovery and recovery: SEPM (Society for Sedimentary Geology) Concepts in

' Sedimentology and Paleontology, v. 3, p. 172-188.

Conference Papers

Depositional environments, petrology, and fractures of the Atoka Davis sandstone: a
low-permeability gas-bearing sandstone of the Fort Worth Basin, North-Central
Texas: by Collins, E. W., Laubach, S. E., Dutton, §S. P., and Hill, R. E., 1992, Transactions,
Southwest Section AAPG, Publication SWS 92-90, p. 221-230. Abstract in 1992 American
Association of Petroleum Geologists Bulletin, v. 76, no. 4, p. 574. Poster session presented
by E. W. Collins at annual meeting of Southwest Section AAPG in Midland, Texas,

April 12-15, 1992.
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53.

54.

SS.

56.

§7.

58.

59.

60.

Petrography and diagenesis of Lower Cretaceous Travis Peak (Hosston) Formatlon,
East Texas: by Dutton, S. P., 1986, Gulf Coast Association of Geological Societies
Transactions, v. 36, p. 73—81 Abstract in 1986 American Association of Petroleum
Geologists Bulletin, v.. 70, no. 9, p. 1180. Paper presented at annual meeting of Gulf Coast
Association of Geological Societies in Baton Rouge, Louisiana, October 22-24, 1986.

Depositional and diagenetic controls on reservoir quality in tight sandstones of the
Travis Peak (Hosston) Formation, East Texas: by Dutton, S. P., and Finley, R. J., 1986,
Proceedings, 1986 Society of Petroleum Engineers/U.S. Department of Energy/Gas
Research Institute Joint Symposium on Unconventional Gas Technology, Louisville,
Kentucky, Paper SPE 15220, p. 153-162. Talk presented by S. P. Dutton at Joint
Symposium on Unconventional Gas Technology in Louisville, Kentucky, May 18-21,
1986.

Organic geochemistry of the Lower Cretaceous Travis Peak Formation, East Texas
Basin: by Dutton, S. P., Finley, R. J., and Herrington, K. L., 1987, Gulf Coast Association
of Geological Societies Transactlons v. 37, p. 65-74. Abstract in 1987 American Association
of Petroleum Geologists Bulletin, v. 71, no. 9, p. 1116. Paper presented by S. P. Dutton at
1987 annual meeting of Gulf Coast Association of Geologlcal Societies in San Antomo
Texas, October 28-30, 1987

Geologlc controls on reservoir properties of Frontier Formation low- permeablhty gas
reservoirs, Moxa Arch, Wyoming: Dutton, S. P., and Hamlin, H. S., 1991, Proceedings,
SPE Joint Rocky Mountain Regional/Low Permeablllty Reservoirs Symposmm Paper

SPE 21851, p. 479-488. Paper presented by S. P. Dutton at Joint. Ssymposium on Low
Permeability Reservoirs in Denver, Colorado, April 14—17,»1991.

Interaction of burial history and diagenesis of the Upper Cretaceous Frontier
Formation, Moxa Arch, Green River Basin, Wyoming: by Dutton, S. P., and Hamlln
H. S., 1992, Wyoming Geological Association Forty-Third Field Conference Guidebook,
p. 37—50 Abstract in 1992 American Association of Petroleum Geologists Bulletin, v. 76,
no. 8, p. 1258. Talk presented by S. P. Dutton at annual meeting of Rocky Mountain
Section AAPG in Casper, Wyoming, September 13-16, 1992

Deposntlonal diagenetic, and structural controls on reservoir propertles of low-
permeability sandstone, Travis Peak Formation, East Texas: by Dutton, S. P., Laubach,
S. E.,, and Tye, R. S., 1991, Gulf Coast Association of Geological Societies Transactlons

v, 41 p. 209-220. Abstract in 1991 American Association of Petroleum Geologists Bulletin,
v. 75, no. 9, p. 1521. Talk presented by S. P. Dutton at annual meeting of Gulf Coast
Association of Geological Societies AAPG in Houston, Texas, October 16-18, 1991.

Reservoir properties and gas productivity of the Corcoran and Cozzette tight
sandstones, Colorado: by Finley, R. J., 1985, Proceedings, 1985 Society of Petroleum
Engineers/Department of Energy Joint Symposium on Low Permeability Reservoirs,
Denver, Colorado, Paper SPE/DOE 13852, p. 33-4S5. Talk presented at Joint Symposium on
Low Permeability Reservoirs in Denver, Colorado, May 19-22, 1985.

Subregional stratigraphic relations, diagenesis, and reservoir quality of Travis Peak
tight gas sandstones, Sabine Uplift area, Texas: by Fracasso, M. A,, Finley, R. J., and
Dutton, S. P., 1986, Society of Petroleum Engineers, East Texas regional meeting, Paper
SPE 14666, p. 133-142. Talk presented by M. A. Fracasso at Society of Petroleum Engineers
East Texas regional meeting in Tyler, Texas, April 20-22, 1986.
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61.

62.

63.

64.

6S.

66.

67.

68.

69.

Stratigraphy and diagenesis of Sonora Canyon deep-water sandstones, Val Verde
Basin, southwest Texas: by Hamlin, H. S., Clift, S. J., and Dutton, S. P., 1992,
Transactions, Southwest Section AAPG, Publication SWS 92-90, p. 209-220. Abstract in
1992 American Association of Petroleum Geologists Bulletin, v. 76, no. 4, p. 575-576. Talk
presented by H. S. Hamlin at annual meeting of Southwest Section AAPG in Midland,
Texas, April 12-15, 1992,

Reservoir characterization of the Frontier tight gas sand, Green River Basin,
Wyoming: by Harrison, C. W., III, and Dutton, S. P., 1991, Proceedings, Joint SPE Rocky
Mountain Regional/Low Permeability Reservoirs Symposium, Paper SPE 21879, p.- 717-
725. Paper presented by C. W. Harrison at Joint Symposium on Low Permeability
Reservoirs in Denver, Colorado, April 14-17, 1991.

Low-permeability, gas-bearing Cleveland Formation (Upper Pennsylvanian), western
Anadarko Basin: by Hentz, T. F., 1992, Structure, paleoenvironments, and paleotectonic
control on depositional patterns: Transactions, Southwest Section American Association of
Petroleum Geologists, Publication SWS 92-90, p. 231-252. Talk presented at Southwest

: Section, AAPG meeting, 1992.

Cretaceous and Tertiary compressional tectonics as the cause of the Sabine Arch,
East Texas and northwest Louisiana: by Jackson, M. L. W,, and Laubach, §. E., 1988,
Transactions, Gulf Coast Association of Geological Societies, v. 38, p. 245-256. Abstract in
1987 American Association of Petroleum Geologists Bulletin, v. 72, no. 9, p. 1114. Paper
presented by S. E. Laubach at 1988 annual meeting of Gulf Coast Association of Geological
Societies in New Orleans, October 19-21, 1988. ' -

Fracture patterns in low-permeability-sandstone gas reservoir rocks in the Rocky
Mountain region: by Laubach, S. E., 1991, Proceedings, SPE Joint Rocky Mountain
Regional/Low Permeability Reservoirs Symposium, Paper SPE 21853, p. 501-510. Paper
presented by S. E. Laubach at Joint Symposium on Low Permeability Reservoirs in Denver,
Colorado, April 14-17, 1991. ’ ‘

Fracture studies of sandstone, chalk, and coal: by Laubach, S. E., 1991, in Arya, F. R,,
moderator, Short course notes: identifying and interpreting fractures: Houston Geological
Society, p. 6-1-6-30. Paper presented by S. E. Laubach at Gulf Coast Association of -
Geological Societies Transactions meeting in Houston, 1991.

Fracture detection in low-permeability reservoir sandstone: a comparison of BHTV
and FMS logs to core: by Laubach, S. E., Baumgardner, R. W., Jr., Monson, E. R., Hunt, E.,
and Meador, K. A., 1988, Proceedings, 1988 Society of Petroleum Engineers Annual
Technical Conference, Paper SPE 18119, p. 129-139. Talk presented by S. E. Laubach at
1988 SPE Annual Technical Conference in Houston, October 2-5, 1988. Talk also ‘
presented by invitation at-AAPG annual meeting in San Antonio, Texas, April 23-26, 1989,
and at SPE Fractured Reservoirs Forum, Crested Butte, Colorado, July 1989.

Stress directions in Cretaceous Frontier Formation, Green River Basin, Wyoming: by
Laubach, S. E., Clift, S. J., Hill, R. E., and Fix, J. E., 1992, Wyoming Geological Association
Forty-Third Field Conference Guidebook, p. ‘75—86. : .

Strength anisotropy in low-permeability sandstone gas reservoir rocks: application of
the axial point-load test: by Clift, S. J., Laubach, S. E., and Holder, J., 1992, Transactions,
Gulf Coast Association of Geological Societies, v. 42, p. 61-72. Paper presented by S. E.
Laubach at GCAGS meeting in Jackson, Mississippi, 1992.

57



70.

71.

72.

73.

- 74,

75.

76.

77.

78.

Fractures in Frontier Formation: by Laubach, S. E., Hamlin, H. §S,, and Lorenz, J. C., .
1992, Road log and geologic description of field trip stops, southwest Wyoming: Wyoming
Geological Association Forty-Third Field Conference Roadlog volume, p. 105-112.

Preliminary assessment of natural fracture patterns in Frontier Formation
sandstones, southwestern Wyoming: by Laubach, S. E., and Lorenz, J. C., 1992, Wyoming
Geological Association Forty-Third Field Conference Guidebook, p. 87-96. Abstract in
1992 American Association of Petroleum Geologists Bulletin, v. 76, no. 8, p. 1262. Talk
presented by S. E. Laubach at annual meeting of Rocky Mountain Section AAPG in Casper,
Wyoming, September 13-16, 1992. ’ '

Coring-induced fractures: indicators of hydraulic fracture propagation in a naturally

fractured reservoir: by Laubach, S. E., and Monson, E. R., 1988, Proceedings, 1988 Society
of Petroleum Engineers Annual Technical Conference, Houston, Texas, Paper SPE 18164,

p: 587-596. Paper presented by S. E. Laubach at 1988 SPE Annual Technical Conference in
Houston, October 2-5, 1988. ' o

Reservoir engineering properties and production characteristics of selected tight gas
fields; Travis Peak Formation, East Texas Basin: by Lin, Z. S., and Finley, R. J., 1985,
Proceedings, 1985 Society of Petroleum Engineers/Department of Energy Joint
Symposium on Low Permeability Reservoirs, Denver, Colorado, Paper SPE/DOE 13901,

p. 509-522. Paper presented by Z. S. Lin at Joint Symposium on Low Permeability
Reservoirs in Denver, Colorado, May 19-22, 1985..

Effect of extraction and drying on flow, capillary, and electrical properties- of
Travis Peak cores containing fibrous illite: by Luffel, D. L., Herrington, K. L., and

. Walls, J. D., 1990, Proceedings, 1990 Society of Petroleum Engineers Annual Technical

Conference, Paper SPE 20725, p. 131-138. Talk presented by D. L. Luffel at 1990 SPE
Annual Technical Conference in New Orleans, September 1990.

Fibrous illite controls productivity in Frontier gas sands, Moxa Arch, Wyoming: by
Luffel, D. L., Herrington, K. L., and Harrison, C. W., 1991, Proceedings, SPE Joint Rocky

~ Mountain Regional/Low Permeability Reservoirs Symposium, Denver, Colorado, Paper

SPE 21876, p. 695-704. Paper presented by D. L. Luffel at Joint Symposium on Low
Permeability Reservoirs in Denver, Colorado, April 14-17, 1991.

Natural fractures in Sonora Canyon sandstones, Sonora and Sawyer fields, Sutton
County, Texas: by Marin, B. A,, Clift, S. J., Hamlin, H. S., and Laubach, S. E., 1993,
Proceedings, SPE Joint Rocky Mountain Regional/Low Permeability Reservoirs
Symposium, Denver, Colorado, Paper SPE 25895. Paper presented by S. E. Laubach at Joint
Symposium on Low Permeability Reservoirs in Denver, Colorado, April 26-28, 1993.

The Travis Peak (Hosston) Formation of East Texas and North Louisiana: by Saucier,
A. E., Finley, R. J., and Dutton, S. P., 1985, Proceedings, 1985 Society of Petroleum
Engineers/Department of Energy Joint Symposium on Low Permeability Reservoirs,
Denver, Colorado, Paper SPE/DOE 13850, p. 15-22. Paper presented by S. P. Dutton at
Joint Symposium on Low Permeability Reservoirs in Denver, Colorado, May 19-22, 1985.
The role of geology in characterizing low-permeability sandstones, North Appleby
field, East Texas Basin: by Tye, R. S., Laubach, S. E., Dutton, S. P., and Herrington, K. L.,
1989, Proceedings, Society of Petroleum Engineers 1989 Joint Rocky Mountain Regional
Meeting and Low-Permeability Reservoir Symposium, Denver, Colorado, Paper SPE 18964,
p. 355-365. Paper presented by R. S. Tye at 1989 Joint Rocky Mountain Regional Meeting
and Low Permeability Reservoir Symposium, Denver, Colorado, March 5-7, 1989.
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79.

80.

81.

82.

83.

84.

8S5.

86.

87.

In situ stresses: a comparison between log-derived values and actual field-measured
values in the Travis Peak Formation of East Texas: by Whitehead, W. S., Hunt, E. R,,
Finley, R. J., and Holditch, S. A., 1986, Proceedings, 1986 Society of Petroleum Engineers
DOE/GRI Joint Symposium on Unconventional Gas Technology, Louisville, Kentucky,
Paper SPE 15209, p. 19-34.

Conference Proceedings Publications

Analysis of subsurface structure via lineament study, East Texas and northwest
Louisiana (abs.): by Baumgardner, R. W, Jr., 1986, Geological Society of America,
Abstracts with Programs, v. 18, no. 6, p. 536. Talk presented at annual meeting of
Geological Society of America in San Antonio, Texas, November 10-13, 1986.

Wellbore ellipticity in East Texas: in situ stress or fracture-related spalling? (abs.):-

by Baumgardner, R. W., Jr., and Laubach, S. E., 1987, Eos, Transactions of the American

Geophysical Union, v. 68, no. 44, p. 1460. Talk presented by R. W. Baumgardner, Jr., at
annual fall meeting of American Geophysncal Union in San Francisco, California,
December 7-11, 1987.

Stratigraphic analysis of fluvial and marine sandstone with borehole-imaging
geophysical logs and core (abs.): by Buehring, R., Laubach, S. E., and Hamlin, H. S.,
1990, Geological Society. of America Abstracts with Programs, v. 22, no. 7, p. A47. Poster
presented by S. E. Laubach and R. W. Buehring at annual meeting of Geological Society of
America in Dallas, Texas, November 10-13, 1990.

Pore characterization by scanning electron microscope of low-permeability gas
sandstones, Travis Peak Formation, East Texas (abs.): by Dutton, S. P., 1986, American
Association of Petroleum Geologists Bulletin, v. 70, no. S, p. 585. Talk presented at annual
meeting of Amerlcan Association of Petroleum Geologists in Atlanta, Georgia, June 15—
18, 1986.

Diagenesis and burial history of Lower Cretaceous Travis Peak sandstone, East Texas
(abs.): by Dutton, S. P., 1987, American Association of Petroleum Geologists Bulletin,

v. 71, no. 5, p. 551. Talk presented at annual meeting of American Association of
Petroleum Geologists in Los Angeles, California, June 7-10, 1987.

Regional diagenetic studies: an approach to paleohydrology and basin evolution
(abs.): by Dutton, S. P., 1988, Colorado School of Mines, Workshop on Quantitative
Dynamic Stratigraphy (QDS), p. 5-6. Talk presented at Workshop on Quantitative Dynamic
Stratlgraphy in Deckers, Colorado, February 14-18, 1988.

Variations in diagenesis and reservoir quality in the Frontier Formation along the
Moxa Arch, Green River Basin, Wyoming (abs.): by Dutton, S. P., 1990, American
Association of Petroleum Geologists Bulletin, v. 74, no. 8, p. 1321-1322. Talk presented at
Rocky Mountain Section AAPG Annual Meeting in Denver, Colorado, September 16-19,
1990.

Late-stage diagenesis and development of secondary porosity in Frontier Formation
low-permeability sandstones, Green River Basin, Wyoming, USA (abs.): by Dutton,
S.P,, 1992, American Association of Petroleum Geologists 1992 Annual Convention
Official Program, p. 34. Talk presented at AAPG Annual Meeting in Calgary, Canada,

June 21-24, 1992,
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89.

90.

91.

92.

93.

94.

9s.

96.

97.

Porosity preservation by early siderite cementation in Sonora Canyon sandstones,
Val Verde Basin, southwest Texas (abs.): by Dutton, S. P., Clift, S. J., Folk, R. L., Hamlin,
H. S., and Marin, B. A., in press, American Association of Petroleum Geologists 1993
Annual Convention Official Program. Talk presented at AAPG Annual Meeting in New
Orleans, Louisiana, April 25-28, 1993.

Stratigraphic and depth variations in authlgemc cement distribution, Lower
Cretaceous Travis Peak Formation, East Texas (abs.): by Dutton, S. P., and Diggs, T. N.,
1988, Geological Society of America, Abstracts with Programs, v, 20, no. 7 p- A375. Talk
presented by S. P. Dutton at GSA Annual Meeting in Denver Colorado, October 31-
November 3, 1988. ~

Controls on permeability distribution in Lower Cretaceous Travis Peak Formation,
East Texas (abs.): by Dutton, S.'P.; and Diggs, T. N., 1989, American Association of
Petroleum Geologists Bulletin, v. 73, no. 3, p. 352. Talk presented by S. P. Dutton at AAPG
Annual Meeting in San Antonio, Texas, April 23-26, 1989.

Comparison of depositional systems and reservoir characteristics of selected
blanket-geometry tight gas sandstones (abs.): by Finley, R. J., 1984, American
Association of Petroleum Geologists Bulletin, v. 67, no. 3, p. 460-461. Talk presented by
R. J. Finley at annual meeting of American Association of Petroleum Geologists in Dallas,
Texas, April 17-20, 1983. '

Geology and reservoir characteristics of tight gas sandstones in the Travis Peak
Formation, Chapel Hill field, East Texas (abs.): by Finley, R. J., and Dutton, S. P.,
1987, American Association of Petroleum Geologists Bulletin, v. 71, no. 5, p. 556. Talk
presented by R. J. Finley at 1987 annual meeting of American Association of Petroleum
Geologists in Los Angeles, California, June 7-10, 1987.

Depositional systems of a t1ght gas-productive barrler-strandplam sequence:
Corcoran and Cozzette Sandstones, northwest Colorado (abs.): by Finley, R.J., and
Ladwig, L. R., 1985, American Association of Petroleum Geologists Bulletin, v. 69, no. 2,
p. 255. Talk presented by R. J. Finley at annual meeting of the American Association of
Petroleum Geologists in New Orleans, Louisiana, March 24-27, 198S.

Depositional systems and productive characteristics of major low-permeability gas
sandstones in Texas (abs.): by Finley, R. J., Seni, S. J., Tyler, Noel, and Lin, Z. S., 1984,
American Association of Petroleum Geologists Bulletin, v. 68, no. 4, p. 476. Talk presented
by R. J. Finley at annual meeting of American Association of Petroleum Geologists in San
Antonio, Texas, May 20-23, 1984.

Geology of natural gas reservoir: upper Travis Peak Formation, western flank of

Sabine Uplift, East Texas (abs.): by Fracasso, M. A., 1986, American Association of
Petroleum Geologists Bulletin, v. 70, no. 5, p. 591. Talk presented at annual meeting of
American Association of Petroleum Geologists in Atlanta, Georgia, June 15-18, 1986.

- Fluvio-deltaic deposition of reservoir sandstones in the upper Travis Peak Formation

(Lower Cretaceous), Waskom-field, East Texas Basin (abs.): by Fracasso, M. A, 1987,
Society of Economic Paleontologists and Mineralogists, Annual Midyear Meeting, Abstracts
Volume 1V, p. 27-28. Talk presented at annual midyear meeting of the Society of
Economic Paleontologists and Mineralogists in Austin, Texas, August 20-23, 1987.

Facies-related permeability trends in the Frontier Formation along the Moxa Arch,
Green River Basin, Wyoming (abs.): by Hamlin, H. S., and Buehring, R. L., 1990,
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98.

99.

100.

101.

102.

103.

104.

10s.

106.

American Association of Petroleum Geologists Bulletin, v. 74, no. 8, p. 1325. Poster session
presented by H. S. Hamlin at Rocky Mountain Section AAPG Annual Meeting in Denver,
Colorado, September 16-19, 1990.

Paleotectonic controls on sandstone trends and depositional facies distribution of
the low-permeability, gas-bearing Cleveland Formation (Upper Pennsylvanian),
Texas Panhandle (abs.): by Hentz, T. F., 1992, American Association of Petroleum
Geologists Bulletin, v. 76, no. 4, p. 576. :

Sequence-stratigraphic context of Pennsylvanian (Desmoinesian-Missourian)
siliciclastics: Cleveland Formation and Marmaton Group, western Anadarko Basin,
Texas Panhandle (abs.): by Hentz, T. F., in press, 1993 annual meeting of South-Central
Section of the Geological Society of Amerrca Oral presentatron given in Fort Worth, Texas,
March 14-16, 1993.

Sequence stratigraphy of coastal plain to shelf-slope facies tracts: Middle to Upper
Pennsylvanian Cleveland and Marmaton siliciclastics, western Anadarko Basin,
Texas Panhandle (abs.): by Hentz, T. F., in press, 1993 annual meeting of American
Association of Petroleum Geologists. Presentation given in New Orleans, Louisiana,

April 25-28, 1993.

Evidence for Sevier and Laramide deformation in the Gulf of Mexico basin (abs.): by
Jackson, M. L. W, and Laubach, S. E., 1987, Geological Society of America Abstracts with
Programs, v. 19, no. 5, p. 285. Poster session presented at annual meeting of the Rocky
Mountain Section of the Geologlcal Society of America in Boulder, Colorado, May 2-4,
1987.

Mapping subsurface fracture trends (abs.): by Laubach, S. E., 1987, Eos, Transactions of
the American Geophysical Union, v. 68, no. 16, p. 299. Invited presentation at annual
spring meeting of the American Geophysical Union in Baltimore, Maryland, May 18-22,
1987, as part of a special session on Field Approaches and Measurement Techniques for
Quantifying Spatial Variability in Porous Media.

Brittle microstructure of folded qu_artzrte (abs.): by Laubach, S. E., 1988, Eos,
Transactions of the American Geophysical Union, v. 69, no. 16, p. 472.

Origin of natural fractures in sandstone from a passive margin basin (abs.): by
Laubach, S. E., 1988, Eos, Transactions of the American Geophysical Union, v. 69, no. 44,
p- 1433. Talk presented at 1988 fall meeting of the American Geophysical Union, San
Francisco, California, December 7, 1988. Talk also presented at conference “Deformation
Mechanisms, Rheology, and Tectomcs " The Umversrty, Leeds, England, March 27-30,
1989,

Significance of natural and coring-induced fractures in the Travis Peak Formation
for reservoir stimulation (extended abs.): by Laubach, S. E., 1988, Transactions, Gulf
Coast Association of Geological Societies, v. 38, p. 591. Abstract also in 1987 American
Association of Petroleum Geologists Bulletin, v. 72, no. 9, p. 1115. Paper presented by S. E.
Laubach at 1988 annual meeting of Gulf Coast Association of Geological Societies in New
Orleans, October 19-21, 1988.

Fracture swarms in low-permeability-sandstone gas reservoir rocks in New Mexico,

Colorado, and Wyoming: implications for exploration and development (abs.): by
Laubach, S. E., 1991, American Association of Petroleum Geologists Bulletin, v. 75, no. 6,
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107.

108.

109.

110.

111.

112.

113.

p. 1130-1131. Talk presented at Rocky Mountain Section AAPG Annual Meeting in
Billings, Montana, July 28-31, 1991.

Multiple generations of fluid inclusions in Cretaceous quartz veins from the Gulf of
Mexico basin (abs.): by Laubach, S. E., and Boardman, S., 1989, Geological Society of
America, Abstracts with Programs, v. 21 no. 6, p. A64. Talk presented at Geological Society
of America annual meeting, St. Louis, Missouri, 1989.

Using indentation (axial point-load) tests to evaluate strength anisotropy and stress
directions in low-permeability gas reservoir sandstones (abs.): by Laubach, S. E., Clift,
S. J., and Holder, J.,1992, American Association of Petroleum Geologists Bulletin, v. 76,
no. 8, p. 1262. Talk presented by S. E. Laubach at annual meeting of Rocky Mountain
Section AAPG in Casper, Wyoming, September 13-16, 1992.

Coevolution of fracture pattern, rock mechanical properties, and diagenesis in a
low-permeability gas reservoir sandstone, East Texas (abs.): by Laubach, §. E., Hoak,
T. E.,, Dutton, S. P., and Diggs, T. N., 1989, Geological Society of America, Abstracts with
Programs v. 21, no. 1, p. 16. Talk presented by S. E. Laubach at Geological Society of
America South-Central Section Annual Meeting in Arlington, Texas, March 12-14, 1989.

Opportunities for horizontal drilling in fractured low-permeability sandstones (abs.):
by Laubach, S. E., and Marin, B. A., 1992, Proceedings, Horizontal Drilling Symposium,
domestic and international case studies, Rocky Mountain Association of Geologists,
Denver, Colorado, October 18-21, 1992, unpaginated. Talk presented at RMAG Horizontal
Drilling Symposium, 1992.

Characteristics of subsurface natural fractures in East Texas (abs.): by Laubach, S. E,,
and Monson, Eric, 1987, Eos, Transactions of the American Geophysical Union, v. 68,
no. 16, p. 428. Talk presented by S. E. Laubach at annual spring meeting of American
Geophysical Union in Baltimore, Maryland, May 18—22 1987.

Fracture-trace maps of upper Pictured Cliffs Sandstone pavements, San Juan Basin,
Colorado (abs.): by Laubach, S. E., Tremain, C. M., Whitehead, N. H,, III, and :
Baumgardner, R. W., Jr., 1990, Geological Society of America Abstracts with Programs,
v.22,no.7,p. A202 Talk presented by S. E. Laubach at GSA national meeting, Dallas,
Texas, 1990

—

Fluvial sandstone reservoirs -of the Travis Peak (Hosston) Formation, East Texas
Basin (abs.): by Tye, R. S., 1989, American Association of Petroleum Geologists Bulletin,
v. 73, no. 3, p. 421. Talk presented at AAPG annual meeting in San Antonio, Texas,
April 23-26, 1989.

Oral Presentations—No Published Paper or Abstract

Listed Alphabetically by Presenter
R. W. Baumgardner, Jr.

“Lineament analysis, a supplement to subsurface fracture studies: Landsat and radar study

of East Texas and Midland Basin”: presented to visiting geologists involved in a projéct to drill
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and fracture horizontal wells in tight gas sandstone, Bureau of Economic Geology, Austin, Texas,
1987.

“Lineament analysis, a supplement to subsurface fracture studies: Landsat and radar study
of East Texas”: presented to the Geographic Information Systems and Remote Sensing

Symposium, Texas Natural Resources Information S}?stem, Austin, Texas, 1987.

S. J. Clift

“Advancements in sandstone analysis through axial point-load testing": presented to the

Bureau of Economic Geology Seminar, Austin, Texas, 1992.

S. P. Dutton

“Diagenesis of Travis Peak sandstones”: presented to the Bureau of Economic Geology
Seminar, Austin, Texas, 198S.

Core and poster display bn Tight Gas Sandstone Proiect: pfesented to the Soéiety of
Petroleum Engineers, Easf Texas regional meeting, Tyler, Texas, 1986.

“Diagenesis and burial history of the Lower Cretaceous Travis Peak Formation, East Texas":
presented to the Department of Geological Sciences, technical sessions, The University of
Texas at. Austin, 1986. |

“Diagenesis and burial history of Travis Peak sandstones”: presentéd,. to the Bureau of
Economic Geology Seminar, Austin, Texas, 1986.

Results of GRI-sponsored sandstone diagenesis research presented to a delegation of
scientists from the Beijing Graduate School, East China Petroleum Institute, Beijing, China PRC,
at the Bureau of Economic Geology, Austin, Texas, 1986.

“Petrography and diagenesis of the Lower Cretaceous Travis Peak (Hosston) Formatibn,

East Texas": pres‘ented to the East Texas Geological Society, Tyler, Texas, 1987.
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“Petrography and diagenesis of the Lower Cretaceous Travis Peak (Hosston) Formation,
East Texas”: presented to Friends of the Mesozoic, Houston, Texas, 1987».

“Petrography and diagenesis of the Lower Cretaceous Traizis Peak (Hosston) Formation,
East Texas”: presented to the Shreveport Geological Society, Shreveport, Louisiana, 1987.

“Control on permeability distribution in the Lower Cretaceous Travis Peak Formation, East
Texas”: presented to the Bureau ;of Economic Geology Seminar, Austin, Texas, 1988.

“Depositional and diagenetic controls on permeability distribution in the Lower
Cretaceous Travis Peak Formation, East ’fexas": presented to the Department of Geological
Sciences Soft Rock Seminar, The University of Texas at Austin, Austin, Texas, 1988.

“Diagenesis of the Travis Peak Formation, East Texas”: ‘presented ‘to the Shell Oil Company
Research Lab, Bellaire, Texas, 1988.

“Cementation and burial history of a low-permeability quartzarenite; Lower Cretaéeous
Travis Peak Formatidn, East Texas”: presented to the Department of Geology, University of
New Orleans, New Orleans, Louisiana, 1989.

“Depositional and diagenetic controls on permeability distribution in the Lower
Cretaceous Travis Peak Formation, East Texas”: presented to the Shre}veport Chapter, Society of
Professiohal Well Log Analysts, Shreveport, Louisiana, 1989.

“Diagenesis of Frontier tight gas sandstones”: presented to the Bureau of Economic
Geology Seminar, Austin, Texas, 1990.

“Integrated geological characterization of 'low-permeabiiityv (“tight gas”) sandstone
reservoirs": presented to the Forum on Improved Oil ‘& Gas Recovery spbnsored by TIPRO and
the Bureau of Economic Geology, Amarillo, Texas, 1991.

“Natural gas reserves, supply, and demand: an assessment of the natural gas resource base
of the United States”: presented to the Commercial and»Industrial Space Conditioning

Alternatives Seminar, Austin, Texas, 1991.
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“Influence of provenance and burial history on diagenesis of the Froritier Formation,
Green River Basin, Wyoming”: presented tQ the Bureau of Economic Geology Seminar, Austin,
Texas, 1992.

“Geologic cohtrols on reservoir prbpérties of low-permeability sandstone, Travis Peak
Formation, East Texas”: presented to the Shreveport Geo-logical Sovcie‘t'y, Shreveport, Louisiana,

1992.

R. J. Finley

“Depositional framework, reservoir character, and rock properties of the Travis Peak
(Hosston) Formation, East Texas Basin”: presented to the East Texas Geological'So'ciety, Tyler,
Texas, 1985. |

“Depositional framework, reservoir character, and rock properties of the Tra;ris Peak
(Hosston) Formation, East Texas Basin”: presented to the Dallas Geological Sotiety, Dallas,
Texas, 1985. |

“Depositional framework, reservoir character, and rock properti'es of the Travis Peak
(Hosston) Formation, Easzexas Basin”: presented to Friends of the Mesozoic, Houston, Texas,
1985. |

“Depositional framework, reservoir character, and rock properties of the Travis Peak
(Hosston) Formation,‘ East Texas Basin”: presented to the Shreveport Gedlogical Sociéty,_
Shreveport, Louisiana, 198S. - |

“Geology and reservoir characteristics of tight gas sandstones in the Travis Peak Formation,
Chapel Hill field, East Texas": presehted to the Houston Geolovgical Society, Houston, Texas,
1988.

“Tight gas sandstones"’: presented to the School on Fundamentals of Petroleum
Engineering for employees of Schlumberger, sponsored by the»Departmenf of Petroleum

Engineering, The University of Texas at Austin, 1986.
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. Results of GRI-sponsored research on depositional framework of the Travis Peak presented

to visiting geologists involved in a project to drill and fracture horizontal wells in tight gas

sandstone, Bureau of Economic Geology, Austin, Texas, 1987.

M. A. Fracasso

Results of GRI-sponsored stratigraphic research presented to a delegation of scientists from
the Beijing Graduate School, East China Petroleum Institute, Beijing, China PRC, Bureau of
Economic Geology, Austin, Texas, 1986.

H. S. Hamlin

“Frontier Formation stratigraphy and sandstone geometry, Green River Basin, Wyoming”:
presented to the Bureau of Economic Geology Seminar, Austin, Texas, 1990.
“Stratigraphy of Canyon Sandstone, Val Verde Basin”: presented to the Bureau of

Economic Geology Seminar, Austin, Texas, 1993.

T. E. Hentz

“Evidence for eustatic and tectonic control on the sequence stratigraphy of the Upper
Pennsylvanian Cleveland Formation, western Anadarko Basin”: presented to the Bureau of
Economic Geology Seminar, Austin, Texas, 1992.

~ “Evidence for eustatic and tectonic control on the sequence stratigraphy of the Cleveland
Formation, a tight gas sandstone in the western Anadarko Basin”: presénted to the North Texas

Geological Society, Wichita Falls, Texas, 1993.
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M. L. W. Jackson

Structural h1story of the Sabine Arch and its relat1on to hydrocarbon traps” presented to
the East Texas Geological Society, Tyler Texas, 1992
Structural history of the Sabrne Arch and its relation to hydrocarbon traps presented to

the Shreveport Geologrcal Soc1ety, Shreveport Lou1s1ana 1993

\ : S. E. Laubach

Presentations and participation in roundtable discussions at the DOSECC-Project GUIDE
workshop for a proposed '_ultradeep continental borehole at the Balcones llesearch Center, The
University of Texas at Austin. This meetingattracted an: international audience. Talks based on
GRI-sponsored research presented at this wOrl’islrop were titled. “Measurement of |
loading-induced strain in sedimentary basins” and “A suggested origin for Late Cretaceous-early
Tertiary arches of the Gulf of Mexrco " 1986.

Results of GRI- sponsored structural geology research presented to a delegatron of scientists
from the Beijing Graduate School East China Petroleum Inst1tute Ber;mg, China PRC, at the
Bureau of Econom1c Geology, Aust1n Texas 1986. ‘

Results of GRI-sponsored structural geology research presented to visiting geolog1sts
involved in a project to drill and fracture horizontal wells in t1ght gas sandstone, Bureau of
Economic Geology, Austin, Texas, 1987.

“Fractured reservoirs:lessons frorn the Travis Peak Formation”: presented as a series of
lectures to graduate class in reservoir analysis, Department of GeologiCal Sciences, The
University of Texas at Austin, 1988. | |

" “Natural fracture history of the Travis Peak For’rnatlon": presented to the Center for
Tectonophysics, Texas A&M University, 1988.
“Analysis of fractures and in situ stress in reservoir rocks”: l)epartrnent of Geological

Sciences, The University of Texas at Austin, 1989.
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“Application of borehole-imaging logs to fracture evaluation in low-permeability gas
reservoirs” and “Origin, distribution, and effect on production of natural fractures in a low-
permeability gas reservoir with extensive cjuartz cement”: presented to the Society of
Petroleum Engineers, Naturally Fractured Reservoir Forum, Crested Butte, Colorado, 1989.

“Aspects of geologic and geophysical evaluation of subsurface fractures”: presented to
Norsk Hydro a.s. Reseérch, Bergen, Norway, 1989.

“Current research on prediction of fractures”: presented to the Exxon Production
Research Company, Houston, Texas, 1989.

“Analysis of in situ stress and fractures in reservoir rocks”: presented to graduate reservoir
geology sem?nar, Department of Geological Sciences, The University of Texas at Austin, 1990.

“Current views of fractufe development in rock”: presented to the Bureau of Economic
Geology Seminar, Austin, Texas, 1991. |

"Geologié aspects of fractured reservoir characterization”: presented to the Forum on
Improved Oil & Gas Recovery sponsored by TIPRO and the Bureau of Economic Geology, San
Antonio and Longview, Texas, 1991.

“Pitfalls of fracture interpretation using borehole-imaging logs”: presented to the Houston
Westside Society of Professional Well 'Log Analysts, Houston, Texas, 1991.

“Fracture pattefns‘ in rese.rvoir rocks”: présented to the Fort Worth Geological Society, Fort
Worth, Texas, 1992. |

“Unraveling the relationship between fractures and diagenesis”: presented to the
Lawrence Berkeley National Laboratory Earth Science Division, Berkeley, California, 1992.

“Opportunities for horizontal drilling in fractured low-permeability sandstones, United
States:” presented to the Horizontal Drilling Symposium, Denver, Colorado, 1992.

“Challenge: improved prediction of fracture attributes in reservoir.;ocks": presented to

the Gas Research Institute Fracture Research Workshop, Austin, Texas, 1992.
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WORKSHOPS

The Bureau of Economic Geology hosted a Fracture Research Workshop in 1987, in Austin;
Texas. Bureau researchers and other contractors working on the characterization and design of
fractures presented preliminary research results to an audience that included industry
representatives.

Dutton, S. P., and Finley, R. J., presented “Core Workshop: Travis Peak (Hosston)
Formation, East Texas” to the School on Fundamentals of Petroleum Engineering for employees
of Schlumberger, sponsored by the Department of Petroleum Engineering, The University of
. Texas at Austin, 1986. | |

Dutton, S. P., and Hamlin, H. S., presented “Geology of the Frontier Formation” to the Gas
Research Institute, Tight Gas Sands Program—Frontier Formation Workshop, Denver, Colorado,
1990.

Dutton, S. P., presented “Geology o_f the Travis‘ Peak Forrnation and Cotton Valley Group,
East Texas” to the Gas Research Institute, East Texas Cotton Valley and Travis Peak Formations
Workshops, Tyler and Houeton, Texas, 1990.

Finley, R. J., and Dutton, S. P., presented two sections of “Core workshop: Travis Peak
(Hosston) Formation, East Texas” to the Shreveport Geological Society, Shreveport, Louisiana,
1985.

Hamlin, H. S., presented “Geologic overview of the Enron South Hogsback cooperative
well” to the Gas Research Institute Workshop, A Case Study of a Cooperaﬁve Well Project in thé
Frontier Formation, Moxa Arch,‘Gr’een River Basin, Wyoming, Denver, Colorado, 1991.

Hamlin, H. §., presented “Geology of the Canyon Sands tight gas reservoirs” to the Gas
Research Institute/Society of Petroleum Engineers Workshop, Results of Applied Research ‘in the

Canyon Sands, Midland, Texas, 1992.
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. Hamlin, H. §., and Laﬁbach, S. E., presen‘tcd “Frontier Formation stratigraphy, diagenesis
and natural fracturing” to the Gas Research Institute/Society of Petroleum Engineers Workshop,
Conclusions of GRI Research in the Frontier Formation, Casper, Wyoming, 1992.

Laubach, S. E., and Hamlin, H. S., presented a field trip workshop “Fractures in the
Frontier Formation” to the Rocky Mountain Sectional Meeting, American Association of
Petrbleum Geologists, 1992‘.

Laubach, S. E., presented “Structural geology of the Travis Peak Formation” to the Gas
Research Institute, Forum on Staged Field Experiment No. 1‘, 1987.

Laubach, S. E., presented “Geological overview of Staged field Experiment No. 2” to the
Forum on the Relationship between Rock Mechanical Properties and Acoustic Well Log Data,
Lakeway, Texas, May 1988.

Laubach, S. E., presented “Stratigraphy, diagenesis, and‘structure of the Travis Peak
Fofmation and their effects on reservoir quality” to the Gas Research Institute, SFE No. 2
Workshop: Techniques of Comprehensive Evaluation and Completion of Tight Gas Sands, in association
with the Gas Technology Symposium, Society of Petroleum Engineérs, Dallas, Texas, 1989.

Laubach, S. E., presehted “Fracture studies of sandstone, chalk, and coal” during a short
course titled Identifying and Interpreting Fractures, sponsored by the Houston Geological Society
for the Gulf Coast Association of Geological Societies Conference, Houston, Texas, 1991.

Laubach, S. E., presented “Core and outcrop observations of fracture attributes” to the
Society of Exploration Ggophysicists Workshop, Geophj:sital Methods of Fracture Detection,
Houston, Texas, 1991,

Laubach, S. E., presented “Regional state of stress émd hydraulic fracture azimuth in the
western Green River Basin” to the Gas Research Institute/Society of Petroleum Engineers
Workshop, Conclusions of GRI Research in the Frontier Formation, Casper, Wyoming, 1992.

The Bureau of Economic Geology hosted a GRI Natural Fracture Research Workshop‘ in
1992, in Austin, Texas. Panels of experts on natural fracture research discussed current and

future natural fracture research before an audience of about 70 industry representatiaves.
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