U. S. Department of the Interior
Geological Survey

BASIN-CENTERED GAS SYSTEMS OF THE U. S.
Preliminary Study

by
Vito F. Nuccio, Marin A. Popov, Thaddeus S. Dyman, Timothy A. Gognat,
Ronald C. Johnson, James W. Schmoker, Michael S. Wilson, and Charles Bartberger

Central Montana
(Sweetgrass Arch)

Columbia

Puget Sound
‘est flank

i i St. Peter Fm
Cascade Mtns Mldcgri\'(‘lnem

Four Corners (Michigan)

(Chuar Group)

Pre-Clinton
/Clinton-Medina

N. end
Modoc San Rafael
(Hornbrook) Swell (Dakota)
Sacramento

Monterey Fm
Santa Maria

San Joaquin

Salton
Trough

Paradox
Colville/ (Cane Creek)
North Slope

Travis Peak Fm
/Cotton Valley Grou

Austin Chalk;
Eagle Ford Fm
(deep)

Central A
Alaska\// X 4
3
i

This report is preliminary, has not been reviewed for conformity with U. S. Geological Survey
editorial standards and stratigraphic nomenclature, and should not be reproduced or distributed.
Any use of trade names is for descriptive purposes only and does not imply endorsement by the

U. S. Government.

2 USGS N=TL

science for a changing world




BASIN-CENTERED GAS SYSTEMS OF THE U.S. PROJECT
DE-AT26-98FT40031

U.S. Department of Energy, National Energy Technology Laboratory
Contractor: U.S. Geological Survey Central Region Energy Team

DOE Project Chief: Bill Gwilliam
USGS Project Chief: V.F. Nuccio

Contract Period: April, 1998-November, 2000

Final Report




TABLE OF CONTENTS

Scope of ASSESSMENTt..uiiuiieiieeiisruseeeersrosssssscsssssssssssssssssssssssas 5
O b e CtiVe. i iiiiiiiiiiiisiieeseesrecesssssesassosssssssscssssssssssssssssassssnns 5
Introduction..ccoiiiiiiiiiiiiiiiiiieiieiaeeeeeeeesoseesassssscsssssssssssssscsssnns 5
Project Organization.....ccoiiiiiiiiiiiniiinieinieiosereceraesrasssosscassasssces 6
Basin-Centered Accumulation ........cciiiiiiiiiiiiiiiiiiiiieiecereeeacasaannas 7
PHASE I

Anadarko Basin.....cciiiiiiiiiiiiiiiiiiiiiiiiiiiieiieiteitesiossassassassncsnnns 14
Appalachian Basin, Clinton/Medina Groups.....cccoeeeviiiiinniiiinnnnnn. 21
Arkoma Basin ....ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii it iiiiiiiiicitetetetasaaaaaas 29
Black Warrior Basin......cciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiniiecesacseccsnnnes 37
Central Alaska Basins .....cociuiuiiiiiiiiiiiiiieiinietetesesesessssacacncesanes 45
Chuar Group (Precambrian Paradox Basin).....cccceeviiiiiniiiiinniieinnns 53
Columbia Basin..ciciiiiiiiiiiiiiiiiiiiiiiiieiieeeitecestocessocassscsssscsssnans 58
Cook Inlet, Alaska...ccciiiiiiiiiiiiiiiiiiiiiineeitnseesessncsssssscsassncannns 64
Denver Basin ...ccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiietetetesescecscscosesessssssannns 72
Great Basin (Tertiary)...ccceeeieiiiiiieiiieseiensescresssscsasessssassscssnnens 82
Gulf Coast (Austin ChalK)..coiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiinicenesocennnns 91
Gulf Coast (Eagle Ford Formation).......ccevviiiiiiiiinniiiiecnieennnnanes 98
Gulf Coast (Travis Peak/Cotton Valley Formation) .................... 104
Hanna Basin ....cooiiiiiiiiiiiiiiiiiiiiiiiiiiiieieietetessecesasessssacssasasnns 111
Los Angeles BasiN..ccoiiiiiiiiiiiiiiiiiiiiiiiieieeesiostoscsessssssccsnssnses 119
Michigan Basin, St. Peter Sandstone......ccccoiiiiiiiiiiiiiiiiiinnnnnnnes 126
Mid-Continent Rift......cciiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeitassecsccscsasnnns 132
Modoc Plateau, Hornbrook Formation........ccccceiiiiiiiiiiininnninnn, 139
Paradox Basin (Pennsylvanian)....ccoiveeiiiiiiiiiieiieiiiiocerecnnessennss 147
Park Basins, Colorado......cciiuiieiiiiiiiiiiiiiiiiiieieeieescescaccnannas 157
Permian Basin, Abo Formation.........ccooiiiiiiiiiiiiiiiiiiiiiiiiniennnnns 165
Raton Basin..coiciiiiiiiiiiiiiiiiiiiiiiiiieieesiesecessesocassssscasssscsnons 173
Rio Grande Rift...ccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieitncessosscsassnsnnses 181
Sacramento Basin.....coiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieiieesecessnssocsannns 188
Salton Trough..c.ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeeeesssesrosressssssssassans 195
San Rafael Swell c...iiiiiiiiiiiiiiiiiiiiiiiiiiiieiieiecetetessecnsnsasascncens 203
Santa Maria Basin....ccoioiiiiiiiiiiiiiiiiiiiiiiiiiiiieeiieiteesscessnssncsnans 211
Snake River Downwarp, Idaho ......ccoovviiiiiiiiiiiiiiiiiiiineiiencnnss 218
Sweetgrass Arch, Montana, Alberta Basin...........cccceiiiinnnnnnnnn. 226
Triassic Rift Basins (Eastern U.S.) . ciiiiiiiiiiiiiiiiiiiiiiniiiieneeenns 233
Wasatch Plateau, Utah.....ccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiieienierecscracsnenes 240
Western Washington ......ccuveiiiiiiiiiieiiiiiiiiniireiesecssessercasnssnss 247
Western North Slope, Alaska, Colville Basin...........ccceevvnnnnnnen. 254
References Cited...cocoiiiiiiiiiiiiiiiiiiiieiiineeetessecessnsscsnssocassncnns 267

Selected Bibliography...ccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiicinierenserncenes 284



PHASE 11

Albuquerque Basin..c.iciiiiiiiiiiiiiiiiiiiiiiiieioiiienseracsrossesssssscssnes 288
Anadarko Basin.....ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiteiiessessssssnssnssncsees 314
Cotton Valley.iooiiiiiiiiiiiiiiiiieiieesiosiesesesstsstsssssssssssssssssssasses 341
Michigan Basin ..ccoeieiiiiiiiiiiiiiiiiieiieriensesesretesscsssssesscssssssns 388
Pasco Basim...ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeeesitesecacassssssocscassane 401
Raton Basin..coiciiiiiiiiiiiiiiiiiiiiiiiiieieeestesecessesocassssscasssscsnnns 416
Sacramento Basin.....ccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieetecestossocssnnnns 430
Travis PeaK..iiiiiiiiiiiiiiiiiiiiiiiiiiiiieteeeiesietesessssssscassssssscnssane 457

PROJECT ABSTRACT tuveueeeeeeeneeneensessescescescescesssssssssscsscsscsscnne 502



SCOPE OF THE ASSESSMENT

The scope of this project was to identify and characterize the geologic and geographic distribution of
potential basin-centered gas systems throughout the U.S., including Alaska. This project identifies the
basin-centered gas systems, and for selected systems, estimates the location of "sweet spots" where basin-
centered gas resources are likely to be produced over the next 30 years. This project covered a thirty
(30) month period of performance; twelve months for Phase | (April, 1998 through
March, 1999) and eighteen months for Phase Il (June, 1999 through November, 2000.

OBJECTIVE

The principal objective of this project was to perform an analysis of basin-centered gas occurrence in
the U.S. and analyze its potential significance to future natural gas exploration and development. This
project utilized state-of-the-art procedures and knowledge of basin-centered gas systems, including
stratigraphic analysis, organic geochemistry, basin thermal dynamics, and reservoir and pressure analyses.

INTRODUCTION

The primary purpose of this report is to characterize thirty-three (33) potential basin-centered gas
systems/accumulations throughout the U.S. The characterizations are based on data from the published
literature and from internal computerized well and reservoir data files. The USGS is currently re-evaluating
the resource potential of basin-centered gas accumulations in the U.S. due to changing geologic perceptions
about these accumulations and the availability of new data. Newly defined basin-centered accumulations in
regions of the U.S. may result in new plays based on an analysis of data available since the 1995 U.S.
Geological Survey National Assessment (Gautier et al., 1996). These potential basin-centered gas
accumulations vary qualitatively from low to high risk and may/may not survive rigorous geologic scrutiny
leading toward a full geologic assessment based on plays

For this report, we selected thirty-three potential basin-centered gas accumulations throughout the U.S.
They include the: Sacramento/San Joaquin basins, Raton Basin, Rio Grande Rift, Anadarko Basin, Travis
Peak/Cotton Valley, Columbia Basin/W. Flank of the Cascades, Michigan Basin/St. Peter Sandstone,
Cook Inlet, Alaska, Permian Basin/Abo Formation, Hanna Basin, Paradox Basin (Pennsylvanian shales),
Western North Slope of Alaska, Central Alaska, Wasatch Plateau, Puget Sound, Modoc/Northern
California, Santa Maria Basin/Monterey Formation, Los Angeles Basin (deep), Salton Trough, Great Basin
(Tertiary basins), Snake River downwarp, Paradox Basin (Precambrian Chuar Group), Denver Basin, Park
Basins of Colorado, North end of San Rafael Swell (Dakota Formation), Central Montana (Sweetgrass
Arch), Mid-continent Rift, Arkoma Basin, Austin Chalk, Eagle Ford Formation, Texas, Appalachian Basin
(Clinton-Medina and older Formations), Eastern U.S. Triassic Rift Basins, and the Black Warrior Basin.
For each, we summarize the geologic setting and data favoring the existence a potential basin-centered
accumulation.



PROJECT ORGANIZATION

TASKS:

Phase |

Task No. 1

Task No. 2

Task No. 3

Phase I |

Task No. 4

Task No. 5

Task No. 6

(April 1998 through March 1999)

The USGS shall conduct a National inventory of known basin-centered gas systems,
define new potential systems, rank them according to levels of geologic certainty, further
delineate their geologic and geographic characteristics, and produce a map showing their
distribution throughout the U.S.

April 1998 through March 1999

Conduct a National inventory of known basin-centered gas systems and produce a map
showing geographic location, and supporting documentation of their stratigraphic location
and geologic characteristics.

April 1998 through March 1999
Re-examine basins and other areas throughout the U.S. that were previously defined as
conventional accumulations, and determine if they might have been mis-classified. If it is
determined that these basins or areas exhibit characteristics that could be consistent with
those of basin-centered gas systems, maps of their location and supporting geologic
documentation will be provided.

October 1998 through March 1999
Risk and rank the newly created list of basin-centered gas systems according to levels of
geologic certainty.

(June 1999 through November 2000)

Phase II focuses on defining “sweet spots” (that portion of the basin-centered gas resource
that will be available in 30 years) within the seven basin-centered gas systems determined
in Phase I (Sacramento/San Joaquin Basins, Raton Basin, Rio Grande Rift, Anadarko
Basin, Travis Peak/Cotton Valley, Columbia Basin/W. Flank of the Cascades, Michigan
Basin/S. Peter Sandstone).

June 1999 through November 2000
Through rigorous geologic analysis, define “sweet spots” within the selected basin-
centered gas systems.

June 1999 through November 2000
For the “sweet spots”, make judgments and recommendations as to the 30-year
availability of the gas resource.

June 1999 through November 2000

Prepare a final report that documents the Phase I and Phase II activities. The final report
shall include a digital map showing all defined basin-centered gas systems for the U.S.,
documentation of their geologic characteristics, identification of selected potential sweet
spots, and judgments and recommendations as to the social relevance of the resource
(availability over a 30-year time frame).



BASIN-CENTERED/CONTINUOUS-TYPE ACCUMULATIONS

Basin-centered or continuous-type accumulations are large single fields having spatial dimensions equal
to or exceeding those of conventional plays. They cannot be represented in terms of discrete, countable
units delineated by downdip hydrocarbon-water contacts (as are conventional fields). The definition of
continuous accumulations is based on geology rather than on government regulations defining low
permeability (tight) gas. Common geologic and production characteristics of continuous accumulations
include their occurrence downdip from water-saturated rocks, lack of obvious trap or seal, relatively low
matrix permeability, abnormal pressures, large in-place hydrocarbon volumes, and low recovery factors
(Schmoker, 1995).

Continuous plays were treated as a separate category in the U.S. Geological Survey 1995 National
Petroleum Assessment and were assessed using a specialized methodology (Schmoker, 1995). These
continuous plays are geologically diverse and fall into the following categories: coal-bed gas, some biogenic
gas occurrences, fractured gas shales, and basin-centered natural gas accumulations. Only continuous-type
basin-centered gas plays comprise significant future undiscovered resources in deep sedimentary basins.

Assessment of continuous plays is based on the concept that an accumulation can be regarded as a
collection of hydrocarbon-bearing cells. In the play, cells represent spatial subdivisions defined by the
drainage area of wells. Cells may be productive, nonproductive, or untested. Geologic risk, expressed as
play probability, is assigned to each play. The number of untested cells in a play, and the fraction of
untested cells expected to become productive (success ratio) are estimated, and a probability distribution is
defined for estimated ultimate recoveries (EURs) for those cells expected to become productive cells. The
combination of play probability, success ratio, number of untested cells, and EUR probability distribution
yields potential undiscovered resources for each play. Refer to Schmoker (1995) for a detailed discussion of
continuous-type plays and their assessment.

In 1995 the USGS defined 100 continuous-type plays with oil and gas reservoirs in sandstones, shales,
chalks, and coals for all depth intervals. Of the 100 identified plays, 86 were assessed, of which 73 were
gas plays. Estimates of technically recoverable gas resources from continuous-type sandstones, shales, and
chalks range from 219 Tcf (95th fractile) to 417 Tcf (5th fractile), with a mean estimate of 308 Tcf.
Estimates of technically recoverable gas resources from coals in the lower-48 States range from 43 Tcf to
58 Tcf, with a mean estimate of 50 Tcf. Continuous-type accumulations were not assessed or identified in
many areas or regions of the U.S.

Four categories of continuous-type accumulations can be identified with respect to new data and
perceptions since the USGS 1995 National Petroleum Assessment: (1) Continuous-type plays that were
correctly identified as such, assessed in 1995, but need to be updated because of new data. (2) Continuous-
type plays that may have been identified incorrectly as conventional plays and assessed as such in 1995. (3)
Continuous-type plays that were identified as such in 1995 but not assessed because of a lack of data. (4)
New continuous-type plays that were not identified in 1995.

Basin-centered gas accumulations form a special group of continuous-type gas accumulations and differ
significantly in their geologic and production characteristics from conventional accumulations. They have
the following characteristics:

1. They are geographically large and cover from 10s to 100s of square miles in aerial extent often occupying the

central deeper parts of sedimentary basins.

They lack downdip water contacts and hydrocarbons are not held in place by the buoyancy of water.
Reservoirs are abnormally pressured. They may be under- or overpressured.

The pressuring phase of the reservoir is maintained by gas.

Water production is usually low or absent, or water production is not associated with a distinct gas-water
contact.

6. Reservoir permeability is low—generally less than 0.1 md.

akrown



10.

11.
12.

Reservoirs are overlain by normally pressured rocks containing gas and water.

Reservoirs contain primarily thermogenic gas, although shallow biogenic reservoirs are similar but occur in
different geologic environments.

Source rocks are of a local nature from either interbedded or nearby lithologies.

Structural and stratigraphic traps are secondary in importance. Compartments exist and generally forma an
array of accumulation “sweet spots.”

Multiple fluid phases contribute to seal development in reservoirs.

The tops of basin-centered accumulations occur within a narrow range of vitrinite reflectance, usually
occurring between 0.75 and 0.9 Ro.



LIST OF POTENTIAL BASIN-CENTERED GAS ACCUMULATIONS OF THE U.S.

For Phase I, the following thirty-three (33) basins/areas were reviewed by the U.S. Geological Survey to
characterize their potential for basin-centered gas accumulations. The basins/areas were grouped into two categories,
and are listed below. Some of the considerations for our grouping included:

(1) the amount of data available for an area, and our level of confidence in the data,

2
(3) the magnitude or size of the potential resource,
(4) the geologic risk (e.g., depth, remoteness),
national distribution, and

&)
(6)

since then?).

the 30-year impact of the potential accumulation,

the relationship to the USGS 1995 oil and gas assessment (have our perceptions about an area changed

The list is divided into (1) High Potential Accumulations, or those for which we feel have high potential
for development over the next 30 years, and (2) Other Potential Accumulations, those for which we feel have
potential but will not be as high a priority within the next 30 years. The accumulations highlighted in bold type
(within the high-potential list) are those studied in Phase II of this project.

HIGH POTENTIAL ACCUMULATIONS:

Sacramento/San Joaquin basins
Raton Basin

Rio Grande Rift

Anadarko Basin

Travis Peak/Cotton Valley
Columbia Basin/W. Flank of the Cascades
Michigan Basin/St. Peter Sandstone
Cook Inlet, Alaska

Permian Basin/Abo Formation

Hanna Basin

Paradox Basin (Pennsylvanian shales)

OTHER POTENTIAL ACCUMULATIONS:

Western North Slope of Alaska

Central Alaska

Wasatch Plateau

Puget Sound

Modoc/Northern California

Santa Maria Basin/Monterey Formation
Los Angeles Basin (deep)

Salton Trough

Great Basin (Tertiary basins)

Snake River downwarp

Paradox Basin (Precambrian Chuar Group)

Denver Basin

Park Basins of Colorado

North end of San Rafael Swell (Dakota Formation)
Central Montana (Sweetgrass Arch)

Mid-continent Rift

Arkoma Basin

Austin Chalk

Eagle Ford Formation, Texas

Appalachian Basin (Clinton-Medina and older Formations)
Eastern U.S. Triassic Rift Basins

Black Warrior Basin



POTENTIAL BASIN-CENTERED GAS ACCUMULATIONS WITH RESPECT TO USGS 1995

PETROLEUM ASSESSMENT

This section briefly describes how the 33 accumulations identified for this study relate to the USGS 1995
assessment. The reason we chose several of the accumulations for this study is that they were not either identified,
assessed, or understood well in 1995. However, at the present time, we feel that all 33 have at least some potential
for new gas resources. Shown, is the name of the accumulation, the Region of the U.S. where it is located (as
defined in the 1995 assessment), the Province where the accumulation is located (as defined in the 1995 assessment),
and a note about how the accumulation relates to the plays identified and assessed for that Province in 1995.

Accumulation

Sacramento Basin

San Joaquin Basin

Raton Basin

Rio Grande Rift

Anadarko Basin

Travis Peak/Cotton Valley

Columbia Basin/

Michigan Basin/St. Peter Ss

Cook Inlet, Alaska

Permian Basin/Abo Formation

Region

2

Province

10

41

23

58

49

63

44

Notes

2 conventional plays assessed. No
continuous plays assessed; potential for
new gas resources.

No continuous plays assessed; potential
for new resources in Late Cretaceous
strata.

No continuous plays assessed; potential
in L. Tertiary and U. Cretaceous strata.

5 conventional plays assessed. No
continuous plays assessed.

5 conventional plays assessed. 1
continuous play defined but not assessed.
Potential for new continuous gas in
Miss. and Penn. Strata.

2 conventional and 1 continuous Cotton
Valley play assessed. Need to re-evaluate
conventional to see if it is actually
continuous.

1 continuous play assessed. Need W.
Flank of Cascades for further study based
on new perceptions.

2 unconventional shale plays assessed.
No continuous Ss plays assessed but
potential new gas may be identified in
Ss.

3 conventional plays assessed. No
Continuous plays identified or assessed.
Potential in Cretaceous and Jurassic
strata.

No continuous plays assessed. Potential
in Abo Fm.



Accumulation

Hanna Basin

Paradox Basin (Penn. Sh)

Western North Slope of Alaska

Central Alaska

Wasatch Plateau

Puget Sound

Modoc/Northern California

Santa Maria Basin/Monterey Fm.

Los Angeles Basin (deep)

Salton Trough

Great Basin (Tertiary basins)

Snake River downwarp

Paradox Basin (Precambrian)

Denver Basin

Region

Province

37

21

20

12

14

19

17

21

39

Notes

5 continuous plays assessed in the
Greater Green River Basin. No
continuous plays defined or assessed in
the Hanna Basin.

6 conventional and 1 continuous play
assessed. Potential for new gas resources
in Penn. shales.

11 conventional plays assessed. No
continuous plays assessed, but potential
in Jurassic and Cretaceous strata.

5 conventional plays assessed. No
continuous plays assessed; little data.

6 conventional and 15 continuous Plays
assessed. No Wasatch Plateau Ss plays
assessed.

9 conventional plays assessed. 1
continuous play defined but not assessed.

No plays identified or assessed.

4 conventional Monterey plays assessed.
No continuous plays defined.

7 conventional plays assessed. 1
unconventional oil and gas play defined
but not assessed.

Not addressed in the 1995 assessment.
High risk/low priority.

6 conventional plays assessed. No
continuous plays but potential in
Tertiary basins.

4 conventional plays assessed. No
continuous plays defined because of high
risk.

Not addressed in the 1995 assessment.

6 conventional and 5 continuous oil and
gas plays assessed. There is likely
overlap between the two types of
accumulations.



Accumulation Region

Park Basins of Colorado 4
N. end San Rafael Swell 3
Central Montana 4
Arkoma Basin 7

Austin Chalk/Eagle Ford Formation 6

Appalachian Basin (Clinton-Medina 8
and older strata)

Eastern U.S. Triassic Rift Basins 8

Black Warrior Basin 8

Province

38

20

28

62

47

67

70

65

Notes

2 conventional plays assessed, and 1
continuous oil play identified.

6 conventional and 15 continuous
(Dakota Fm.) plays assessed. Potential
for continuous play in Dakota Fm.

8 conventional and 4 continuous
(Sweetgrass Arch) plays assessed.
Possibility that at least one conventional
might be reassessed as continuous.

8 conventional plays assessed. No
continuous plays identified but potential
in Atokan strata.

3 Austin plays assessed. Potential for
continuous gas play below the Austin

18 conventional and 15

continuous plays assessed. Continuous
plays require further delineation of sweet
spots.

1 Mesozoic continuous play assessed.

4 conventional plays and 4 continuous
coalbed methane plays assessed.
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GEOLOGIC SETTING

The Anadarko Basin extends from western Oklahoma to the eastern part of the Texas panhandle. Figure 1
shows the geomorphic or tectonic features that border the basin: the Amarillo Uplift to the southwest, the Wichita-
Criner Uplift to the south, the Arbuckle and Hunton-Pauls Valley Uplift to the southeast, the Nemaha Ridge and
Central Oklahoma Platform to the east, and the Northern Oklahoma Platform to the north. The Anadarko Basin is
asymmetric in profile and deepest along the steep southwestern flank near the Wichita Fault system. Displacement
along this fault exceeds 30,000 feet (Al-Shaieb, et al., 1997a).

One of the deepest basins in the United States, the Anadarko Basin contains over 40,000 feet of Paleozoic
sediments. Figure 2 shows a generalized stratigraphic column of the basin. Hill and Clark (1980) have divided the
deposits into five sequences: 1) a mid-Cambrian Arbuckle to post-Hunton-orogeny period (of mostly carbonate
deposition), with hydrocarbons found mainly in structural traps; 2) Mississippian deposition of carbonates that
formed stratigraphic traps for gas; 3) Pennsylvanian deposition of Morrow-Springer series clastic rocks (mostly in
the northern shelf areas where the sediments were unaffected by orogenic movements in the southern parts of the
basin); 4) post-Morrowan or Late Pennsylvanian deposition of segregated sand lenses; and 5) deposition of lower to
middle Permian dolomitized shelf carbonates and Pennsylvanian Granite Wash sediments.

Formation of the Anadarko Basin began during the collision of Gondwana with the southern continental margin
of Paleozoic North America. Structural inversion of the core of the southern Oklahoma aulacogen into the Wichita
thrust belt caused thrust loading of the region to the north, which subsided and became the Anadarko Basin. Late
Pennsylvanian transpression formed numerous thrust-cored, en-echelon anticlines within the southeastern part of the
basin that were later eroded and overlain unconformably by Permian carbonates. Subsidence of the basin continued
into middle Permian time. The basin has remained quiescent since late Permian time (Perry, 1989).

HYDROCARBON PRODUCTION

Major hydrocarbon production from the Anadarko basin includes gas and oil from multiple Pennsylvanian
reservoirs (Granite Wash, Atoka, Morrow, and Springer Formations). The largest Pennsylvanian Atoka field is the
Berlin in Beckham County, Oklahoma, with an estimated ultimate recovery of 362 BCFG at 15,000 ft depth (Lyday,
1990). Some deep production has occurred from Mississippian through Cambro-Ordovician strata: Washita Creek
field in Hemphill County, Texas, from the Cambro-Ordovician at 24,450 ft depth (single well reserves as high as 24
BCFG); and the Knox field (near the southeastern flank of the basin) from the Ordovician Bromide (Simpson) at
15,310 ft depth (single well reserves as high as 6.2 BCFG).

EVIDENCE FOR BASIN-CENTERED GAS

Strong evidence for a basin-centered gas accumulation is present in the form of thermally mature source rocks,
widespread production and shows of gas, and overpressuring (Figure 3) that cuts across stratigraphic boundaries.
The Woodford shale forms the base of the pressure cell (Figure 4); the top of the cell climbs stratigraphically into
the basin. Vitrinite reflectance values for the Woodford follow this same general trend. The Pennsylvanian Atokan
source rocks may exhibit these same maturation trends.



Province, Play and
Accumulation Name:

Geologic
Char acterization of
Accumulation:

KEY ACCUMULATION PARAMETERS

a. Sour celr eservoir

b. Total Organic Carbons

(TOCy9)

¢. Thermal maturity

d.

e. Overall basin maturity

Oil or gasprone

f. Age and lithologies

. Rock extent/quality

. Potential reservoirs

.Major traps/seals

. Petroleum

generation/migration
models

. Depth ranges

. Pressure gradients

Mid-Continent Province, Anadarko basin, Megacompartment Complex Play,
Devonian Woodford through Pennsylvanian Oswego overpressured cell

interval includes Devonian Woodford shale through Pennsylvanian Oswego
formation, overpressured Megacompartment Complex (Al-Shaieb et al.,
1997b)

values for the Woodford Shale range to 9%. Atokan values unknown, but
assumed to be high (Hester et al., 1990)

Ro 0.5 — 2.0 (values from Woodford shale) (Hester et al., 1990)

gas prone

mature

Cambrian to Permian; sands, shales, carbonates, and granite wash

apparent basin-wide source and reservoir-rock distribution; rocks often
become tight in the deeper parts of the basin

many producing reservoirs

Woodford Shale, Atokan shales, Cambrian through Devonian shales and
carbonates

both in-situ generation and long distance migration of gases and oils from
shales, carbonates and coaly rocks. The Bakken Shale model of Meissner
(1978) for hydrocarbon generation and expulsion applies to evaluation of the
Woodford Shale

productive rocks occur at depths greater than 26,000 ft. Overpressure occurs
below 10,000 ft (Al-Shaieb et al., 1997)

range from about 0.28 psi/ft outside the pressure cell to 0.8 psi/ft in the
Springer-Morrow section, in the deepest part of the basin (Al-Shaieb et al.,
1997)



Production and Drilling

Characteristics:

Economic
Characteristics:

a. Important
fields/reservoirs

b. Cumulative production

a. High inert gas content

b. Recovery

c. Pipelineinfrastructure

d. Over maturity

e. Basin maturity

f. Sediment consolidation

g. Por osity/completion
problems

h. Permeability

i. Porosity

many fields produce from Cambrian through Permian rocks: Washita Creek
field in Hemphill County, Texas, at the west end of the basin (from the
Cambro-Ordovician at a depth of 24,450 ft; single well reserves as high as 24
BCFG);

Knox field near the southeastern flank of the basin (from Bromide (Simpson)
production at 15,310 ft depth; single well reserves as high as 6.2 BCFG) (Al-
Shaieb et al., 1997);

Berlin field in Beckham County, Oklahoma (from the Pennsylvanian Atokan

formation; estimated ultimate recovery of 362 BCFG at 15,000 ft depth
(Lyday, 1990))

gases are generally high in Btu content and low in total inert gases

recoveries vary depending on permeability, porosity and depth

very good

overmature in the deepest parts of the basin

most of the basin is mature (Ro values for the Woodford exceed 0.7%)

(Hester et al., 1992)

most rocks are well indurated

Shales, tightly cemented sands & other tight (low permeability rocks) have
the potential to produce where naturally fractured (many deep Anadarko
basin fields have permeabilities of less than 0.1 md). Water sensitive clays
also cause problems.

ranges from less than 0.08 up to 6,000 md

highly variable
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Figure 1. Tectonic map showing location of the Anadarko basin and the major structural features of Oklahoma. After Al-Shaieb and
Shelton (1977), Arbenz (1956).
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GEOLOGIC SETTING

The Appalachian basin extends southwestward from the Adirondack Mountains in New York to central Alabama.
Figure 1 includes the area’s location . Structural boundaries include the Cincinnati arch in western Ohio, the
Allegheny Front to the east, and the Blue Ridge of West Virginia. The basin is about 900 miles long and 300 miles
wide and includes at least 100 million surface acres (Roth, 1964).

The Appalachian basin originated as a sedimentary trough on the Precambrian surface that was later covered by
Cambrian seas. Deposition of great masses of marine and continental sediments occurred throughout the Paleozoic
Era. Carbonate and siliclastic tongues extended basinward from opposite margins synchronously in response to sea
level drops. The interplay of eustatic sea-level drop and local tectonic uplift resulted in stratigraphic sequences
bounded by widespread unconformities (Brett et al., 1990). Figure 2 shows correlation of the stratigraphy across the
basin. Three major orogenic events affected the basin: the Taconic Orogeny (Late Ordovician), the Acadian Orogeny
(Late Devonian), and the Allegheny Orogeny (Late Permian).

The geotectonic history of the basin includes the following stages:

1)

2)

3)

Precambrian: metamorphic and igneous rocks of the Grenville deformation form a basement under the
Appalachian Foreland.

Early and Middle Cambrian: offset of the basement surface associated with the formation of the Iapetus
Ocean during Late Precambrian and Early Cambrian (Schumaker, 1996).

Upper Cambrian-Middle Ordovician: relative crustal stability and the formation of a broad carbonate shelf.
In the Middle Ordovician, a Foreland basin develops from compression of the passive, carbonate-dominated
continental margin during collision with an island arc system (Taconic Orogeny). Thick turbidite sequences
record the early phases of the orogeny.

4) Late Ordovician (Ashgillian): waning of the main Taconic pulse, and deposition of the Bald Eagle-Oswego

5)

0)

7

sandstone wedge and the Juniata-Queenston red bed sequences.

Late Ordovician to Early Silurian: tectonic rejuvenation of the Taconic Front. In New York State, evidence
for a late Taconic pulse lies in the regionally extensive, low-angle unconformity at the Ordovician-Silurian
boundary (Cherokee Unconformity).

Early Silurian (Cherokee Unconformity) and Late Silurian (Salinic Unconformity): eastward subsidence of
the Appalachian Foreland Basin, which coincides with tectonic quiescence and thrust-load relaxation. A
thick Early Silurian clastic wedge results from this subsidence. Westward migration in the foreland basin
occurred during the Middle Silurian, depositing finer-grained strata; increased tectonism and onset of the
Salinic Disturbance may have caused this migration. A small-scale unconformity at the Siluro-Devonian
boundary may represent the latest Silurian tectonic activity (Brett et al., 1990).

Devonian-Late Permian: The Acadian (Devonian) and Allegheny orogenies (Late Permian) correlate to the
collision of the North American plate with other continental plates, eventually creating Pangaea at the end
of the Paleozoic (Schumaker, 1996). During the Allegheny (Appalachian) Orogeny, tremendous thrust
pulses from the east and southeast intensely folded and faulted the rocks in the eastern area. The deformation
becomes gradually less intense westward. The Ridge and Valley province shows the greatest folding of
rocks. The Allegheny Orogeny primarily determined the present day geologic pattern dividing the area into
two main parts—the Plateau province, and the Ridge and Valley province (Roth, 1964).



HYDROCARBON PRODUCTION

The Appalachian basin has the longest history of oil and gas production in the United States. Since Drake's
Titusville discovery well in 1859, oil and gas has been continuously produced in the basin. Although opportunities
for oil and gas still exist (Petzet, 1991), new field discoveries are rare, and the Appalachian basin has been considered
a mature petroleum province as most of the significant plays have been already discovered and developed.

Conventional Plays: Production from Late Cambrian to Late Ordovician rocks is considered conventional:

(1) The Upper Ordovician Queenston Formation produces gas from sandstones and sandy facies trapped in low-
amplitude anticlines and fractures.

(2) The Middle Ordovician Trenton play produces from fractured micrite in the transition zone between the
Trenton limestone and the overlying Utica Shale (Ryder et al., 1995).

(3) The Middle Ordovician St. Peter sandstone produces from structural traps.
(4) The Late Cambrian-Late Ordovician Knox Dolomite produces from structural and stratigraphic traps.

(5) The Cambrian pre-Knox Group (Conasauga Fm., Rome Fm., and Mt. Simon Sandstone) is extensive and
underlies the productive "Clinton"/Medina play area. This play has had limited production and may still
have potential for future gas production, including basin-centered gas. The section has been sparsely drilled,
and thick untested intervals remain in parts of the Rome trough and other areas. Production from pre-Knox
rocks has been limited to scattered wells in Kentucky, West Virginia, and Ontario, Canada. The area
underlying the Clinton/Medina gas play is considered a low-risk area and has estimated recoverable gas
resources of 460 BCF (Harris and Baranoski, 1996).

Basin-centered gas plays: The Lower Silurian "Clinton" sands/Medina Group sandstones gas play is under
development in New York, Pennsylvania and Ohio (Figure 1). Development of this continuous-type (or basin-
centered) gas play has expanded since the early 1970s. Ryder (1995) estimated the Appalachian basin to have about
61 trillion (TCF) recoverable gas within Paleozoic sandstones and shales. An estimated 30 TCF may reside in basin-
centered gas accumulations in the Lower Silurian "Clinton"/Medina sandstones. Cumulative gas production per well
is relatively low. This play appears attractive for four reasons: the overall success rate approaches 90%; the drilling
and development costs remain low; there is low water production (and hence, low disposal costs); and the proximity
to population centers provides a market for the gas. To maximize gas recovery, operators drill closely spaced (40
acre) wells and horizontal/directional wells. Hydraulic fracturing techniques improved production success from low
permeability sandstone reservoirs.

Ryder (1995) defined four continuous-type gas plays (6728-6731) in the "Clinton”’/Medina sandstones interval,
flanked by two conventional plays that also have potential for continuous-type gas (6732 and 6727). Figure 1 shows
well and play locations. Play 6728 has the best gas production potential and covers 16,901 square miles.

The depositional sequence of the "Clinton"/Medina sandstones include the basal Whirlpool Sandstone and
Medina Group, which unconformably overlie the Upper Ordovician Queenston Shale. These units represent
transgressive shoreface deposits with a lowermost braided fluvial component. The lower part of the Grimsby
Formation and "Clinton" sands are shoreface deposits. These sandstones constitute parts of progradational
parasequences that successively overlap one another toward the northwest, pinch out seaward into the offshore marine
shale of the Cabot Head and Power Glen Shales, and then appear to downlap across the underlying transgressive
systems. Ryder et al. (1996) interprets the named sandstones in the Cabot Head Shale to be part of a progradational
stacked-parasequence. The carbonate units (Reynales Limestone, Irondequoit Limestone, Dayton Limestone, and
Packer Shell of drillers) appear to be offshore carbonates separated by inner shelf mudrocks (Keighin, 1998). These
limestones are regionally extensive, but do have pinchouts and thickness changes in the intervening shale beds
(Ryder et al., 1996).



EVIDENCE FOR BASIN-CENTERED GAS

While productive Cambrian and Ordovician reservoirs apparently are conventional gas plays, basin-centered
hydrocarbon accumulation may exist in the Appalachian basin "Clinton"/Medina sandstone, especially in play 6728
(Ryder, 1998; Ryder et al., 1996; Wandrey et al., 1997):
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Regionally extensive sandstones with a thick zone of gas saturation reside in the thicker, more deeply buried
part of this foreland basin. Sandstone thickness ranges from 120 to 210 ft, and average net thickness is 25
ft; sandstone-to-shale ratios range from 0.6 to 1.0.

Gas fields are coalesced, and a high percentage of wells have production or gas shows.

Reservoirs have low porosity and permeability; porosity ranges from 3 to 11% (averaging 5%).
Permeability ranges from 0.2 to 0.6 mD (generally averaging less than 0.01 mD).

Formation pressures are abnormally low with a gradient ranging from 0.25 to 0.35 psi/ft. In the Tuscarora
sandstone (play 6727), there is evidence for overpressuring with a gradient ranging between 0.50-0.60 psi/ft.

Structural traps are few.

A gas-water contact is absent.

Sandstones with higher water saturations are updip of the gas accumulation.
Water yields are low; reservoir water saturation is less than 9 to 13 BW/MMCFG.

Reservoir temperatures are high—at least 125° F (52° C).



Province, Play and
Accumulation Name:

Geologic
Characterization of
Accumulation:

KEY ACCUMULATION PARAMETERS

a. Source/reservoir
b. Total Organic Carbons

(TOCs)

¢. Thermal maturity

d. Oil or gas prone

e. Overall basin maturity

f. Age and lithologies

0. Rock extent/quality

h. Potential reservoirs

i. Major traps/seals

j. Petroleum
generation/migration
models

Eastern U.S. Appalachian basin, (New York, Pennsylvania and Ohio). Play:
Paleozoic Era - Late Cambrian and Ordovician sandstones and shales; Lower
Silurian "Clinton" and Medina Group sandstones, and the equivalent
Tuscarora Sandstone

the underlying Middle Ordovician Utica shale is the probable hydrocarbon
source in the "Clinton"/Medina Group sandstones

range from 3.0%-4.0% (Middle Ordovician Utica Shale, Trenton Limestone,
Black River Limestone, and Wells Creek Formation); from 0.05% to 0.59%
in the pre-Knox (Harris and Baranoski, 1996)

Kerogen: 50% type II and 50% Type III; Vit Ref Equivalent (VRE): 0.75-
3.0; Conodont Alteration Index (CAI): 1.5-4.0; Tmax: 440-550. The
Ordovician strata in the study area is mature for both oil and gas generation
(Wandrey et al., 1997; Ryder et al, 1996)

both oil and gas prone; vitrinite reflectance suggests the majority of the area
is in the window of significant gas generation

considered mature along with adjoining basins in the eastern and southern
U.S.

Cambrian-Ordovician (pre "Clinton"/Medina); Lower Silurian
"Clinton"/Medina Group sandstones and the equivalent Tuscarora Sandstone

basin-wide source and reservoir-rock distribution. Porosity reduction
commonly results from secondary silica cementation; porosity often
enhanced by dissolution of calcite cement, feldspars, corrosion of

silica cement and by natural fracturing. About half the resource
(approximately 30 TCF) is estimated to reside in basin-centered gas
accumulations

Cabot Head Shale (Medina Group), Rochester Shale ("Clinton" sands)

Clinton/Medina" - evaluation with BASINMOD program (Platte River
Assoc., Inc.). Hydrocarbon source: Utica shale (Middle Ordovician), gas
migration occurred vertically (1000 ft to 1400 ft) via fractures. Organic

carbon content data indicates good generative potential for the Middle
Ordovician Utica shale, Trenton Limestone, Black River Limestone, and
Wells Creek Formation. Each of these units may have locally sourced basin-

centered gas potential; limited generative potential exists in the pre-Knox.



k. Depth ranges pre-Clinton/Medina 6000 to 11,500 ft in eastern OH; Clinton/Medina in

Production and Drilling
Characteristics:

eastern OH and NW PA from 4,000 to 6,300 ft; SW PA as much as 10,000
ft; NY 1,000 to 4,000 ft; and southern OH and eastern KY 2,000 to 3,000 ft
(Wandrey et al, 1997; Ryder et al, 1996)

|. Pressure gradients pre-Clinton/Medina - pre-Knox Group underpressured domain: 0.174 psi/ft
(Innerkip field-Ontario);

"Clinton"/Medina-(1) underpressured domain: 0.25 to 0.35 psi/ft (verified
throughout most of NW PA and adjoining western NY)

"Clinton"/Medina-2) overpressured domain: 0.5-0.6 psi/ft, east of the
underpressured domain, in the Tuscarora Sandstone, near the Allegheny
structural front (in Pennsylvania)

a. Important Pre-" Clinton" /Medina: Birmingham-Erie Field (Knox Group) sandstone
fields/reservoirs reservoir 100 MMCFG/well; Middle Ordovician fractured carbonates-
Harlem gas field 2.1 BCFG; Trenton play Granville consolidated pool 50-
100 MMCFG/year

a few pre-Knox wells have produced gas in the Rome Trough from the
Conasauga Group (sands, shales and sandy dolomites), some wells have
produced gas with up to 78% nitrogen (uncombustible gas)

" Clinton" /M edina basin-centered gas. Lakeshore, Adams/Waterford/
Watertown, Athens, Indian Springs Pool of Conneaut field, Kastle pool of
Conneaut field, Cooperstown, Oil Creek Pool of Cooperstown field, Kantz

Corners, North Jackson/Lordstown, NE Salem, Senecaville, Sharon Deep
(Ryder, 1998)

b. Cumulative production most of the basin-centered gas production occurs in Play 6728. Fields tend to

merge together into continuous-type accumulations after additional drilling.
E.g., the three or four Medina fields discovered in the 1960s in Chautauqua

County, western New York, have now merged into the giant Lakeshore field,
which has an ultimate recovery of 650 billion cf of gas. Assuming 40 acre
spacing the median estimated ultimate recovery per well is 70 MMCFG

(play 6728), 50 MMCFG (play 6729), and high risk/low success ratio for
plays 6730 and 6731 (Wandrey et al., 1997). Below are some examples of
production data (for the better wells) from the "Clinton" sands in Ohio.

County (OH) Township Operator Cumulative Gas Y ear s of
Production (MMCF) per Lease  Production
Noble......covevennennen Brookfield............ Kingston Oil Corp. ............... 146,835 ....ccevvennen. 1992-1995
Noble.......ocovvenenene. Brookfield........... Everflow Eastern.................. 206,736 ................ 1990-1995
Noble......cvevvennnnen Brookfield............ Kingston Oil Corp. ................. 94,548 ... 1993-1995
Trumbull ............... Fowler................ Eastern Petroleum................. 118,622................ 1987-1995
Trumbull ............... Fowler................ Eastern Petroleum................... 82,148 ...l 1985-1994
Trumbull ............... Fowler................ Eastern Petroleum................. 190,776 ....cccuvneee.n. 1984-1995
Noble......covevennnnen Center................. Kingston Oil Corp. ............... 490911 ......coeeeees 1985-1995



Economic
Characteristics:

a. High inert gas content

b. Recovery

c. Pipdlineinfrastructure

d. Over maturity

e. Basin maturity

f. Sediment consolidation

g. Porosity/completion

problems

h. Permeability

i. Porosity

in Ohio, average Clinton-Medina Nitrogen content is 5.1%, Carbon Dioxide
content is 0.1% (Hugman et al., 1993). In the Rome Trough and adjacent
areas, very high inerts in natural gas have been reported from pre-Knox

rocks, sometimes rendering the gas non-combustible (up to 78% Nitrogen)

Low. Continuous-type accumulations are characterized by low individual
well-production rates and small well-drainage area. Directional/horizontal
wells are being drilled to reduce the number of well sites.

very good There are numerous gas lines in the basin.

none

mature

consolidation/porosity reduction occurs with depth of burial

tight sands. Improved hydraulic fracturing techniques in recent years resulted

in higher gas recoveries.

pre-Knox=1.0 md (Innerkip field, Oxford Co., Ontario)

pre-Knox=3.5 to 22% (Innerkip field, Ontario)
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Figure 1. Map showing regional hydrocarbon accumulation in Lower Silurian sandstone reservoirs of the Appalachian
basin. Oil and gas shows seen in wells are from pre-Knox units. After Harris and Baranoski (1996), and
Ryder (1998).
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Figure 2. Stratigraphic nomenclature and correlation chart for the Appalachian basin. After Milici (1996).




GEOLOGIC SETTING

The Arkoma Basin follows an east-west trend from northern Arkansas into east-central Oklahoma.
Figure 1 shows the structural features that border the area: the Ouachita Mountains to the south; the
Seminole Arch and the Arbuckle Uplift to the west; and the Ozark Uplift to the north. Tertiary sediments of
the Mississippi Embayment cover the eastern part of the basin. Figure 2 shows the basin is asymmetric in
profile.

The basin is characterized by normal faulting on the north and compressional structures on the south.
Development occurred from Cambrian to early Pennsylvanian time. Prior to basin development, the area
was a carbonate shelf (Horn and Curtis, 1996). Subsurface folds and thrust faults were formed during the late
stages of foreland basin development. The basin was completely filled with late Pennsylvanian sediments
(Horn and Curtis, 1996).

Structural styles influence hydrocarbon production in the Arkoma basin. The northern Arkansas gas
fairway and central basin are dominated by blind imbricate thrust faults that ramp over normal fault blocks
at depths above 5000 feet. Gas reservoirs have been found below the thrust faults at depths of 5000 to
10,000 feet.

Seismic and well data reveal a southward thickening package of Carboniferous flysch (Figure 2)
overlying thin Paleozoic shelf strata in western Arkansas (Figure 3). Total sediment thickness is estimated
to be 46,000 feet in the southern Ouachita mountains. At least 39,000 feet of flysch were deposited north of
the Ouachita mountain front (Lillie et al., 1983).

North of the Ouachita mountains, the Cambro-Ordovician Arbuckle carbonates were deposited in a
marine shelf environment (Gromer, 1981). The Devonian-Mississippian Arkansas Novaculite was deposited
when rapid subsidence occurred in the Ouachita basin. The Mississippian Stanley shale Group, the
Pennsylvanian Jackfork Group, the Johns Valley Formation and the Atoka Formation as the Arkoma basin
continued to subside. The Atoka Fm includes 20,000 feet of shale, sandstone and coal beds. Flysch
sedimentation continued until mid-Pennsylvanian time, when northward thrusting displaced the geosyncline
(Gromer, 1981). The Ouachita fold belt was produced by a collision between an island arc and the North
American plate (Wickham, et al., 1976).

HYDROCARBON PRODUCTION

Natural gas was first produced in 1901 at a depth of 2,000 feet from Pennsylvanian sandstones in
Sebastian County, Arkansas. The greatest exploration activity occurred along the northern part of the basin
in Arkansas and Oklahoma. Most major fields were discovered within the first 30 years of industry activity
(Horn and Curtis, 1996). In 1930, gas production was established from the Atokan Spiro sandstone at a
depth of 6300 feet. Wilburton field, the Arkoma basin's second largest field, was discovered in 1929 with
production from Upper Atokan sandstones at 2500 feet. The Spiro sandstone was tested in 1960 and soon
became the main producing zone. Except for Wilburton and Red Oak fields, very few successful wells were
drilled below 10,000 feet prior to the 1970’s (Horn and Curtis, 1996).

Production was established from the Spiro sandstone and Arbuckle carbonates in northern Oklahoma
and Arkansas during the late 1970s, opening a new fairway for deeper exploration. Production from
Arbuckle (Cambro-Ordovician), Viola (Ordovician) and Hunton (Siluro-Devonian) was established at
Wilburton field at depths of 13,000 to 14,500 feet in 1988 (Horn and Curtis, 1996).

Limited shallow oil production occurs from the Stanley group (Mississippian) and fractured Paleozoic
cherts (Devonian Arkansas Novaculite) in the southern Ouachitas (Horn and Curtis, 1996).



EVIDENCE FOR BASIN-CENTERED GAS

The Atoka formation contains coals and shales with gas-prone kerogen. It extends over a wide area and
is very thick. Middle Atokan Red Oak sands contain some of the largest gas reserves in the Oklahoma part
of the Arkoma basin (Gromer, 1981).

The Woodford shale, which contains type II oil prone kerogen, may have generated in excess of 22
billion barrels of oil (Comer and Hinch, 1987). This oil has probably cracked to gas in the deepest parts of
the Arkoma basin (Horn and Curtis, 1996). Other source rocks include the Womble (Ordovician), Polk
Creek (Ordovician), Sylvan (Ordovician), Woodford (Devonian-Mississippian), Arkansas Novaculite
(Devonian-Mississippian) and Caney (Mississippian) shales. Each of these has probably expelled significant
hydrocarbons (Horn and Curtis, 1996). Atokan shales are estimated to have generated between 53 and 212
TCFG. A large, relatively untested area in southwestern Arkansas contains thick sequences of interbedded
source and reservoir rocks, and may contain large accumulations of gas (Horn and Curtis, 1996).

Figure 4 illustrates profiles of depth vs. vitrinite reflectance (Ro) for undifferentiated wells in Arkansas
and Oklahoma. Hendrick (1992) listed the following vitrinite reflectance values for producing zones at
Wilburton Field:

Hartshorne Coal Ro< 1%

Atoka Shale Ro =2.3% at 7,500 ft
Atoka Shale Ro =2.6% at 9,400 ft
Spiro Sandstone Ro =2.7% at 10,000 ft
Spiro Sandstone Ro =3.0% at 11,500 ft
Arbuckle Dolomite Ro=3.8%

These unusually high vitrinite values at moderate depths indicate a potentially overmature basin.
Several thousand feet of sediment may have been eroded from the surface.

The extensive source rocks and high thermal maturity levels in the Arkoma basin indicate that basin-
centered gas accumulations may exist which have not yet been identified. Thick Atoka shales probably
provide the primary barriers to gas migration. In the lower Paleozoic section, several shale intervals
encasing productive carbonate and sandstone reservoirs are thought to be effective seals (Horn and Curtis,
1996).



Province, Play and
Accumulation Name:

Geologic
Characterization of
Accumulation:

KEY ACCUMULATION PARAMETERS

a. Sour celr eservoir

b. Total Organic Carbons

(TOCs)

c. Thermal maturity

d. Oil or gas prone

e. Overall basin maturity

f. Ageand lithologies

0. Rock extent/quality

h. Potential reservoirs

i. Major traps/seals

j. Petroleum
generation/migration
models

k. Depth ranges

|. Pressure gradients

Arkoma Basin Province, Play, Ordovician through Pennsylvanian
Desmoinesian

Ordovician Womble shale through Pennsylvanian Desmoinesian shales and
coals (Horn and Curtis, 1996)

range up to 19.6% in Woodford Shale (Comer and Hinch, 1987) and average
1.1% in Atokan shales (Horn and Curtis, 1996)

Ro ranges from <1.0% for shallow Desmoinesian coals to 3.8% for the deep
Arbuckle reservoir at Wilburton field (Horn and Curtis, 1996). Ro ranges
from 0.8% to 3.5% at Red Oak field (Houseknecht and McGilvery, 1990)

gas prone

maturation levels are high. Deep parts of the basin may be overmature

Ordovician to Pennsylvanian, sands, shales, coals and carbonates

extensive source and reservoir rock distribution. Reservoir rocks often
become tight in the deep parts of the basin. Permeability barriers (seals) are
poorly understood and undocumented (Horn and Curtis, 1996)

many producing reservoirs

Woodford shale, Atokan shales, Desmoinesian shales, and Cambrian through
Devonian shales and carbonates

both in-situ generation and long distance migration of gases and oils from
shales, carbonates and coaly rocks. Hydrocarbon generation is probably
ongoing with thermal cracking of oils from type II kerogen bearing shales.

The Bakken shale model of Meissner (1978), for hydrocarbon generation and
explulsion applies to the Woodford shale, the Arkansas Novaculite
equivalent, and the other type II kerogen source rocks (lower Paleozoic)
(Horn and Curtis, 1996).

earliest production in Arkansas was at 2000 ft in depth; productive rocks
occur at depths ranging to 14,500 ft at Wilburton field (Horn and Curtis,
1996). Other early production occurred as shallow as 1300 ft (Houseknecht
and McGilvery, 1990)

subnormal pressure gradients (0.3 psi/ft) in the Red Oak and Spiro sands at
Red Oak Field (Houseknecht and McGilvery, 1990)



Production and Drilling

Characteristics:

Economic
Characteristics:

a. Important
fieldsreservoirs

b. Cumulative production

a. High inert gas content

b. Recovery

c. Pipedlineinfrastructure

d. Over maturity

e. Basin maturity

f. Sediment consolidation

g. Porosity/completion
problems

h. Permeability

i. Porosity

Red Oak field produces from Pennyslvanian sandstones at depths ranging
from 1400 ft to 13,000 ft; Wilburton field produces from Cambro-Ordovician
Arbuckle at depths from 13,000 to 14,500 ft

Red Oak field has produced 55 Bcfg from the Hartshorne, 700 Befg from the

Red Oak, and 200 Bcfg from the Spiro sandstones as of 1987

gases have high btu content and low total inert gas content

recoveries depend upon permeability, porosity and depth

very good

probably overmature in the southern and eastern parts of the basin.

Production exists where apparent overmaturity occurs

most of the basin is mature to overmature

most rocks are well indurated

shales, tightly cemented sands & other tight (low permeable rocks) have
potential to produce where they are naturally fractured (many deep Anadarko
basin ields have permeabilities of less than 0.1 md). Water sensitive clays

also cause problems. Diagenetic permeability barriers are poorly understood.

0.1-200 md

5-23%
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GEOLOGIC SETTING

The Black Warrior basin of Alabama and Mississippi is a foreland basin located in the major structural reentrant
between the Appalachian fold-and-thrust belt to the southeast and the Ouachita fold-and-thrust belt to the southwest.
Figure 1 shows the basin location and its major structural features. The northern margin of the basin is bounded by
the Nashville dome. The basin is shaped like a kite with its tail facing south, and has a surface area of about 35,000
square miles. North to south, the basin extends about 190 miles, and the east-west width is about 220 miles. The
overall sedimentary section in the province includes rocks of Paleozoic, Mesozoic and Cenozoic age that range in
thickness from about 7,000 ft along the northern margin to about 31,000 ft in the depocenter located in eastern
Mississippi (Ryder, 1994).

The geotectonic history of the basin includes 5 stages:
1) Late Precambrian-Early Cambrian rift with associated deposition of coarse clastics.

2) Middle Cambrian-Mississippian period of stable shelf deposition (7000 ft of shallow water carbonates)
occurring on a passive continental margin.

3) Late Mississippian (Chester) transitional episode; early stages of continental collision, marine deltaic
sedimentation and several major regressive-transgressive cycles.

4) Early-Late (?) Pennsylvanian time of maximum basin subsidence and synorogenic deposition related to
maturation of the Appalachian-Ouachita thrust belts. Following a brief period of barrier bar development,
thick clastic wedges prograded from source areas along the south margin. Abundant coal bed development in
north-central portion of the basin.

5) Permian-Cretaceous erosion/non-deposition ending with Late Cretaceous marine incursion and deposition
into Early Tertiary shallow marine sediments (Mississippi Embayment).

Figure 2 shows a regional cross section of Mississippian strata across northwestern Alabama. The Black Warrior
basin was first downwarped in the Late Mississippian-Early Pennsylvanian and then subsequently filled by
Pennsylvanian shallow marine and terrestrial clastic material shed from rising highlands along its southern margin.
No Permian or early Mesozoic deposits exist in the basin. Indications are that the Black Warrior was uplifted above
sea level in Latest Pennsylvanian-Early Mesozoic time (Petroleum Information Corp, 1986). Continental break-up
during the Mesozoic resulted in the basin becoming downwarped to the southwest and eventually covered by the
Mississippi Embayment marine transgressive episode (Mancini et al., 1983). Most of the basin and its thrust faulted
margins are concealed beneath Tertiary and Cretaceous rocks of the Gulf coastal plain and the Mississippi
embayment.



HYDROCARBON PRODUCTION

The Black Warrior Basin is very prolific; the Lewis and Carter sandstones (Mississippian Chester Group) are the
most productive. The depth to productive horizons ranges from 2,500 to 5,000 ft. Target intervals are generally
shallower in Alabama than in Mississippi. The Carter Sandstone and other Mississippian productive intervals extend
into deeper basin regions (Bearden and Mancini, 1985). Remarkably high wildcat success rates (50% and more) and
the shallow depths of the primary Late Paleozoic reservoir targets (less than 5,000 ft) keep exploration interest high.

There are over 90 individual fields producing oil and gas from two principal productive trends. The northerly
trend produces principally from stratigraphic traps. The southern trend produces from structural and combination
traps. One of most prolific fields is the unitized North Blowhorn Creek oil field (Lamar County, Alabama),
completed in the Carter Sandstone which accounts for nearly 80% of the total oil produced in the entire basin
(Petroleum Information Corp., 1986).

There are multiple gas and gas-condensate reservoirs within the Late Paleozoic clastic units. Eleven individual
reservoirs exist in the Mississippian Chester Group. At least 4 clastic units within the Lower Pennsylvanian
Pottsville Formation produce gas (Figure 3). The clastic units consist of a series of prograding deltaic environments—
delta front, bar finger, and distributary channel sands—separated by transgressive shales. Considerable lateral
variability occurs in the reservoirs, and porosities range from 5% to 17%; permeabilities range from .01 to 100 md.
Thickness of individual reservoirs range from less than 10 ft to about 50 ft. The total sandstone thickness is less
than 1,000 ft.

In addition, the deeper Cambro-Ordovician to Devonian carbonate units also produce in certain locations. To date
there have been over 40 deep structural tests (deeper than 10,000 feet) drilled on the Mississippi side of the basin.
Many of these tests encountered significant gas shows from Mississippian and Pennsylvanian sandstone sections and
from deeper Cambro-Ordovician, Silurian and Devonian rocks (Ericksen, 1993; Henderson, 1991). The lower
sections need further exploration, as correlative zones to the west (Hunton and Ellenburger groups) are highly
productive (Petroleum Information Corp., 1986; Duchscherer, 1972; Devery, 1983).

Also, the Alabama part of the Black Warrior basin is one of the main centers of coalbed degasification in the
U.S. Lower Pottsville rocks yield gas from depths of less than 2,700 ft, and estimated resources range from 20 to 35
Tcf. To date the Oak Grove, Pleasant Grove, Brookwood, and Cedar Cove fields combined have yielded 0.9 Tcf.

EVIDENCE FOR BASIN-CENTERED GAS
Basin center gas potential exists in:

a. thick clastic wedges off the carbonate platform, in western Alabama and eastern Mississippi, including the
least-explored deeper depocenters in Mississippi.

b. micritic and finely crystaline limestones and shale/siltstone intervals within Cambro-Ordovician formations.

The basin covers about 1500 square miles. Gas shows are numerous and widespread throughout the basin. Major
source rocks are fairly organic, amorphous and herbceous-prone pro-delta shales with interbedded sandstone. Available
geochemical data (including total organic carbon (TOC) thermal alteration index) suggest the basin is mature and the
Late Paleozoic shales should be mainly gas prone (Bearden and Mancini, 1985). Henderson (1991) considers the
TOC:s of the black shales within the Stone River Limestone (Ordovician) favorable for hydrocarbon generation.
Pennsylvanian sands in southern Pickens County, Alabama, contain large volumes of in-situ gas; low gas recoveries
indicate relatively low permeabilities (Ericksen, 1999) and low porosities (Champlin, 1999) of the rocks. Pressure
gradients recorded to date are normal (Ericksen, 1999; Champlin, 1999).



Province, Play and
Accumulation Name:

Geologic
Characterization of
Accumulation:

KEY ACCUMULATION PARAMETERS

a. Sour celr eservoir

b. Total Organic Carbons
(TOCy9)

¢. Thermal maturity

d. Oil or gas prone

e. Overall basin maturity

f. Age and lithologies

g. Rock extent/quality

h. Potential reservoirs

i. Major traps/seals

j. Petroleum
generation/migration
models

k. Depth ranges

|. Pressure gradients

Eastern U.S., Black Warrior Basin, Cambrian through Pennsylvanian

interval includes Mississippian Floyd shale to top of Pennsylvanian Pottsville
Formation. Eleven reservoirs within the Chester group and at least 4 clastic
units within the Lower Pennsylvanian Pottsville Group. Carter

sandstone and other Mississippian productive intervals have been extended
into deeper basin regions.

0.07%-2.36% (Upper Mississippian shales); 2.2% Stone River Limestone
shales.

mixed including amorphous, herbaceous, woody and coaly material.
Alteration state of the kerogen indicates the thermal history is favorable for
hydrocarbon generation. Thermal Alteration Index ranging from 2 to 3+

suggest the Upper Mississippian is primarily gas prone.
both oil and gas prone

considered mature along with adjoining basins in the southern U.S.

Cambrian through Lower Pennsylvanian: black shales of the Stone River
Limestone (Ordovician); dark shales of the Conasauga Limestone
(Cambrian); Chattanooga (Devonian/Mississippian), Floyd shale including

Lewis sandstone; Packwood Formation including Carter sandstone and
Pottsville Formation.

basin wide source and reservoir rock distribution

interbedded Cambro-Ordovician shales; Floyd Shales and interbedded shales
of the Packwood and Pottsville Formations

from 2500 ft in Alabama to over 10,000 ft in the deeper basin regions in
Mississippi



Production and Drilling
Characteristics:

Economic

a. Important The Lewis and Carter intervals are the most highly productive, especially in
fields/reservoirs the north-central part of the basin (Lamar and Fayette counties, Alabama and
Monroe, Clay, and Lownders counties in Mississippi)

Grove field Carter sandstone-67 Bcf; Coal Fire Creek Carter Sandstone-19
Bcf, Lewis sandstone 6.9 Bcf, Fayette sandstone 2.5 Bcf; North Blowhorn
Creek oil field Carter sandstone accounts for nearly 80% of the total oil

produced in the entire basin (Petroleum Information, 1986), Carter sandstone
11.4 Bcf, Millerella 10.5 Bef; Sanders Ssone well (10,130-10,164 ft)-over
12 Befin 10 years. Yellow Creek Devonian chert production;

Fairview field Ordovician (Knox) dolomite-one well-1.8 MMcf monthly.

b. Cumulative production cumulative production for Star field (Lamar county, Alabama) producing
from a combination trap and numerous horizons:

Producing Formation Cumulative Oil Cumulative Gas Producing Wells

(gas sands) (10/98) (10/98) (10/98)
Carter (MiSS) .evvuvvniineiieiiees cevieeinnns 99,799 vt e 19,218,189 ...ovvivt e, 7
Chandler (Penn).................. ... 27543 i 226,233 it e 0
Fayette (Penn)..........ccoccvever vviiniiiiniinennss Ot i, 10,400 ....cccoee e, 1
Lewis (MiSS) ..vvuivniineiiieies cvevneannns 14248 ..ot e, 13,146,529 ...covivn i 7
Lower Nason (Penn)............. ................ 372 it 757,692 c.covvviie i 1
Lower Millerella (MiSS)........ ..ccceoevnennn.. TOT it e, 1,264,601 ..o v, 0
Upper Nason (Penn)............. ccooeveeneneen. 128 s e 187,983 (oot i, 0
Carter Oil (MiSS) ...uvvuivneiniins vevneinannns 78,955 i e 6838 it e 1
Chandler Oil (Penn)............. c.ocoooevenenen. 805 . Ot e, 0
Total Cumulative Production. .......... 222707 coiiiiiiiin v, 34,818,492 ..oiiiiin i 17

Characteristics:

a. High inert gas content

b. Recovery low in south Pickens County, Alabama

c. Pipelineinfrastructure very good There are numerous gas lines in the basin.

d. Over maturity none



e. Basin maturity mature

f. Sediment consolidation consolidation/porosity reduction occurs with depth of burial

0. Porosity/completion most wells are shallow and problem-free. Low porosity in south Pickens
problems County, Alabama (Champlin,1999; Ericksen, 1999).
h. Permeability 0.01 to 100 md

i. Porosity 5-17%



91° 90° 89° 88° 87° 86°
| | | | | |
g
) " h Nashville Dome
35° - Arkansas e emphis Tennessee
Outcrop limit of
1 Subcrop limit of ; Pennsylvanian strata
.- \ Pennsylvanian
R \'/ strata / i
- ~ T -
f‘\ v
344 .7
@® Birmingham
Boundary of
Black Warrior Basin
33°
@ Jackson |
" Eastern limit of Tertiary and Cretaceous
o H rocks of the Gulf coastal plain and
32° i Mississippi embayment
|
|
|
Mississippi i Alabama
31°q --—-———— . H e e — - -
Louisiana / | / Florida
! | i \.
' i 9 M
\ i (GRS DA
. A O aeea
\ - _?::-‘ )) e I ‘. 4 i ,_/‘ __’-'-;_"}_-"\:
: }}‘_/ \a' ‘./ ~\\, \ /'., g 2--— \'~\ I_ﬁ‘
)__.‘ r=rl=" ‘\"\!_”
30° d h
0 100 mi

Pennsylvanian rocks

Area of basin-centered
gas potential

Thrust fault, teeth in
upper plate

Figure 1.
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GEOLOGIC SETTING

The interior basins of Alaska cover a broad area extending from the Canadian border on the east to the
Bering Sea on the west. These basins occupy three geological provinces in central Alaska—Kandik, Alaska
Interior, and Interior Lowlands—which collectively comprise the geographically defined Central Alaska
Province (Figure 1). The Central Alaska Province covers about 300,000 square miles between the Brooks
Range on the north and the Alaska Range on the south (Stanley, 1996).

Central Alaskan geology is complex and varied, characterized by fold and thrust belts. Diverse crustal
terranes formed along the ancestral North American cratonic margin, and structural deformation in this
region is often severe (Magoon, 1993). Much of central Alaska experienced deformation in late Cretaceous
to early Tertiary time (Stanley, 1996). The basins include areas of complexly deformed and locally
metamorphosed flysch deposits underlying thick Cenozoic nonmarine sediments (Kirschner, 1988).

Three types of basins occur within the Central Alaska province(Magoon and Kirschner, 1990):

1. segments of the Cordilleran fold and thrust belt. The Kandik province represents such a segment,
and is characterized by thrust-faulted anticlines that largely affected clastic and carbonate reservoirs
of Paleozoic to Tertiary age. The right-lateral Tintina fault truncates the province on the southwest
(Magoon, 1993).

2. Mesozoic flysch basins. The flysch belts and flysch terranes represent volcanic-plutonic arc-basin
deposits (Magoon and Kirschner, 1990). The flysch belts of the Yukon-Koyukuk, Kuskokwim,
and Bethel basins consist of deep marine turbidite sandstones and shales, shallow marine alluvial
fans, and coal bearing deltaic and fluvial facies (Stanley, 1996).

3. Cenozoic basins. These consist of undeformed to moderately deformed strata reflecting a distinctive
gravity low (Magoon and Kirschner, 1990). They include a thick sequence of Tertiary and
Quaternary rocks overlying Precambrian to Mesozoic igneous and metamorphic rocks (Stanley,
1996).

The stratigraphic section consists of a sequence of Precambrian rocks overlain by a succession of
Paleozoic to Cenozoic sediments. Figure 2 illustrates the generalized stratigraphic nomenclature common
across the Central Alaska province. The Kandik province contains the thickest stratigraphic section, with
Proterozoic to Cenozoic rocks having a cumulative thickness greater than 40,000 feet (Hite, 1997). The
Paleozoic section is approximately 15,000 feet thick. An unconformity at the top of the McCann Hill chert
separates the Lower Paleozoic continental margin sediments from the overlying Upper Devonian to Permian
foreland basin sequence (Hite, 1997). The Nenana and Middle Tenana basins of the Interior Lowlands
province contain an assemblage of sedimentary rocks from the Middle and Lower Miocene to Pliocene
Usibelli group, which nonconformably overlie Precambrian and Paleozoic rocks (Stanley et al., 1990). The
Bethel and Yukon-Koyukuk basins of the Alaska Interior province contain thick, widely distributed
Cretaceous strata, including a large volume of volcanic rocks. Basal andesitic rocks are overlain by about
10,000 feet of graywacke and mudstones of lower Cretaceous Albian age (Patton, 1971).



HYDROCARBON POTENTIAL

There is no known hydrocarbon production in the basins of central Alaska. Drilling is very sparse, but
the few wells drilled have encountered numerous shows of oil and gas. Other similar regions in Alaska are
richly productive. Exploration efforts began in the Central Alaska basins as a result of hydrocarbon
discoveries on the North Slope. Cretaceous strata similar to those on the North Slope exist beneath alluvial
lowlands. Operators drilled a 12,000 foot well near Nulato on the Yukon River, and a 15,000 foot hole in
the Yukon-Kuskokwim basin. Neither wells had commercial shows (Patton, 1971).

The sedimentary sequences in central Alaskan basins may provide favorable settings for basin-centered
hydrocarbon accumulations. Reservoir rocks in the Tertiary basins of central Alaska may be similar to the
reservoirs in the producing fields of the Cook Inlet-Beluga-Sterling play (Magoon and Kirschner, 1990).

The Kandik and Middle Tanana basins appear to have the greatest hydrocarbon potential (Grether and
Morgan, 1988). The Kandik and Yukon Flats basins may contain significant reserves of oil and gas within
a 40,000 feet thick sedimentary package.

Three exploratory wells have been drilled in the Kandik province. These wells encountered some
porosity and bitumen in Devonian carbonates (DiBona and Kirschner, 1984). The Triassic Glenn Shale in
the Kandik province is an organic equivalent to the Shublik Formation of the North Slope and may have
generated as much as 1.5 billion barrels of oil per cubic mile of sediment (Hite, 1997). In the Middle
Tanana basin, only two exploratory wells have been drilled—the Unocal Nanana No. 1, and the ARCO Totek
Hills No. 1. Both wells penetrated a thick Tertiary coal-bearing section of the Usibelli Group and terminated
in metamorphic basement (Smith, 1995). The ARCO Totek Hills well was drilled on the basin flank and
passed through 3,015 feet of Tertiary rocks. The sandstones averaged 17% porosity and 11 md permeability.
The claystones contained Type II kerogen and indicate some oil potential (Grether and Morgan, 1988).
Smith (1995) suggests that Tertiary coals of the Yukon Flats, Nenana, and Middle Tanana basins provide
opportunities for commercial gas production.

Three hypothetical petroleum systems occur in central Alaska (Stanley, 1996):

1. Cenozoic gas play. This play includes organically rich source rocks and have a potential for
nonassociated gas in undeformed to moderately deformed strata.

2. Mesozoic gas play. This play lies within sequences of flysch deposits, particularly in the Yukon-
Koyukuk and Kuskokwim basins where various authors have reported lateral facies changes from
deep marine turbidites to deltaic and shallow marine sediments (Patton, 1971; Milson, 1989; and
Box and Elder, 1992). These facies changes indicate possible stratigraphic traps and may contain a
basin-centered gas accumulation. The Benedum Nulato Unit No. 1 well drilled in the Koyukuk
basin penetrated gas-prone kerogens in the Cretaceous section (Stanley, 1996).

3. Paleozoic oil play. This includes Ordovician, Silurian and Devonian graptolitic shales similar to
ones found in basins elsewhere in North America, the Middle East and North Africa that contain
oil-prone kerogen (Klemme and Ulmishek, 1991). These rocks may be potential sources for oil,
and if heated sufficiently, a source for natural gas as well.



EVIDENCE FOR BASIN-CENTERED GAS

In the Central Alaska basins, basin-centered hydrocarbon accumulations potentially exist within thick
fluvial and lacustrine units: sandstones, conglomeratic sandstones, turbidites shales, siltstones and coals.
Available source and maturation data (TOC, TAI, Ro, and Tmax) indicate that the basins are marginally
mature to overmature. Available vitrinite reflectance and Tmax data indicate that late Cretaceous and Tertiary
source rocks are thermally immature (Stanley, 1996).

The Kandik and Middle Tanana basins appear to have the most potential for basin-centered gas
accumulation potential. In the Middle Tanana basin, Stanley et al. 1990 estimate the top of the oil window
(Ro = 0.6) occurs at depths exceeding 4,500 ft. Vitrinite reflectance values in the Kandik basin fall within
the gas generation window (Figure 3). In the Middle Tanana basin, data from the ARCO Totek Hills No. 1
well indicates the presence of Types II and III kerogen, indicating the Usibelli Group strata may be oil and
gas-prone. Based on present information regarding thermal maturity, wells drilled in the deeper parts of the
central Alaska basins may encounter strata buried below the top of the oil window, and therefore,
potentially encounter basin-centered hydrocarbon accumulations.
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Accumulation:

KEY ACCUMULATION PARAMETERS

a. Sour celr eservoir

b. Total Organic Carbons

(TOCs)

¢. Thermal maturity

d. Oil or gas prone

e. Overall basin maturity

f. Age and lithologies

0. Rock extent/quality

h. Potential reservoirs

i. Major traps/seals

j. Petroleum
generation/migration
models

k. Depth ranges

|. Pressure gradients

Central Alaska, Interior basins, Paleozoic, Upper Triassic, and Tertiary
potential basin-centered gas accumulation

Ford Lake shale, Calico Bluff, Glenn Shale (Devonian to Jurassic), Usibelli
Group (Tertiary); Kerogen types: II, III, and IV. Reservoir: Nation River,
Calico Bluff, shallow marine limestones of the Permian Tahkandit

Formation, unnamed sandstones of Cretaceous and Tertiary ages.

Kandik basin: 7% (Glenn Shale); Holitna basin: 0.61 to 1.59% (Cretaceous
Kuskokwim group); Middle Tanana basin: 3.6% (Sanctuary formation of
Tertiary Usibelli group), outcrop: 0.5 to 3.5%.

Kandik basin: Tmax = 427-579°C, Ro = 0.8% (mean); Middle Tanana basin:
Tmax = 414 to 434° C, Ro = 0.6% (below 4500 ft depth)

primarily oil prone; however, level of maturity probably reaches the "gas
window"

marginally mature to overmature (similar to North Slope)

Early Cambrian to late Permian (sandstones, shales and carbonates), Upper
Cretaceous to Tertiary (sandstones, conglomeratic sandstones, shales, coals
and siltstones)

basin wide source and reservoir rock distribution; highly variable rock
quality is anticipated as exists on the North Slope, including problems with
silica cementation, siderite cementation, calcite cementation, and swelling
and moveable clays.

no production exists; however, potential reservoirs include Proterozoic
Tindir group; Paleozoic carbonates (including Devonian Nation River,
Mississippian and Pennsylvanian Calico Bluff formation); shallow marine

limestones of the Permian Tahkandit formation; Cretaceous Kandik group;
Tertiary Usibelli group; and other unnamed sandstones of Cretaceous and
Tertiary ages.

structural and stratigraphic, Devonian and Pennsylvanian argillites, shales,
siltstones and mudstones of Cretaceous and Tertiary ages

Weimer's (1996) "Cooking Pot" model with current hydrocarbon generation
and relatively short distance migration and Meissner's (1978) Bakken shale
expulsion model

surface to 40,000 ft, in some tertiary basins, top of the oil generation window
may range from 5,000 to 10,000 ft, depending upon thermal gradients and
vitrinite reflectance values



Production and Drilling

Characteristics:

Economic
Characteristics:

a. Important
fieldsreservoirs

b. Cumulative production

a. High inert gas content

b. Recovery

c. Pipedlineinfrastructure

d. Over maturity

e. Basin maturity

f. Sediment consolidation

g. Porosity/completion

problems

h. Permeability

i. Porosity

non-existent, except for the trans-Alaska oil pipeline

probably in the deep parts of the basins and in shallower areas near high
heatflow pathways

marginally immature on the flanks of basins where burial depths have been
limited

moderate or better consolidation

unknown due to no known completions
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Figure 1. Map showing various provinces and basins in central Alaska. After Magoon (1989)




Interior Lowlands

System Kandik Province Province

. Nenana Gravel
Tertiary Sandstone, mudstone, Usibelli Group
and conglomerate

Cretaceous
Jurassic Glenn Shale
Triassic
Permian Tahkandit Limestone

Pennsylvanian

Calico Bluff Formation

Mississippian

Ford Lake Shale Non-deposition or
removal by erosion

Devonian Nation River Formation

McCann Hill Chert

Silurian Road River Formation
Ordovician
Hillard Limestone
Adams Argillite
Cambrian
Funnel Creek Limestone
Precambrian Tindir Group Birch Creek Schist

Figure 2. Generalized stratigraphic column for Kandik and Interior Lowlands provinces, central Alaska. After Stanley,
McLean, and Pawlewicz (1990), and Magoon (1993).



143° 142°
1 1

65° 30"

65° 00" —

Kandik terrane

Mountain

|
|
|
|
|
Tatonduk I ,
|
|
|
|
|

Vs
terrane 4
’
/
1
|
|
|
\
| 07 \
\
0.9 \
o | \
N7 ®1.0 \
[ !
\ 208 \

Undifferentiated nonmarine
cover sequences of Tertiary
and Cretaceous age (TKs)

Kathul graywacke (Kka),
Cretaceous

Undifferentiated rocks of
Step Mountain outcrop

_— Fault
—L—  Anticline
———  Syncline
° 1.2 Sample location and vitrinite
. reflectance percentage
0 10 mi
e — |

Figure 3. Map of the Kandik province showing sample locations for and values of vitrinite reflectance (%R,) relative to major geologic structures

(Kathul Mountain syncline and Step Mountain anticline). After ?




GEOLOGIC SETTING

The Late Proterozoic Chuar Group extends north-south from southwestern Wyoming into northern Arizona.
Figure 1 depicts a map of the regional extent and outcrop locations of the Chuar rocks. Exposures in the Grand
Canyon reach a thickness of approximately 5,370 ft, and the rocks consist of organic-rich gray-black shale and
siltstone interbedded with sandstones and cryptalgal and stromatolitic carbonates (Reynolds et al., 1988; Palacas,
1992). The Chuar Group contains the lower Galeros Formation and the overlying Kwagunt Formation (Figure 2).
The lithologies indicate various cyclical depositional environments, including a sediment-starved basin rich in
organic material, coastal and alluvial plains, paludal swamp, and nearshore aqueous. Deposition of the Chuar Group
occurred on a marine embayment on the passive edge of a continent (Reynolds et al., 1988).

HYDROCARBON PRODUCTION

There have been some exploratory penetrations in the Chuar, but no production. Shows and tests of this section
are rare. Geochemical analyses of outcrop samples from the Walcott Member of the Kwagunt Formation indicate
good to excellent source-rock potential and thermal maturity for oil generation. Tmax values range from 424 to 452
°C. Total organic carbon values (TOCs) average ~ 3.0 %, with highs ranging from 8.0 to 10.0 %. Samples from the
upper part of the Walcott yielded higher values than those from the lower part (Palacas, 1992). The underlying
Galeros Formation shows lower TOC values and appears thermally overmature, but still might be within the
window for gas generation.

EVIDENCE FOR BASIN-CENTERED GAS

The Walcott Member demonstrates good source-rock potential and may contain sandstones with good reservoir
quality. Stratigraphic and conventional structural prospects may exist if the source rock is continuous.
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KEY ACCUMULATION PARAMETERS

a. Sour celr eservoir

b. Total Organic Carbons

(TOCs)

¢. Thermal maturity

d. Oil or gas prone

e. Overall basin maturity

f. Ageand lithologies

0. Rock extent/quality

h. Potential reservoirs

i. Major traps/seals

j. Petroleum
generation/migration
models

k. Depth ranges

I. Pressure gradients

Grand Canyon area, Late Proterozoic, Chuar Group, Kwagunt and Galeros
Formations

the Walcott Member may be a source rock; interbedded sandstones may be
reservoirs.

range from 1.0 % to 10.0% (average ~ 3.0%) in outcrop samples of the
Kwagunt Formation. The values for the Galeros Formation are not
available.

Tmax values in the Walcott Member of the Kwagunt Formation range from
424 t0 452° C

the Walcott Member is oil prone. The lower portions of
the Kwagunt Formation and the Galeros Formation are gas-prone.

because of the virtually untested
nature of the deposit, it is immature



Production and Drilling
Characteristics:

a. Important

fields/reservoirs

b. Cumulative production

Economic
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b. Recovery

c. Pipedlineinfrastructure

d. Over maturity

e. Basin maturity

f. Sediment consolidation

g. Porosity/completion

problems

h. Permeability

i. Porosity
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Figure 1. Map showing regional extent and outcrops of Chuar Group rocks in Utah and Arizona. After Palacas (1992).
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GEOLOGIC SETTING

The Columbia Basin is located in south-central to southwestern Washington, northeastern Oregon, and
western Idaho (Figure 1). Johnson et al. (1993) defined the basin as a broad low-lying area between the
Cascade Range to the west, the Rocky Mountains to the east, the Okanogan highlands to the north, the
Blue Mountains to the south, the western end of the Yakima fold belt, and the eastern limit of the Palouse
slope.

Within the Columbia Basin, Johnson et al. (1997) postulated a basin-centered gas deposit bounded by
the Chumstick basin and Swauk basin to the northwest, the easterly apron of the Cascade Range and a
projection of the Straight Creek fault zone on the west and southwest, on the south by the Columbia River
and margins of the Blue Mountains, on the east and northeast by the projection of the Entiat fault (Figure
2).

The sedimentary rocks in the basin are covered by up to 20,000 ft of Miocene basalt that originated
from dike systems near the Washington-Oregon-Idaho border area approximately 6.5 to 16.5 ma (Figure 3)
(Johnson et al., 1997). Mesozoic sediments underlie the basalts. Rocks associated with subduction
complexes, volcanic island arcs, and ophiolites and other sedimentary packages indicate a complex history
of accretion of allochthonous terranes and arc tectonism. Sediments crop out along the northern, eastern, and
southern margins of the basalt plateau and probably underlie the entire plateau.

Development of the Idaho Batholith in Cretaceous time and unconformable deposition of marine
sediments marked the end of accretionary deposition. This was followed by deposition of early Tertiary
nonmarine sedimentary and volcanic rocks. Tectonic activity included volcanism and transtension in
northeastern Washington, strike-slip faulting and folding in central and western Washington, and prolific
volcanism in central Oregon. Paleocene to Eocene arkoses, mudstones and coals were deposited, varying in
thickness from a few hundred feet to more than 20,000 ft Sparse exploratory drilling and magnetotelluric
data suggest that an average 5,000 to 10,000 ft of sedimentary rocks exist below the basalts in central
Washington (Tennyson, 1996).

The western margin of the Columbia plateau contains Oligocene to Quaternary volcanic rocks of the
Cascade arc complex. Deformation of the basalts occurred with folding and reverse faulting in the western
part of the plateau (Tennyson, 1996).

HYDROCARBON PRODUCTION

The Rattlesnake Hills field is the only commercial gas field producing in the Columbia Basin. The
field was discovered in 1913 and developed in 1930, and produced approximately 1.3 BCFG through 1941
from depths ranging between 700 ft and 1300 ft. The gas was mostly methane and 10% carbon dioxide. A
faulted anticlinal structure trapped the gas in a vesicular basaltic zone thought to be clay sealed. Johnson et
al. (1993) believe the gas migrated from Eocene coals buried below the basalts.

EVIDENCE FOR BASIN-CENTERED GAS

Tests in deep wells in the Yakima-Pasco area yielded gas at depths ranging from 8,300 to 12,700 ft.
Lingley (1995) estimated pressure gradients of 0.42 psi/ft to 0.45 psi/ft at 5,000 to 10,000 feet and 0.62
psi/ft at 14,000 ft depth, indicating moderate overpressures in the deep part of the basin. Johnson et al.
(1997) note most drill-stem tests recovered water-free gas, but some did recover water.

Source rocks for this accumulation may be Eocene coals and carbonaceous shales interbedded with
arkosic fluvial sandstones. Eocene sediments may reach a depth of 17,000 ft in the center of the basin.
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Eastern Oregon-Washington Province, Columbia Plateau/Basin, basin-
centered gas play

Eocene Swauk, Chumstick, Roslyn, and Manatash formations

values range from 0 to 17%

Ro0.5-143

gas prone; mostly type III kerogens with limited type II kerogen

maturation levels are moderate, maturation levels increase west of the basin
toward the crest of the Cascade mountains

Eocene, arkosic sands, coals, and shales

wide source and reservoir rock distribution, rock quality is unknown except
around basin margins and in the few wells that have been drilled. Expected
reservoir quality is variable depending upon clay content, zeolite alteration

and interbedded shales and coals.

none presently; Rattlesnake Hills gas field produced 1.3 BCFG from 1930 to
1941 from the Miocene age Columbia River Basalt Group. Vertical
migration of gas from Eocene source rocks buried below the basalt flows.

interbedded Eocene age shales and coals

both in-situ generation and long distance migration of gases shales and coals.
Hydrocarbon generation is probably ongoing at depths below 12,000 feet.
Geothermal gradients range from 28 to 58 degrees centigrade per kilometer

(Lingley, 1995). Weimer’s (1996) Denver basin cooking pot model might
apply.
accumulation depths are thought to range from 8300 feet to 17,000 feet

range from estimated 0.42 psi/ft at 5,000 ft depth to 0.45 psi/ft at 10,000 ft to
0.62 psi/ft at 14,000 ft. This conflicts with Johnson et al. (1997) which
reported overpressuring occurring at depths of 8,300 ft to 12,700 ft.
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b. Cumulative production

a. High inert gas content

b. Recovery
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d. Over maturity

e. Basin maturity

f. Sediment consolidation

g. Porosity/completion
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h. Permeability

i. Porosity

Rattlesnake Hills gas field

only production to date was from 1930-1941. Rattlesnake Hills field
produced 1.3 BCFG from Miocene age basalts

gases from the Rattlesnake Hills field were reported to contain 10% nitrogen
by Wagner (1966); Hammer (1934) reported 2.45% nitrogen and 0.15%
carbon dioxide

recoveries may vary depending upon permeability, porosity and depth;
diagenetic alteration may increase with depth

poor

possibly overmature in the deepest parts of the basin

most of the basin is mature (Ro range from 0.5 to 1.43)

most rocks are well indurated

shales, clay and mica rich arcosic sands have high alteration potential, may
have swelling clays and will produce migrating fines problems, average
porosities range from 6 to 15 percent. Shales and coals are interbedded with

sands. Zeolite and chlorite alteration has been reported.
outcrop measurements range from 0.02 to 0.8 md
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Figure 1. Map of Washington showing locations of unconventional petroleum plays. After Johnson et al. (1997)
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GEOLOGIC SETTING

The Cook Inlet basin is a narrow elongate trough of Mesozoic and Tertiary sediments, covering
approximately 11,000 square miles in south-central Alaska (Figure 1). The basin trends NNE-SSW and is
bounded on the northwest by granitic batholiths of the Alaska-Aleutian range and the Talkeetna mountains,
and on the southeast by the Chugach terrane that makes up the Kenai Mountains (Magoon, 1994). The
Kenai mountains, Castle mountain, and the Bruin Bay fault zones are the major boundary features (Boss et
al., 1975). The Outer Continent Shelf area lies between these faults and contains anticlinal structures and
faults that may be potential traps for hydrocarbons (Magoon, 1976).

Dickinson (1971) described the basin as a trench-arc gap type: a Cenozoic residual forearc basin in a
convergent continental margin along the northwest Pacific Rim. Cook Inlet basin development began as a
backarc basin during the Jurassic, evolving to a forearc basin in the Cenozoic (Magoon, 1994). Numerous
high angle reverse faults indicate compression throughout the Mesozoic and Cenozoic.

Kelly and Halbouty (1966) estimated the maximum sediment thickness in the deepest part of the basin
to be 40,000 ft. Cook Inlet sediments range in age from Upper Triassic to Recent, but consist mostly of
Upper Jurassic and Tertiary rocks (Figure 2). The Middle and Upper Jurassic units are thick, but a
significant mid-Cretaceous unconformity has removed the Lower Cretaceous section. Boss et al. (1975)
considered the Lower Jurassic volcanic rocks to be the economic "basement.”

During the Tertiary uplift and erosion occurred continuously until termination by a widespread Late
Pliocene-Pleistocene orogeny. The Tertiary section is part of the Kenai Group, which is separated from the
West Foreland Formation (Eocene) by a thin but widespread unconformity marked by a basal conglomerate.
The Kenai Group consists of three formations: Tyonek, Beluga, and Sterling. The Tyonek Formation
includes the Hemlock Sandstone Member.

HYDROCARBON PRODUCTION

The most significant hydrocarbon production in the Cook Inlet basin occurs in Tertiary rocks which
reach a maximum thickness of 25,000 ft in the deepest part of the basin (Smith, 1995). These rocks consist
of a thick sequence of alluvial deposits. Of the total oil produced to 1994, Magoon (1994) noted that 80%
originated from the Hemlock Conglomerate, 20% from the Lower Tyonek, and minor amounts from the
West Foreland Formation. Discovered resources exceed 1.2 BBO. Unassociated natural gas occurs in
shallower younger reservoirs and accounts for most of the Cook Inlet gas production (Magoon and Kirchner,
1990). This gas is found in the Beluga and Sterling formations, may be biogenic, and primarily originates
from Tertiary coals (Molenaar, 1996). Only minor amounts of oil have been produced from Mesozoic rocks.
The Middle Chuitna Formation in the upper Cook Inlet and the Upper Triassic-Middle Jurassic rocks in the
lower Cook Inlet are the source rocks for oil. Siltstones and claystones associated with coals compose the
seals.

Bird (1996) identified three petroleum systems in the Cook Inlet

1. Hemlock-Tyonek oil play.

2. Beluga-Sterling gas play.

3. Late Mesozoic oil plays. This play includes Lower Jurassic to Upper Cretaceous rocks. This

interval appears to be the only stratigraphic section capable of supporting a basin-centered gas play
in the Cook Inlet basin.



To date, production in the Late Mesozoic play has been marginal because of poor reservoir-quality
rocks. Limited production has occurred from marine and turbidite sandstones within the Upper Cretaceous
Matanuska and Kaguyak Formations, Lower Cretaceous sandstones, and the Upper Jurassic Naknek
Formation. Lateral permeability barriers within siltstones seal these reservoirs and the reservoirs in the
unconformably overlying Lower Tertiary West Foreland Formation. However, most of these fields are
faulted anticlinal structures truncated by overlying Tertiary rocks. Oil was generated during Eocene and
Pliocene periods (Magoon et al., 1996).

The Tertiary section (Beluga-Sterling gas play and Tyonek/Paleocene Chickaloon coals) in the upper
Cook Inlet include coals as source rocks within an area described by Molenaar (1996) as thermally
immature. This area contains gas fields having localized sources. In contrast, Smith (1995) reported carbon
isotope analyses of gas from coals in the Tyonek Formation that indicated both biogenic and thermogenic
origins. The reported gas volumes from coals ranged from 63 scf/ton at 521 ft in depth to 245 scf/ton at
1,236 ft in depth.

EVIDENCE FOR BASIN-CENTERED GAS

Although few holes were drilled in the central trough of the Cook Inlet, limited data (mostly from the
COST No. 1 well shown in Figure 1) indicates a significant increase in thermal maturity to Ro = 0.87 in
the lower part of the Middle Jurassic Naknek Formation. Thermal maturity of Middle Jurassic source rocks
ranges from immature to mature on the flanks of the basin and postmature in the deepest part of the basin
(Magoon, 1994). However, conflicting interpretations place the oil window (Ro = 0.6) at disparate depths:
Magoon (1994) projects the depth at 21,000 ft in the vicinity of the Swanson River oil field (Figure 3),
whereas Johnsson et al. (1993) place the oil window at about 16,400 ft depth (Figure 4). This difference
dramatically changes the basin area that may be thermally mature.

Frequent hydrocarbon shows occur within the Middle Jurassic interval. Significant variations in
pressure gradients occur within the current oil and gas producing fields and flank the area of the potential
basin-centered accumulation. Although this does not directly indicate pressure seals occur in the central
trough of the Cook Inlet, the data suggests that lateral permeability barriers do exist within the
conventionally trapped hydrocarbon accumulations. Source rocks within the Middle Jurassic Tuxedni Group
indicate adequate but somewhat limited source potential (TOC content of 0.8 to 2.1 weight %). A normal
geothermal gradient of 12.5 °F per 1000 ft (in the COST No. 1 well) also appears to lessen the possibility
of a basin-centered accumulation at shallow depths.

Depending on the oil generation window interpretation, basin-centered gas accumulations in the Cook
Inlet may potentially range in depth from less than 3,280-19,685 ft for the upper limit, to 41,891 ft for the
floor.



Province, Play and
Accumulation Name:

Geologic
Characterization of
Accumulation:

KEY ACCUMULATION PARAMETERS

a. Sour celr eservoir

b. Total Organic Carbons

(TOCs)

¢. Thermal maturity

d. Oil or gas prone

e. Overall basin maturity

f. Ageand lithologies

0. Rock extent/quality

h. Potential reservoirs

i. Major traps/seals

j. Petroleum
gener ation/migration
models

k. Depth ranges

I. Pressure gradients

Southern Alaska, Cook Inlet basin, lower Jurassic to upper Cretaceous
overpressure

Middle Jurassic Tuxedni group, Reservoirs - Lower Jurassic Talkeetna fm,
Middle Jurassic Tuxedni group, Upper Jurassic Naknek formation, and
Upper Cretaceous Matanuska formation

0.8-2.1 weight% (Middle Jurassic Tuxedni group)

Tmax from lower part of Naknek formation in the Cost #1 well is
approximately 483° C; Ro maximum is approximately 0.87%

both oil and gas prone

immature to mature, anticipated to be postmature in the deepest part of the
basin

Lower Jurassic Talkeetna formation (massive volcanic conglomerates, tuffs
and sandstones), Middle Jurassic Tuxedni group (marine sandstone,
conglomerates, siltstones and shales), Upper Jurassic Naknek formation

(shallow marine fine grained, cross-bedded sandstone) Upper Cretaceous
Matanuska formation (shallow marine turbidite sandstones).

marginal basin wide source and variable reservoir rock distribution

Talkeetna formation, Tuxedni group, Naknek formation and Matanuska
formation

Tuxedni group

Weimer's "Cooking Pot" model with current hydrocarbon generation and
relatively short distance migration

3,280 to 41,900 ft (6 tol1 km)

Granite Point field (Tyonek formation) 0.476 to 0.503 psi; McArthur River
field (Hemlock formation) 0.399 to 0.454 psi; Middle Ground Shoal field
(Tyonek formation) 0.263 psi, (Hemlock formation) 0.488 psi; Swanson

River field (Hemlock formation) 0.504 to 0.518 psi; Trading Bay field
(Tyonek formation) 0.487 psi, (Hemlock formation) 0.261 psi.



Production and Drilling

Characteristics:

Economic
Characteristics:

a. Important
fieldsreservoirs

b. Cumulative production

a. High inert gas content

b. Recovery

c. Pipedlineinfrastructure

d. Over maturity

e. Basin maturity

f. Sediment consolidation

g. Porosity/completion

problems

h. Permeability

i. Porosity

only marginal production occurs within the Upper Jurassic Naknek to Upper
Cretaceous Matanuska formations.

good

probably in the deep part of the basin

immature on flanks of the basin

good to moderate consolidation

low porosity because of probable clays and migrating fines

not available, but expected to be highly variable

highly variable



62°

Mt. Spurr

e Anchorage

° Girdwood

60°—/

&
) 12 >
9 // Vo &
/ \(‘\\@\(\% / /
S/
o €, -¢- / Homer </ Ng

Mt. Augustine / Cost #y

& -4-_._1 D) 13 o2
~ Augustine ‘ ‘?‘\(b
& \\
N Island 1 [¢)
‘(‘b \)\\
A 1
D /
Q Cape /
.sQ Mt. Douglas@ Douglas O v
Q;‘ Barren /
Y Island 7/
2
& /
& 1 Cook Inlet

N o~ I
£ & |
3
LS / *
o
'\Q’“_
(\Q)
° 3

o | Afognak
58 Island
T T T T
154° 152° 150° 148°
0 50 mi
- Oil field ) Volcano . .
Gas field So Fault, dashed where approximate,
dotted where inferred or hidden
~ o /
-¢- Well /\ - Anticline, dashed where approximate

Figure 1. Location map of Cook Inlet, Alaska. Modified from Magoon (1976, 1994).




Formation Field Source Rock D i I
. . . epositiona
System Series (thickness) Lithology Production Environment
Oil Gas Oil Gas
Recent Alluvium
Quaternary R
Pleistocene Glacial
Pliocene Sterling Formation
(0-11,150 ft)
,,,,,,, - 1,23
—_ — — — — A 5’7’8‘
9
1,2,8,
9
Beluga Formation
(0-5900 ft)
Nonmarine
Tertiary
Miocene
Chuitna Member Q
(1300-2600 ft) 11
C
kel
T
£
(e}
(T8
3 B,D,E | 4,6,
, s F 10, 12
Middle Ground )
Shoal Member
(2600-4900 ft)
. — 77 i A /
Oligocene —_
Hemlock Cgl (330-1000 1) |5 == 0 02 me /’6 Eé ‘}3:
PN AN , &£,
West Forland Formation [~ = - | v
Eocene (300-1300 ft) o Y E
ENATNAA~T~Y
Mantanuska Formation E—————+
Upper (0-8500 ft)
CretaCeOUS NN
Lower Unnamed [0 ]
Naknek Formation o
Upper (0-6900fy  F=====7 Marine
AN NN AN ANAAN]
Chinitna Fm (0-2300 ft -
. Tuxedni Group | — = = —— =
Middle (0-9800f) ~  f==T =T
PN
L Talkeetna Formation PR A
ower (0-8500 ft) e Vb v
Coal Sandstone
Or Gas
Shale or claystone Conglomerate
* Oil
T < >
LN .
Siltstone SRR Volcanic rock
> L v >
— PR 4

Figure 2. Generalized stratigraphic column for Cook Inlet, Alaska, showing producing intervals, oil and gas fields
(noted on location map), source rock intervals, and depositional environment. After Magoon (1994).



AI

Geographic Extent

Kenai Lowlands

Swanson
River Field
o

Coast Line

Middle Ground
Shoal Field

McArthur
River Field
o

D

2 _

L

5%

0o —@

>0

nr

52 )

= 3

= P
]
©
<]
&

Fault

Talkeetna Formation

Top oil window
(0.6% R,)

~
~

Mesozoic intrusive rocks

Top gas window
(1.3% R,)

~

~

QOil field location

Sea Level —]

(193} u1) yidag

!
c
c
g ©°
= ®O o
(o] me 5=
('8 m oc
© & =
K3 wc GR
S xS g8
c [ dm
c =]
S £ oxe)
S TG 50
= 2 -
[ =
%9
o o®
c £ EE
= O =
o o =0
= = M,F
S 7 g Sx
= T C Ce
£ co c
s S8 38
o ©
S of b_.m
= 26 £
= O (O]
o m T
"o

b

Figure 3. Cross section A-A' of Cook Inlet, Alaska, showing the geographic (horizontal) and stratigraphic (vertical) extent of the Tuxedni-Hemlock

petroleum system. After Boss et al. (1976), Plafker et al. (1982), and Magoon (1994).



62°

60°

58°

Mt. Spurr

iy @
@ Augustine

Q Island

Seldovia arch

Contour interval = 1000 feet

50 mi

154° 152°

Volcano * Anticline

'
\

Well Fault

150°

148°

Contour,
dashed where
approximate

Figure 4. Contour map of the top of the paleo-oil generation window (%R, = 0.6) in the Cook Inlet basin, Alaska.

Elevation contours in feet below mean sea level. After Johnson, Howell and Bird (1993).




GEOLOGIC SETTING

The Denver basin is an asymmetric crustal downwarp located mainly in eastern Colorado, western
Nebraska and southeastern Wyoming. It is surrounded by the Rocky Mountain Front Range on the west,
the Laramie Range to the northwest, the Hartville Uplift to the north, the Chadron Arch and Cambridge
Arch to the northeast, the Yuma Uplift to the east, the Los Animas Arch to the southeast, the Apishapa
Uplift to the south and the Wet Mountains Uplift to the southwest (Bookout, 1980). The basin axis runs
roughly north-southfrom Cheyenne, Wyoming to Denver, Colorado (about 320 miles), and the basin width
extends about 180 miles (Figure 1).

The basin’s sedimentary section reaches a maximum thickness of 13,000 ft along the axial trend
(Clayton and Swetland, 1977), and consists mostly of Cretaceous, Permian and Pennsylvanian rocks
(Figure 3).

With the onset of the Laramide Orogeny in the Late Cretaceous, the ancestral Denver basin accumulated
sediments that thickened westward (Figure 4). Deposition began with the Upper Cretaceous Fox Hills
sandstone and continued through the Miocene (McCoy, 1953).

The present-day Denver basin has undergone a full cycle of tectonic evolution since the Cambrian:
Early Paleozoic troughs became Late Paleozoic mountain ranges, and Early Paleozoic highs subsided into
lows. Late Paleozoic troughs were uplifted into post-Cretaceous mountain ranges, and Late Paleozoic
mountain ranges subsided into Tertiary and Recent plateaus and low relief basins (McCoy, 1953).

HYDROCARBON PRODUCTION

Cretaceous rocks are the primary strata producing petroleum (Figure 3). This interval consists mostly
of deltaic and marine detrital rocks. Although oil and gas originate from a number of Cretaceous reservoirs,
the Lower Cretaceous "D" and "J" sandstones account for more then 90% of the total oil and gas production
of the basin" (Clayton and Swetland, 1977).

The most significant hydrocarbon production in the Denver basin occurs in the Wattenberg field, where
the "J" Sandstone is the dominant producing horizon (Figure 1). As of June 1998, cumulative production
from the Wattenberg field was 1.5 trillion cubic feet of gas (TCFG), 67 million barrels of oil (MMBO), and
13.3 million barrels of water (MMBW) at average depths of 7,600 ft for the "J" Sandstone and 5,100 ft for
the Hygiene Sandstone (Petroleum Information Corp., 1998).

Limited oil production occurs above the "D" and "J" in the Graneros Shale, the Greenhorn Limestone,
and the Codell Sandstone. Two members of the overlying Niobrara Formation yield oil-the Fort Hays and
the Smoky Hill members. The fractured Niobrara strata produced significant quantities of hydrocarbons from
the Berthoud field (765 MBO and 1.85 BCFG; 4.3 MBW) and the Silo field in southeastern Wyoming (8.5
MMBO and 6.8 BCFG; 3.7 MMBW) (Petroleum Information Corp., 1998).

Figure 2 shows the locations of Niobrara gas fields. Beecher Island field (1,700 ft deep, cumulative
production 39.6 BCFG between 1974 and 1998) and Goodland field (900 ft deep) represent shallow Niobrara
biogenic gas fields in eastern Colorado and western Kansas (Figure 2). Oil production from the Niobrara is
limited to the west flank of the basin along the Colorado and Wyoming eastern mountain front (Clayton
and Swetland, 1977).



EVIDENCE FOR BASIN-CENTERED GAS

Field data supports the existence of a basin-centered hydrocarbon accumulation in the Denver basin.
Widespread hydrocarbon shows occur within the interval below the Hygiene sandstone. In the area of the
Wattenberg field, Weimer (1996) reported overpressuring from the top of the Hygiene sandstone to the top
of the Muddy sandstone (Figure 5). These depths conform to a vitrinite reflectance anomaly that Smagala et
al. (1984) plotted at and below the Terry-Hygiene boundary (Figure 6). Geothermal gradients as high as
30°F per 1,000 ft of burial-nearly double the norm for this basin—also occur in the vicinity of the
Wattenberg field (Bookout, 1980). Well data indicate that the overpressure in the Denver basin has an upper
window depth of approximately 4,500 ft. This overpressured zone eventually pinches out east of the
Wattenberg field.

Figure 2 shows biogenic gas fields exists east of the limit of thermally-mature Niobrara source rocks.
Significant underpressuring occurs in this area with reported pressure gradients as low as 0.21 psi/ft at the
Beecher Island field. Lockridge and Scholle (1978) note that Niobrara gas accumulations here are associated
with low-relief anticlinal closures; thus this area has a low potential for continuous-type accumulations.



Province, Play and
Accumulation Name:

Geologic
Characterization of
Accumulation:

KEY ACCUMULATION PARAMETERS

a. Sour celr eservoir

b. Total Organic Carbons

(TOCs)

¢. Thermal maturity

d. Oil or gas prone

e. Overall basin maturity

f. Ageand lithologies

0. Rock extent/quality

h. Potential reservoirs

i. Major traps/seals

j. Petroleum
generation/migration
models

k. Depth ranges

I. Pressure gradients

Rocky Mountain, Denver Basin, early to late Cretaceous overpressure

includes Pierre Shale through Mowry Shale. "J" (Muddy) Sandstone
(underpressured) is a probable target at base of overpressure zone.

0.3-10.6% (Sharon Springs member of Pierre); 1.3-2.4% (Mowry and Skull
Creek shales); 5.8% maximum (Smokey Hill chalk member of Niobrara)

Tmax 464 to 401° C, Ro 1.5 to Ro <0.4 (Sharon Sprigs); Tmax 433-439° C
(Mowry and Skull Creek)

both oil and gas prone, except near Fort Collins, where Pierre equivalent of
Sharon Springs is gas prone. Mowry and Skull Creek are gas prone.

considered to be among top Rocky Mtn basins in terms of maturity, along
with the Powder River and Green River.

Early to Late Cretaceous; Pierre Shale, Niobrara chalk/shale/marl, Mowry
and Skull Creek shales.

basin-wide source and reservoir-rock distribution.

Pierre Shale

Weimer's (1996) "Cooking Pot" model

Wattenberg "J" avg = 7600 ft, Hygiene = 5100 ft, Silo Niobrara = 8700 ft,
Beecher Island Niobrara = 1700 ft, Goodland Niobrara = 700 ft.
Overpressure zone terminates at approximately 4500 ft on the east side of the

basin.
In the Wattenberg field area, pressure gradients reach about 0.6 psi per ft and

fall to as low as 0.21 psi per ft in the Beecher Island field on the eastern flank
of the basin.



Production and Drilling

Characteristics:

Economic
Characteristics:

a. Important
fieldsreservoirs

b. Cumulative production

a. High inert gas content

b. Recovery

c. Pipedlineinfrastructure

d. Over maturity

e. Basin maturity

f. Sediment consolidation

g. Porosity/completion

problems

h. Permeability

i. Porosity

Wattenberg (J Sandstone), Berthoud (Niobrara Chalk), Silo (Niobrara
Chalk), Beecher Island (Niobrara Chalk)

Wattenberg-"J" Sandstone, 67 MMBO, 1.5 TCFG, 13.37 MMBW; Silo field,
8.45 MMBO, 6.8 BCFG, 3.7 MMBW:; Beecher Island, 0 BO, 39.6 BCFG,
37.9 MMBW; Berthoud field, 765 MBO, 1.86 BCFG, 4.3 MMBW.

no high inert gas content

highly variable

good

none

east flank is immature

consolidation/porosity reduction occurs with depth of burial, especially in the
Niobrara Chalk (Pollastro and Martinez, 1985)

chalks & other tight (low permeable rocks) produce where they are naturally
fractured (Berthoud)

deep basin (Wattenberg area), Niobrara chalk, approx. 0.001 to 0.01 md
(Nydegger, 1999); eastern flank (Beecher Island field), Niobrara = 1 to 6 md

deep basin (Wattenberg area), Niobrara chalk = 6.3%; eastern flank (Beecher
Island area), Niobrara chalk = 39-42%
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GEOLOGIC SETTING

The Great Basin is part of the Basin and Range geologic province, which makes up most of Nevada. Figure |
shows the grabens (valleys) in the province. The state has undergone complex geological and structural development.
At least four major orogenies affected the area prior to the initiation of Basin and Range extension during the
Miocene (Montgomery, 1988). Uplift during the Antler orogeny (Late Devonian to Early Mississippian) created a
north-south trending barrier, isolating a foreland basin to the east. Next, the Sonoma Orogeny (Late Permian through
Early Triassic) emplaced the Golconda Allochthon in central Nevada. The Jurassic Nevadan Orogeny involved
thrusting and folding in the central part of the state and ended the marine sedimentation. The Sevier/Laramide episode
(Late Jurassic through the Eocene) resulted in extensive volcanism throughout much of western and central portion
Nevada, and creation of the Rocky Mountain Thrust Belt. Another period of extensive volcanism began in the
Oligocene.

During the Paleozoic era and ending in the Permian, up to 50,000 feet of shallow water carbonate and clastic
rocks were deposited (Peterson, 1988). From the Cretaceous through the Eocene, large lakes formed in the Black
Rock Desert area and in the Carson Sink (Figure 1) and organic-rich rocks were deposited, including the Sheep Pass
Formation (Late Cretaceous—Eocene), the Newark Canyon Formation (Late Cretaceous), and the Elko Formation
(Eocene—-Oligocene). In southeast and northwest Nevada, large lakes formed during Miocene and Pliocene time
(Barker, 1996; Hastings, 1979). These lakes contain organic rich source rocks. Figure 2 shows stratigraphic columns
for two areas in eastern Nevada.

Crustal extension began in the Miocene, forming characteristic Basin and Range structures: alternating horsts
and grabens (Peterson, 1988). Extensional faulting continues to the present. Block faulting broke up the Sheep Pass,
Newark Canyon and Elko Basins. Their lacustrine and clastic fluvial deposits subsided into deep grabens. Figure 3
shows a cross section across Railroad Valley in east-central Nevada. Several present day valleys contain over 10,000
feet of late Tertiary and Pleistocene fluvial, lacustrine and volcanic valley fill (Peterson, 1988). These Tertiary
lacustrine deposits provided the source rock for several oil fields in Nevada. The Sheep Pass Formation provided both
source and reservoir strata for Eagle Springs Field and source rocks for Trap Springs Fields in Railroad Valley
(Figure 2).

HYDROCARBON PRODUCTION

There are 12 producing oil fields in Nevada at present. Reservoirs include the Garrett Ranch Volcanics, which
produce at Trap Springs Field, and the Sheep Pass Formation, which produces at Eagle Springs Field. Most
exploration has been along the faulted valley margins.

All deep Tertiary basins will probably have at least one good source rock either in the basin, or subcropping
against the basin fill. Barker (1996) states that Tertiary lacustrine shales and marls from six wells in the Carson Sink
have a TOC range from 0.1 to 3.0%. The rocks have a hydrogen index over 400 mg/gram organic carbon and are oil
prone. There is unusually high heat flow in the area. Strata buried only 3,300 to 6.600 ft deep during the Pliocene
may now be in the oil generation window.



EVIDENCE FOR BASIN-CENTERED GAS

Gas shows have occurred in many exploration wells, indicating some of these basins have generated gas. Deep
source rocks in the grabens probably lie on the gas-only generation window, because of high geothermal gradients.

The Tertiary Sheep Pass, Newark Canyon and Elko Formations are considered the most prospective for
hydrocarbon generation, migration and trapping (Figure 2). There are other hydrocarbon source rocks in Nevada,
including the Mississippian Chainman Shale, which in Railroad Valley is a partial source for the Eagle Springs
Field and the main source for the Grant Canyon Field. These pre-Tertiary source rocks may have helped charge
possible basin-centered gas accumulations within the Tertiary graben valley fill.

Regional gravity data show several basins that contain thick Tertiary fill. The valley fill is less dense than the
older Paleozoic and Mesozoic strata that crop out in the bordering mountain ranges and form the basement in the
grabens. Jachens and Moring (1990) published gravity maps that show the thickness of Tertiary strata. Figure 4
shows areas with pronounced residual gravity minima that may indicate thick Tertiary strata.

Several valleys in east-central Nevada have anomalously low gravity (Jachens and Moring, 1990). Tertiary
lacustrine valleys are the most prospective for basin-centered gas. Their basin configurations are better known from
seismic data than are other Basin and Range valleys. Some valleys fall within a gravity low, but are not in eastern
Nevada and so remain speculative for basin-centered gas.

The Carson Sink in Western Nevada does not fall within a gravity low, but seismic data indicates 11,000 ft of
Tertiary fill, including organic-rich lacustrine source rocks (Barker, 1996), and several exploration wells have gas
shows.



KEY ACCUMULATION PARAMETERS

Province, Play and
Accumulation Name:

Geologic
Characterization of
Accumulation:

a. Sour celr eservoir

Basin and Range Province; Cenozoic Speculative Basin Centered Gas
Accumulation

Organic-rich Tertiary lacustrine shales: Sheep Pass Fm (Paleocene-Eocene),
Elko Fm (Paleocene), and Neward Canyon Fm (Cretaceous); several
Paleozoic source rocks may also contribute hydrocarbons to this play

(Peterson, 1988): Chainman Shale (Mississippian), Pilot Shale (Upper Dev. -
Lower Miss.), Carbon Ridge Fm (Permian); Webb Fm (Miss.), Woodruff Fm
(Devonian), Slaven Chert (Devonian), and Vinini Fm (Ordovician)

All deep Tertiary basins will probably have at least one good source rock
either in the basin, or subcropping against the basin fill. Barker (1996) states
that Tertiary lacustrine shales and marls from 6 wells in the Carson

Sink have a TOC range from 0.1 — 3.0%. The rocks have a hydrogen index
over 400 mg/gram organic Carbon and are oil prone. There is unusually high
heat flow in the area. Strata buried only 1 to 2 km deep during the

Pliocene may now be in the oil generation window.

b. Total Organic Carbons Poole and Claypool (1984) report the following TOC values:

(TOCy)
Source System or Series Total Organic Carbon

(TOC) (%)

Sheep Pass Fm...........c..cooo. Paleocene - Eocene................ ........ 3 -4 avg, to 9.5 max

ElkoFm ..............oo Eocene - Oligocene (?)........... wcoee. 33.5 - 38.8 (oil shale)

Newark Canyon Fm....................... Cretaceous. .. oeuveeneineeieiieen e to 5.66

Chainman Shale ............................ Mississippian..........cecuveeueenn veveene 2.3 - 3.84 avg, to 10.6 max

Pilot Shale ..........cooiiiiiiiii, Upper Dev. - Lower Miss. ...... ........

Carbon Ridge Fm ..................o.... Permian...........coooiiiiiiiiins s

Webb Fm.....oooooviiiiii Mississippian..........cecveeueinn weneene to 6.12

Woodruff Fm........cooooviiiiinnii, Devonian..........c.ceeuveeiiiiiiiins e 5.7 avg to 13.9 max

Slaven Chert..........ccceeevuiviinnennnnee. Devonian..........cocoeuveeiiiieiiins e

Vinini Fm ... Ordovician............ccceveevnneiinn e 1-25

Carson SinK.......cooceviiiiiniiineinneenn. Tertiary.....cooeeuvieieiiiiieieins e 0.1-3

¢. Thermal maturity

d. Oil or gas prone

The discovery of 12 producing oil and gas fields in Nevada, indicates that
there are source rocks at depth which have generated hydrocarbons. In
Railroad Valley, Poole and Claypool (1984) interpret thermally mature

conditions below 6,800 feet — extending from Eocene Sheep Pass Fm
downward into the Mississippian Chainman Shale.

Most exploration has been along the faulted valley margins. These areas
have produced primarily oil. No drilling has been attempted to evaluate into
the deepest parts of these Tertiary Basins, which may be gas prone, because

of higher temperatures. The oil prone source rocks (Sheep Pass, Chainman
Shale) may be buried within the dry gas window. Previously generated oil
may be cracked into gas, creating possible basin-centered accumulations.



e. Overall basin maturity

f.

Production and Drilling
Characteristics:

a.

b
Economic
Characteristics:

a

b

c

Ageand lithologies

. Rock extent/quality

. Potential reservoirs

.Major traps/seals

. Petroleum

generation/migration
models

. Depth ranges

. Pressure gradients

Important
fields/reservoirs

. Cumulative production

. High inert gas content

. Recovery

. Pipdlineinfrastructure

Although there are presently 12 producing oil fields in Nevada, the state is
still a high-risk, under-drilled immature exploration area.

In the Railroad and White River Valley areas, the most likely exploration
targets are the Garrett Ranch Volcanics, which produce at Trap Springs
Field, and the Sheep Pass Fm. (Paleocene — Eocene) which produces at Eagle

Springs Field. Paleozoic formations which subcrop against the Tertiary
formations may provide additional reservoirs.

Garrett Ranch Volcanics, Sheep Pass Formation

Traps may be of all types: structural, stratigraphic, or a combination of both.
For a Basin Centered Gas accumulation, the trap/reservoir may cross
formation boundaries.

The Tissot and Welte “Cooking Pot” model, where generated hydrocarbons
are expelled into surrounding reservoir rocks (Tissot and Welte, 1984).

Depth will vary, because hydrocarbon generation depends on both time and
temperature. Subsurface temperatures where high will positively influence
hydrocarbon generation in some areas. Variability of temperature and source

rock richness will make predicting depth and location difficult.

Eagle Springs Field has a “normal” pressure gradient of 0.4347 psi/ft (Bortz
and Murray, 1979)

Eagle Springs, Trap Springs, Grant Canyon, and Blackburn Fields. Only
Grant Canyon Field has no production from a Tertiary reservoir.

possible, but unknown

unknown

There are no gas pipelines through the Eastern play area. A 16-inch natural
gas pipeline enters Nevada just east of the Oregon border end runs southwest
through Winnemucca and then along Interstate Highway I-80, through the

northern part of the Carson Sink Basin to Reno. The pipeline continues
through Carson City, then exits Nevada into California. An 8-inch trunk line
runs east to Elko from Winnemucca, and a second 8-inch trunk line runs east

east from north of Reno, along Highway US 50 to Frenchman.



d. Over maturity

e. Basin maturity

f. Sediment consolidation

0. Porosity/completion

problems

h. Permeability

i. Porosity

Overmature source rocks are most likely to be a problem in the deepest parts
of this play which may require a Paleozoic source rock. For Eagle Springs
Field, the initial BHT (Bottom Hole Temperature) was 200° F (93° C), at

6400 feet. The temperature gradient is 20 deg/1000 ft for the depth interval
6000 — 10,000 ft (Bortz and Murray, 1979). The Carson Sink has a
geothermal gradient of 25 deg/ 1000 ft (Hastings, 1979).

Immature source rocks may be a problem only in the shallower basins which
have not achieved deep enough burial to begin generation.

Unknown, but poor consolidation has not been a serious problem in wells
drilled through the Tertiary section.

Unknown, low porosity and fracture production are expected in this play,
both of which may cause drilling and completion problems.

pre-Knox=3.5 to 22% (Innerkip field, Ontario)
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GEOLOGIC SETTING

The Late Cretaceous Austin Chalk was deposited in shallow water on the stable, gently dipping shelf of the
Gulf Basin. The limits of deposition were from the present outcrop belt to the sharp break of the shelf edge (Figure
1). The Chalk overlies the shales of the Eagle Ford formation and is unconformably overlain by the Taylor Group
(Figure 2) The dominant lithology is carbonate skeletal debris with some bands of clay, shale and organic-rich marl.
The Chalk becomes increasingly shaley basinward and grades into the shales of the underlying Eagle Ford. Thickness
increases downdip from less than 100 ft near the outcrop to over 650 ft at depths of 9,500 ft. Thickness also varies
along strike reflecting variations in the shelf. In the Maverick Basin (Rio Grande Embayment), the Chalk exceeds
1,000 ft thickness, thins at comparable depth across the San Marcos Arch, and thickens again in the East Texas
Basin.

Most structure observed in the Chalk reflects an extensional structural style related to opening of the Gulf Basin.
Locally, structure may be complex, influenced by salt flow, anticlinal growth or drape related to differential
compaction in underlying sediments.

HYDROCARBON PRODUCTION

The Austin Chalk has yielded oil and gas in both Texas and Louisiana for over 70 years. Development in Texas
occurs in a 30 mile wide band that stretches from the Rio Grande in south Texas to the Louisiana state line. Until
recently, production in Louisiana was incidental to deeper exploration.

Austin Chalk production in Louisiana had been limited to the central part of the state and was incidental to
deeper exploration. The successful application of horizontal drilling at Brookeland field in Sabine County, east
Texas, led to the first successful drilling for the Chalk in western Louisiana. At the same time, operators in existing
fields of Avoyelles Parish began to apply horizontal drilling to exploit Austin Chalk reserves.

The Chalk in Louisiana generally produces from greater depths than in Texas. At Moncrief and North Bayou
Jack fields, the Chalk produces high-GOR oil (oil ranging from 39° to 42.7° API gravity) from depths of about
14,500 ft. Farther west at Masters Creek field, the Chalk produces condensate and gas from 14,800 ft. These depths
yield dry gas at Giddings. This change in hydrocarbon charge may be related to a southeast to northwest shift in
geothermal gradient (Pollastro, 1999, personal communication). Work on the geographic distribution of geothermal
gradients in the Chalk remains incomplete, but will add substantially to understanding hydrocarbon generation
beyond the models proposed in the Texas fairway.

The Chalk produces from intraformational fractures. Consequently, most of the production is associated with
known fault zones or other structural features responsible for fracture development (Stapp, 1977). Locally, high fluid
pore pressure may have contributed to fracturing (Corbett et al., 1987). Gas expansion is the principal driving
mechanism in the reservoirs. Gas to oil ratios generally show an inverse relationship to structural position; that is,
gas rich reservoirs tend to be structurally lower while oil rich reservoirs are shallower. This reflects increased
generation of gas at greater depth (Figure 3) Reservoirs are directly related to the amount of fracturing; this prevents
extensive migration and most hydrocarbons stay near the depths at which they were generated. Thin bentonite or
shale beds limit vertical fracture growth. Different horizons are productive in different geographical areas. Upper
benches of the Chalk are productive at Pearsall field in the western area; the lowermost Bench is the pay at the
Giddings Area. Farther east at Brookeland field and in Louisiana, the clay/shale interbeds are absent and the Chalk
may be fractured for its entire height. The source for Austin Chalk reservoirs may be the underlying Eagle Ford
shales or by carbonaceous beds within the Chalk itself (Stapp, 1977; Grabowski, 1981, 1984; Ewing, 1983; Hinds
and Berg, 1990).

Fracture production is characterized by high initial rates of production as open fracture systems are drained.
Production declines are very rapid and are followed by extended periods of low volume production, as microfractures

and/or matrix permeability produce fluid to the open fractures penetrated by the wellbore.

1



EVIDENCE FOR BASIN-CENTERED GAS

The discovery of dry (non-associated) gas at the Giddings Deep field in Texas is of particular importance for
exploration for other dry gas accumulations in the Austin Chalk. The Austin Chalk has generally been regarded as an
oil play and certainly the drilling cycles of the 1970s and 1990s were driven by higher oil prices as well as technical
advances. With an abundance of conventional and non-conventional gas plays in Texas, there has been little incentive
for operators to drill the deeper, increasingly shaley Chalk in search of gas reserves, especially since the chalk was
assumed to shale out at depths suitable for gas generation. Gas/oil ratios are relatively constant within most fields
but at Giddings are known to increase about 10 fold across the field. Deep drilling was a deliberate effort to establish
gas reserves. The deeper drilling also identified chalk lithology at greater depths than had previously been expected
(Pollastro, 1999, personal communication).

The Austin Chalk apparently can produce commercial gas at Giddings field in Texas. Local drilling at Giddings
has extended the Chalk play downdip past its previously assumed limits. The extension of Chalk exploration into
Louisiana has identified areas of gas and condensate production. Areas including east Texas, and western and southern
Louisiana may be the best area for future gas development. Potential exists for westward extension of the play
downdip of the oil producing trend. The presence of clean chalk beyond its currently assumed limits at the Cretaceous
shelf edge will be a determining factor. Also necessary are fracturing mechanisms to produce reservoirs. The presence
of source beds within the Chalk and the underlying Eagle Ford shale insure gas generation at sufficient depth and
temperature. Salt flow, regional dip change, and faulting associated with flexure of the Cretaceous shelf edge could
all contribute to fracture development.

1) The Austin Chalk and the underlying Eagle Ford shale are sufficiently mature for gas and gas-condensate
generation throughout the known extent of the play. The Chalk appears to be gas-prone at shallower depths
in the western portion of the play in Texas.

2) Clean, brittle chalk suitable for fracturing is present at depths of gas generation in east Texas and eastward
into Louisiana. The downdip limits at which the chalk grades to shale in this area are not yet fully
established.

3) Fractures within the Chalk constitute the reservoir; therefore, reservoirs become limited to areas of
fracturing. In this respect the Austin Chalk differs from a typical continuous gas accumulation. Although
gas may be present in the chalk matrix, fracture permeability is necessary for production. Thus, the extent
of fracturing will restrict formation of gas-producing reservoirs. Salt flow, faulting, differential compaction,
and other structural or stratigraphic events can create fracturing throughout the known extent of the play.
Fracture trends may be identified regionally, but fracturing suitable for reservoir development will be limited
locally.

4) Temperatures in the deep Chalk play reach 350 °F at Giddings field in Texas. The geothermal gradient
apparently changes in Louisiana from northwest to southeast and appears to match the shift from gas-prone
reservoirs to high-GOR oil reservoirs. The nature and extent of this change is not understood. A better
understanding of this phenomenon might help identify gas-prone Austin Chalk in the eastern part of the

play.

5) The only significant water production in the deep Chalk play is at Masters Creek field in Louisiana, where
the Chalk is in fracture communication with the underlying geopressured Eagle Ford Formation.



Province, Play and
Accumulation Name:

Geologic
Characterization of
Accumulation:

KEY ACCUMULATION PARAMETERS

a. Source/reservoir
b. Total Organic Carbons

(TOCs)

¢. Thermal maturity

d. Oil or gas prone

e. Overall basin maturity

f. Ageand lithologies

g. Rock extent/quality

h. Potential reservoirs

i. Major traps/seals

j. Petroleum
generation/migration
models

k. Depth ranges

|. Pressure gradients

West Gulf Coast, Texas and Louisiana, Deep Austin Chalk (Cretaceous)

underlying Eagle Ford shale and self-sourced from interbedded organic
material (Grabowski, 1981, 1984; Stapp, 1977); intraformational fractures
are the reservoir (Stapp, 1977; Corbett et al., 1987)

Eagle Ford = 1.5-8% (Montgomery, 1990); Austin Chalk = 0.3-2.5%
(Grabowski, 1981)

thermal alteration index ranges from 1+, 2 at 2000 ft to 3-, 3 at 9000 ft.
Ratios of Extractable Organic Matter (EOM) to Total Organic Content
(TOC) range from less than 10% in the immature zone to 45% in the oil

generation zone. Ratios decrease with greater depth reflecting the expulsion
of generated hydrocarbons (Grabowski, 1981, 1984; Ewing, 1983; Hinds and
Berg, 1990). Temperature gradient changes from south-central Louisiana to

the Louisiana - Texas state line suggest lower temperatures to east and higher
temperatures to west (Pollastro, 1999, personal communication)

oil and gas productive from south Texas to central Louisiana; non-associated
gas produced in the deep Giddings area below 10,000 ft.

Gulf Coast Basin normally mature regionally

Late Cretaceous, coccolith- and formanifera-rich chalk with thin interbedded
shales and bentonites

extends from Maverick Basin of south Texas to central Louisiana; rock
quality varies locally from east to west, but chalk grades to shale basinward
(Stapp, 1977; Montgomery 1995)

interbedded shale and bentonite beds terminate vertical fracture
development; fracture development occurs in areas of extensional or
halokinetic (salt flow) faulting, or structural drape over underlying sediments

thermogenic generation related to depth of burial (Ewing, 1983; Hinds and
Berg, 1990; Grabowski, 1981, 1984); limited migration due to fracture
compartmentalization

oil and gas productive at depths of 6000 ft to 14,000; dry gas productive at
10,000 to 14,000+ ft at Giddings field



Production and Drilling

Characteristics:

Economic
Characteristics:

a. Important
fieldsreservoirs

b. Cumulative production

a. High inert gas content

b. Recovery

c. Pipedlineinfrastructure

d. Over maturity

e. Basin maturity

f. Sediment consolidation

g. Porosity/completion
problems

h. Permeability

i. Porosity

Giddings, Giddings Deep, Pearsall, Masters Creek, Brookeland, Moncrief

Giddings (all)--2.8 TCFG, 414,800,000 BO; Pearsall--92 BCFG,
142,000,000 BO; Masters Creek 17 BCFG, 4,630,000 BO; Moncrief 5.4
BCFG, 447,000 BO

up to 6.5% CO2 and unspecified amount of H2S at Giddings Deep (Moritis,
1995)

highly variable recoveries typical of fractured reservoirs

good to excellent for most of play; fair in west-central Louisiana

uncertain due to lack of deeper drilling in the Giddings Deep area

the Chalk itself is generally immature above 6000 ft; the underlying Eagle
Ford is also immature at shallower depths

consolidation/porosity reduction occur with depth of burial

high temperatures (350°)at Giddings Deep, require special mud systems and
“hostile environment” downhole tools. Plugging of the fracture systems by
drilling mud is a particular problem in Louisiana. Unlined laterals are more

likely to collapse at the gas prone depths, (>10,000 ft) than in the shallower
(6000-9000 ft) oil play. The underlying Eagle Ford shales are known to be
geopressured in portions of the Louisiana play; fracture communication with

the geopressured zones creates drilling hazards and increases water
production. Greater weight of overburden may result in more rapid closure
of fractures with withdrawal of fluid.
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GEOLOGIC SETTING

The Eagle Ford Formation was deposited on the gently sloping shelf of the Gulf Coast. The formation
unconformably overlies the Woodbine Group, which includes the Woodbine sands of east Texas and southwest
Louisiana, the Tuscaloosa sands of central Louisiana, and the Buda limestone of Texas. The Austin Chalk
unconformably overlies the Eagle Ford (Figure 1). The lower Eagle Ford is a transgressive unit composed of dark
shales, while the upper unit is a highstand/regressive facies with thin limestones, shales, siltstones, and bentonites,
and thin dolomites locally (Dawson et al., 1993; Stapp, 1977). Regionally, the formation ranges in thickness from a
feather edge in Arkansas to 100-150 ft across much of Texas and Louisiana. In response to underlying structure, the
formation thickens to 300 to 400 ft in the South Louisiana Salt Basin. Maximum thickness is about 800 ft in the
East Texas Basin. Deposition occurred from the current outcrop band downdip to beyond the Cretaceous shelf margin
(Figure 2). Dark shales in the upper Eagle Ford are absent in parts of east Texas, with the Austin Chalk overlying
fine grained clastics mapped as Woodbine. Montgomery (1995) suggests this “missing” Eagle Ford may be due to
changes in local terminology, but also states that the literature does not formally recognize this distinction.

Structure in the Eagle Ford generally reflects down to the basin extensional faulting, but locally, salt flow,
anticlinal growth, or differential compaction in the underlying Woodbine/Tuscaloosa may also influence structure .

HYDROCARBON PRODUCTION

Production from the Eagle Ford is difficult to verify. Stapp (1977) noted completions of oil wells in the
formation in Frio County, Texas (presumably in the Pearsall field area), but since these were in conjunction with
Austin and/or Buda completions, there are no separate records of Eagle Ford production. Stapp further stated that the
formation itself could not be considered a primary target because of its thinness and lack of permeability. More
recently, Dawson (1997) found that low matrix permeabilities and low volumetric parameters of the formation
preclude reservoir potential. The ductility of the shale interval hinders development of fractured reservoirs found in
the more brittle overlying Austin Chalk and underlying Buda limestones, although carbonate and siliclastic beds in
the upper interval may fracture.

Values of total organic content (TOC) in the Eagle Ford range from 1.0 to almost 10.0 %wt and thus suggest a
high quality source rock. Formation samples yield total hydrocarbon generation potential (THGP) values from about
1 to over 50 mg HC/g rock. Plots of Hydrogen Index versus Oxygen Index suggest the Eagle Ford contains both
type II and type III kerogens and is prone to both oil and gas generation (Robison, 1997). Maturation studies on
Eagle Ford samples indicate onset of hydrocarbon generation at 7,500 ft original depth (Noble et al., 1997),
matching the variation in maturity from deeper oil-prone Louisiana fields to shallower gas-prone fields in Texas.
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