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Introduction

By Thaddeus S. Dyman and Vello A. Kuuskraa'

In 1995, the U.S. Geological Survey estimated a mean
resource of 114 trillion cubic feet of undiscovered technically
recoverable natural gas in plays deeper than 15,000 feet (4,572
m) in onshore regions of the United States (Dyman and others,
1996). This estimated resource represents nearly 20 percent of
the total undiscovered conventional and continuous-type (uncon-
ventional) natural gas resources of the onshore United States
based on the U.S. Geological Survey 1995 National Petroleum
Assessment (U.S. Geological Survey National Oil and Gas
Assessment Team, 1995). Because these deep resources are
widespread and occur in diverse geologic environments, they
deserve special attention.

Efficiently finding and developing these deep undiscovered
natural gas resources depend on improving our knowledge of the
geology and reservoir characteristics of deep sedimentary
basins, continued advances in exploration, drilling, and comple-
tion technologies, and improved economics. During the 1990’s,
deep natural gas exploration and development were strongly
influenced both by advances in technology and by lower unit
costs. This progress in technology and costs helped spur the
development of frontier plays such as the deep Norphlet Play in
the eastern Gulf Coast basin, the low-permeability deep Creta-
ceous plays of the Green River basin, and the deep Madison Play
on Madden anticline in the Wind River basin. The importance of
continued technology progress was amplified by Reeves and oth-
ers (1998) when they identified current barriers to deep gas
development. They suggested the need to reduce well costs
through improving drilling practices, reducing dry-hole rates
with more focused exploration technologies, optimizing comple-
tion practices, and developing new technologies to better process
sour gas.

In 1997, the U.S. Geological Survey published Bulletin
2146, comprising 12 chapters dealing with geologic, geochemi-
cal, and assessment issues related to deep gas resources (Dyman
and others, 1997). A primary goal of that bulletin was to provide
geology-based information that might aid in future improve-
ments to technology for deep gas exploration and development.
Chapters of this report represent a continuation of that work
funded by the U.S. Geological Survey, Denver, Colo. The cur-
rent work is funded by the U.S. Department of Energy, National
Energy Technology Laboratory, Morgantown, W. Va. (contract

1Advanced Resources International, 1110 N. Glebe Rd., Suite 600, Arlington,
VA 22201.

No. DE-AT26-98FT40032), and Gas Technology Institute (for-
merly Gas Research Institute (GRI)), Chicago, Ill. (contract No.
5094-210-3366 through a Cooperative Research and Develop-
ment Agreement with Advanced Resources International,
Arlington, Va.). Two GRI-sponsored deep gas workshops were
held in 1998 (Oil and Gas Journal, 1998). These workshops pro-
vided an opportunity for industry participants to discuss the
improved economic outlook for deep drilling, present case stud-
ies of deep exploration and development in key deep gas regions,
outline how new technologies are being used to better define
deep drilling opportunities, and introduce new deep gas resource
assessments.

Chapters in the present report summarize major conclu-
sions of this ongoing work. Chapters B and C address the areal
extent of drilling and the distribution of deep basins. Chapter B
provides an update of deep drilling in the U.S. during the 1990’s,
and Chapter C summarizes the distribution of deep sedimentary
basins and the potential for deep gas in the Former Soviet Union.

Chapters D and E are geochemical papers addressing
source-rock issues and deep gas generation. Chapter D presents
gas generation kinetic models based on laboratory pyrolysis
methods and examines them for hypothetical basin scenarios
based on end-member heating rates of 1° and 10°C/m.y. Chap-
ter E presents gas:oil ratios (GOR) from hydrous-pyrolysis
experiments conducted on immature source rocks and summa-
rizes how they are affected by kerogen type. The quantity of
expelled oil and the gas generated during hydrous pyrolysis
allows for the calculation of GOR’s for a particular source rock
at hydrous-pyrolysis temperatures representing different stages
of oil generation.

Chapters F and G discuss assessment issues related to deep
gas. In Chapter F, a probabilistic method is developed for subdi-
viding gas resources into depth slices. This is important for deep
natural gas assessments because gas plays often range across
many depth intervals, and estimating the amount of gas in each
interval aids in both geologic and economic analysis of the play
and province. In Chapter G, the relative uncertainty of estimates
of deep gas in plays in the Gulf Coast region is analyzed. More
than 60 plays in the Western Gulf and Louisiana-Mississippi Salt
Basins provinces are compared and analyzed for their condi-
tional uncertainty.

Chapter H evaluates the mechanism of hydrogenation of
deep, high-rank spent kerogen by water, with subsequent
generation of methane-rich HC gas.
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Summary of Deep Oil and Gas Wells in
the United States Through 1998

By Thaddeus S. Dyman and Troy A. Cook

Introduction

In 1990, the U.S. Geological Survey summarized the geo-
logic and production characteristics of deep wells and reservoirs
in the United States (wells drilled more than 15,000 feet—4,572
m or deeper) based on data compilations from published com-
puter files (Dyman and others, 1990; 1993). In those reports,
tables were compiled on deep wells from Petroleum Information
(PI) Corporation’s Well History Control System (WHCS) avail-
able through 1988 (Petroleum Information Corp., 1988).
WHCS contains location, identification, and geologic and engi-
neering data on more than 2 million wells drilled in the U.S.
The WHCS file (now referred to as PI-Dwights WHCS files;
IHS Energy Group, 1998) is currently available to the U.S. Geo-
logical Survey under contract with IHS Energy Group, Denver,
Colo. In the reports by Dyman and others, well summaries
included the distribution of (1) the 10 deepest wells drilled in the
U.S., (2) deep wells in the U.S. based on depth interval and final
well classification, (3) deep producing wells based on final com-
pletion classification, (4) deep producing wells by region, and
(5) deep producing wells by depth interval and decade of com-
pletion. The purpose of these reports was to summarize deep
drilling in the U.S. in order to develop a better understanding of
the distribution of deep wells and reservoirs, to define geologic
and engineering factors associated with deep drilling, and to
more precisely assess deep natural gas resources.

During the 1990’s, deep drilling has continued in the U.S.
at a robust pace, and technologic advancements have played an
important role in the development of new deep gas plays. Deep
drilling frontiers that seemed economically prohibitive in past
decades have been reached thanks to technologic advances in
the 1990’s. The purpose of this report is to update the data sum-
maries of Dyman and others (1990; 1993) based on well infor-
mation through 1998 (PI-Dwights WHCS data from IHS Energy
Group through 1998) and to compare deep drilling activity dur-
ing the 1990’s with deep drilling activity of previous decades.

Data Analysis

The December 1998 version of PI-Dwights WHCS
includes a subset of wells drilled deeper than 15,000 feet (4,572
m) that contains 20,715 wells, of which 11,522 are classed as
producing gas and (or) oil. This figure is up from 16,650 total
wells in 1988, an increase of 4,065 wells or a 24 percent
increase in the 1990’s decade. Of the 11,522 producing wells,
5,119 have a formation reported at total depth that is the same as

the first producing formation reported. Wells may contain more
than one producing formation, but only the first producing for-
mation listed in the file was recognized for this study. These
5,119 wells, although a minimum number, form a subset of
wells actually producing gas or oil below 15,000 feet (4,572 m).
The remaining 6,403 producing wells of the original 11,522
producing wells produce from a formation other than the forma-
tion at total depth (above or below 15,000 feet—4,572 m) or
have no producing formation reported. Some of these 6,403
wells may be producing oil or gas below 15,000 feet (4,572 m),
but they were not considered for this report. The following dis-
cussion is based solely on observations from PI-Dwights WHCS
and does not take into account oil and gas wells that are not in
these data files. The inclusion of non-WHCS wells could affect
the results reached in this report.

Deepest Wells in the U.S.

Dyman and others (1990; 1993, table 1) identified the 10
deepest wells in the U.S. through 1985 regardless of completion
classification. In order to more fully represent the distribution
of these and other ultra deep wells, we have selected and sum-
marized wells drilled to depths exceeding 25,000 feet (7,620 m)
throughout the U.S. (table 1). The deepest well drilled in the
U.S. still remains the Lone Star No. 1 Bertha Rogers, which was
completed in 1974 in the Ordovician Arbuckle Formation as a
wildcat well to a depth of 31,441 feet (9,583 m) in Beckham
County, OKkla., in the Anadarko basin. Fifty-one other wells
have been drilled below 25,000 feet (7,620 m) in eight regions
of the U.S. Despite the record-setting Bertha Rogers and other
deep wells in the Anadarko basin, the Permian basin currently
holds the record for the number of ultra deep wells based on
data from PI-Dwights WHCS (table 1) with 21 wells, of which
10 were completed as gas wells. The Anadarko basin ranks sec-
ond with 19 ultra deep wells of which 12 were completed as gas
wells. For the U.S. as a whole, 27 of these 52 ultra deep wells
were completed as gas or oil wells (producing at any depth), and
based on a set of 48 ultra deep dry holes (after subtracting four
abandoned, suspended, or injection wells from the original 52
ultra deep wells), a historic success ratio of more than 50 per-
cent has been achieved. Exxon holds the record as operator for
the largest number of ultra deep wells in the U.S. with 12; ten of
these wells were drilled in the Permian basin.

Twenty-six of the 52 ultra deep wells reported a producing
formation. Of these, six wells were reported as producing from
the Ordovician Ellenburger Formation of the Permian basin, six

1
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Table 1. Summary data for wells drilled deeper than 25,000 feet by province/basin in the U.S.

[Con., Concepts; OK, Oklahoma; no., number; Inj., injection; prod., producing; Off., Offshore; TD, total depth of well; —, no data; GHK and LLE are company names]

Basin/province No. wells by Dominant rock Important Representative Wildcat Deepest Operators Completion
completion units at TD prod. unit fields wells wells (ft) (no. wells) (no. wells)
(gas-oil-dry) (no. wells) (no. wells) (no. wells)
Anadarko 12-0-7 Hunton (4) Hunton (5) Mayfield (7) 3 (dry) 31,441 GHK (3) 1970°s (7)
Arbuckle (3) Morrow (2) Mills Ranch (3) 30,050 Chevron (3) 1980’s (8)
Sylvan (6) Springer (1) Elk City (2) Exxon (2) 1990’s (4)
Arbuckle (1) Mesa (2)
Atoka (1) Union (2)
Arkansas/N. Louisiana 0-0-1 Cotton Valley (1) — — 1 (dry) 25,015 SOHIO (1) 1980’s (1)
Chautauqua Platform 0-0-1 — — Adair (1-Inj.) — 30,835 Econ Con. (1)  1970’s (1)
Permian 10-4-7 Ellenburger (15) Ellenburger (6) McComb (5) 4 (dry) 29,670 Exxon (10) Pre 1970’s (2)
Granite (2) Permian (5) 1970’s (3)
Leonardian (2) 1980’s (12)
Wolfcampian (3) 1990’s (4)
Florida-Atlantic Off. 0-0-4 Pliocene (4) — Garden Banks 1 (dry) 28,600 Shell (2) 1990’s (4)
Block (3) Amerada (1)
Conoco (1)
Gulf Coast 1-0-3 Cotton Valley (1) Cotton Valley (1) Bogalusa (1) 3 (dry) 25,703 Placid (2) 1970’s (3)
Smackover (1) Martin (1) 1980’s (1)
Tuscaloosa (1) LLE (1)
Green River Basin 0-0-1 Mississippian (1) — — 1 (dry) 25,764 Williams (1) 1980’s (1)
S. OK Foldbelt 0-0-1 Arbuckle (1) — — 1 (dry) 25,726 Getty (1) 1980’s (1)

4 Data taken from PI-Dwights WHCS file updated through December, 1998 (IHS Energy Group, 1998).



wells were reported as producing from Permian reservoirs of the
Permian basin (three in the Wolfcampian, two in the Leonardian,
and one in the Guadalupian), and five wells were reported as
producing from the Hunton Group of the Anadarko basin.

Total Deep Wells by Completion Classification

Table 2 summarizes the final well classification by depth
interval for all 20,715 wells in the PI-Dwights WHCS database
drilled 15,000 feet (4,572 m) or deeper. Depths in table 2 are
total well depths, and production may be at any depth, above or
below 15,000 feet (4,572 m). Gas wells account for nearly 75
percent of producing wells with total depths below 15,000 feet
(4,572 m). More gas wells (8,600) occur than dry holes (8,414),
although Dyman and others (1990; 1993) reported more dry
holes (7,090) than gas wells (6,347) based on 1988 WHCS data.
Gas wells (8,600) are three times more abundant than oil wells
(2,829). Of the 20,715 deep wells drilled, 1,676 wells have total
depths exceeding 20,000 feet (6,096 m). This figure represents
an increase of 234 wells since 1988 when 1,442 wells exceeded
20,000 feet (6,096 m). Of these 1,676 wells, 974 are producing
wells, of which 847 (87 percent of producing wells) are produc-
ing gas at any depth. This is up slightly from 86 percent based
on 1988 data (Dyman and others, 1990; 1993). The ratio of gas
producing wells to total producing wells increases with increas-
ing total depth of well.

Deep Producing Wells by Final Well Classification

Table 3 summarizes the final well classification by depth
interval for 5,119 wells in the PI-Dwights WHCS file that pro-
duce oil or gas from the formation encountered at total depth.
These 5,119 wells represent a 42 percent increase based on 1988
data, when 2,981 wells were reported by Dyman and others
(1990; 1993) as producing from the formation at total depth.
Based on data through 1998, gas wells continue to outnumber
oil wells for every depth interval. The percent of gas wells to
total producing wells ranges from 73 percent in the 15,000 to
16,000 foot interval (4,572 to 4,877 m interval) to 100 percent in
both the 25,000 to 26,000 foot interval (7,620 to 7,925 m inter-
val) and the 26,000 to 27,000 foot interval (7,925 to 8,230 m
interval). For all depths together, gas wells make up nearly 78
percent of the deep wells producing from formations encoun-
tered at total depth. This is the same percent reported by Dyman
and others (1990; 1993) for deep well data through 1988.

Deep Producing Wells by Petroleum Region

Table 4 summarizes deep producing wells from PI-Dwights
WHCS by depth interval and geographic region. Of the six
regions with deep productive wells, the onshore Gulf Coast
region includes the greatest number of deep producing wells
(2,496). This represents an increase of 601 wells from 1988
data when 1,895 deep producing wells were reported for the
Gulf Coast. The Rocky Mountain region includes 298 deep

producing wells, up from 265 in 1988. The U.S. Federal
Offshore region includes 1,097 deep producing wells. For most
depth intervals below 15,000 feet (4,572 m), gas producing
wells form the majority of deep producers. For all depths
together, the Rocky Mountain and California-Alaska regions
have the smallest percentage (34 and 8 percent respectively) of
deep gas wells to total producing wells. Deep oil production in
some Rocky Mountain basins such as the Powder River and
Uinta basins is an important factor in the regional resource base.
The deepest oil producing wells in California are in Ventura field
in the Ventura basin and Yowlumne field in the San Joaquin
basin. Production ranges in depth from 15,000 to 22,000 feet
(4,572 t0 6,706 m). The deepest producing wells in the Rocky
Mountain region are gas producers in the Wind River basin at
Madden field in north-central Wyoming.

The deepest gas producing wells in the Gulf Coast onshore
region are in Smackover, Norphlet, and Tuscaloosa reservoirs at
fields such as Chunchula in southern Alabama (about 18,000
feet), False River in southern Louisiana (about 19,000-21,000
feet—5,791-6,401 m), and Thomasville in southern Mississippi
(about 20,000-21,000 feet—6,096—-6,401 m). The deepest gas
well currently reported by PI-Dwights WHCS in the Gulf Coast
onshore region is from a Cotton Valley Formation well at Boga-
lusa field in southern Louisiana at a depth of 25,415 feet (7,746
m). The deepest offshore gas wells are located in Mobile Blocks
8 and 9 and produce gas from Smackover, Norphlet, and Pleis-
tocene(?) reservoirs at depths ranging from about 15,000 to
22,000 feet. Only eastern U.S. basins including the Appalachian
and Michigan basins are not represented in table 4.

Deep Producing Wells by Decade of Completion

Table 5 contains well summaries from PI-Dwights WHCS
data files illustrating deep producing wells for year of comple-
tion, in 10-year increments by depth. The 1960’s decade was
the first to show significant deep production (125 deep produc-
ing wells were completed). Only eight deep producing wells
were completed prior to 1960. Deep producing well comple-
tions subsequently peaked in the deep drilling boom of the early
1980’s (1,650 deep producing completions). For all years
together, nearly 90 percent of the wells that are classed as pro-
ducers below 20,000 feet (6,096 m) are gas producers. For each
decade through the 1980’s, the ratio of deep gas producing wells
to total producing wells increased with depth to a peak of 83
percent in the 1980’s. During the 1990’s, an increase in the
number of completed oil producing wells resulted in a decrease
in the ratio to 75 percent.

The decade of the 1980’s had the greatest number of ultra
deep completions (>25,000 feet—7,620 m deep) for all regions
with 24, but all of these wells were completed during 1980—
1985 before the industry downturn of the late 1980’s.

Summary

Deep wells are widely distributed throughout many basins
in the U.S. Twenty thousand seven hundred fifteen wells have

Summary of Deep 0il and Gas Wells in the United States Through 1998 3
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Table 2. Total deep wells by depth interval for U.S. based on final completion classification?®

[Dry, dry holes; Oil, oil producing wells; Gas, gas producing wells; Mul, wells producing from multiple horizons, either oil or gas; Oil-gas, oil and gas producing wells; Prod. total, total pro-
ducing wells; Prod. gas, wells from gas and multiple gas columns together]

Final well classification

Producing wells

Total prod. wells/

Total gas wells/

0il Gas 0il- Total Prod. Prod. total wells (%) total prod. wells

Depthb Misc® Dry 0Oil Gas mul mul Gas wells total? gas (%)

15-16 270 3,072 1,249 2,905 140 171 49 7,856 4,514 3,076 57 68
16-17 203 2,199 621 1,952 69 119 21 5,184 2,782 2,071 54 74
17-18 125 1,279 354 1,302 26 61 5 3,152 1,748 1,363 55 78
18-19 72 832 176 768 5 21 4 1,878 974 789 52 81
19-20 43 396 72 426 2 29 1 969 530 455 55 86
20-21 24 268 63 279 2 17 2 655 363 296 55 82
21-22 22 159 29 229 0 17 1 457 276 246 60 89
22-23 20 111 15 213 0 6 0 365 234 219 64 94
23-24 4 39 2 46 0 0 0 91 52 46 57 88
24-25 1 36 0 17 0 0 0 54 18 17 33 94
25-26 1 15 1 14 0 0 0 31 16 14 52 88
26-27 1 3 2 3 0 0 0 9 6 3 67 50
27-28 0 0 0 2 0 0 0 2 2 2 100 100
28-29 1 2 1 0 0 0 0 4 2 0 50 0
29-30 0 3 0 2 0 0 0 5 2 2 40 100
30-31 1 0 0 1 0 0 0 2 2 1 100 50
31-32 0 0 0 1 0 0 0 1 1 1 100 100
Totals 788 8,414 2,585 8,160 244 441 83 20,715 11,522 8,600 56 75

4Data taken from PI-Dwights WHCS file updated through December 1998 (IHS Energy Group, 1998).
b Depth interval in thousands of feet.

¢ Miscellaneous wells include those with unknown final completion classification, sulfur wells,

suspended wells, dry development wells, injection wells, and drilled and abandoned wells.
d Producing wells may be producing at any depth.



Table 3. Total deep producing wells by depth interval in U.S. based on final completion classification®.

[Oil, oil producing wells; Gas, gas producing wells; mul, wells producing from multiple horizons, either gas or oil; Oil-gas, oil and gas producing
wells. Total gas, gas and multiple gas column wells]

Final well classification

Depth 0il Gas Misc 0il- Total Total %
(X1,000 ft) 0il Gas mul mul wells? gas gas wells gas®
15-16 522 1,501 28 47 4 17 1,548 2,119 73
16-17 244 924 11 40 4 7 964 1,230 78
17-18 130 563 7 11 8 2 574 721 80
18-19 66 338 0 9 2 3 347 418 83
19-20 27 199 1 11 1 0 210 239 88
20-21 18 115 0 1 8 0 116 142 82
21-22 7 86 0 1 2 0 87 96 91
22-23 2 119 0 0 3 0 119 124 96
23-24 0 14 0 0 3 0 14 17 82
24-25 0 4 0 0 1 0 4 5 80
25-26 0 7 0 0 0 0 7 7 100
26-27 0 1 0 0 0 0 1 1 100
27-28 0 0 0 0 0 0 0 0
28-29 0 0 0 0 0 0 0 0
Total 1,016 3,871 47 120 36 29 3,991 5,119

2 Data taken from PI-Dwights WHCS file updated through December 1998 (IHS Energy Group, 1998). Only includes wells having produc-
ing formation same as formation at total depth.

b Includes miscellaneous wells, injection wells, and wells with no designation.

¢ % gas equals percent total producing wells completed as gas wells (gas and gas mul columns combined).

Summary of Deep 0il and Gas Wells in the United States Through 1998 5
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Table 4. Numbers of deep producing wells by depth interval in U.S. by region®.

[Depth intervals in thousands of feet where 15= interval of 15,000 to 16,000 ft. Total number of producing wells for each depth interval is on left and number of gas producing wells is on right]

Depth interval........ 15 16 17 18 19 20 21 22 23 24 25 26 Total
Region
Rocky Mountains 143-39 79-20 41-13 21-16 8-7 6-6 298-101
Midcontinent 239-214 138-134 125-122 79-77 28-26 14-14 6-6 4-4 1-1 3-3 1-1 1-1 639-603
Permian basin 109-100 56-43 73-63 35-32 47-38 41-32 48-46  103-100 8-5 2-1 5-5 0-0 527-465
Gulf Coast (onshore) 1,095-829 638-522 311-247 216-172 122-105 69-57 29-27 10-8 5-5 1-1 2,496-1,973
California-Alaska 31-3 17-1 8-0 3-0 1-1 0-0 2-0 0-0 62-5
Federal Offshore 502-316 302-204 163-118 64-41 33-22 12-6 11-7 7-7 33 1,097-724
Total 2,119-1,501  1,230-924 721-563 418-338 239-199 142-115 96-86 124-119 17-14 5-4 77 1-1 5,119—3,871b

4 Data taken from PI-Dwights WHCS file updated through December 1998 (IHS Energy Group, 1998). Only includes wells with producing formation same as formation at total

depth (total= 5,119 wells).
® Total number of gas producing wells does not include 120 wells from multiple producing formations.



Table 5. Total deep producing wells by depth interval in U.S. by decade of completion®.

[Data for 1980’s decade incomplete because PI-WHCS available only through 1988. Data for 1990’s decade only through December 1998 (IHS
Energy Group, 1998). First number represents total producing wells for that depth interval and decade; second number (following dash) represents
wells producing gas for that depth interval]

Depth 1930 1940 1950 1960 1970 1980-88 1989-98
interval
(X1,000 ft)
15-16 1-0 5-5 61-21 394-260 678-534 708-506
16-17 1-1 14-9 319-224 365-281 376-307
17-18 1-1 9-3 152-106 233-200 201-156
18-19 1-1 108-90 157-137 99-76
19-20 1-0 67-59 99-96 53-38
20-21 13-5 45-38 44-42 24-16
21-22 9-8 25-23 44-44 13-7
22-23 17-17 76-74 17-16 9-9
23-24 6-6 6-6 3-3
24-25 3-2 1-1 1-1
25-26 1-1 6-6
26-27 2-1
27-28
Total 1-0 7-7 125-64 1,198-884 1,650-1,363 1,487-1,113
Grand Total 4,468-3,431

2 For columns through 1988, data taken from PI-WHCS file updated through February 1988 (Petroleum Information Corp., 1988). This data
set does not include 292 deep producing wells with unlisted well completion year. For column 1989-98, data taken from PI-Dwights WHCS file
updated from January 1989 through December 1998. Only includes wells having producing formation same as formation at total depth. Data for
651 wells completed from March through December 1988 not included.

been drilled deeper than 15,000 feet (4,572 m) in the U.S. since
the first deep well was drilled in 1920, according to data in PI-
Dwights WHCS data files through December 1998. Of these
20,715 wells, 11,522 wells are classed as producing wells that
could be producing oil and (or) gas at any depth (above or
below 15,000 feet—4,572 m). Nearly as many gas wells exist
as dry holes; gas wells (8,600) are more than three times more
abundant than oil wells (2,829). In the PI-Dwights WHCS
files, 1,676 wells have a total depth greater than 20,000 feet
(6,096 m).

Of the 11,522 producing wells in PI-Dwights, 5,119 wells
have a formation at total depth equal to the producing formation.
These wells represent a minimum number that are producing oil
and gas below 15,000 feet (4,572 m). For all depths together,
gas wells make up nearly 78 percent of the deep wells producing
from formations encountered at total depth. Deep producing
wells are distributed in six regions of the U.S.: Rocky Moun-
tains, Midcontinent, Permian basin, Gulf Coast onshore, Cali-
fornia-Alaska, and the Federal Offshore. Of these six regions,
the onshore Gulf Coast region includes the greatest number of

deep producing wells with 2,496 wells, followed by the Federal
Offshore region with 1,097 wells.
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Geology and Natural Gas Potential of
Deep Sedimentary Basins in the

Former Soviet Union

By Thaddeus S. Dyman, Vadim A. Litinsky,' and Gregory F. Ulmishek

Introduction

Deep sedimentary basins in the Former Soviet Union
(FSU) (having sedimentary rocks in excess of 15,000 feet—
4,572 m thick) comprise a total area greater than 1.5 million mi
(3.9 million km?). Some of these basins are among the deepest
in the world with depths to basement exceeding 65,000 feet
(about 20 km) (table 1). Deep basins occur in both offshore and
onshore areas of the FSU and extend from the Arctic Shelf in the
north, to the Sea of Okhotsk and the Kamchatka Peninsula in the
east, the Central Asian republics in the south, and Ukraine in the
west. These basins formed in a wide variety of plate-tectonic
regimes and include rift basins, foreland basins, collisional pas-
sive margins, and pull-apart (small oceanic) basins.

In this report, we summarize the distribution of deep sedi-
mentary basins, their geologic framework, and their potential for
deep natural gas resources (fig. 1; table 1) in order to determine
the future of deep undiscovered natural gas resources in the
FSU. Some of the basins presented here contain oil and gas
fields discovered at great depths. Other basins have not been
deeply drilled, but the potential for future discoveries remains
high. For many basins, little or no data are available—particu-
larly those basins in the Arctic offshore and Russian Far East
(Oil and Gas Journal, 1998).

Six of these basins—Dnieper-Donets, Vilyuy, North Cas-
pian, Middle Caspian, South Caspian, and Amu Darya—were
chosen for discussion in this report (fig. 1), and their geologic
and production characteristics are presented in the following
sections . We selected these basins from a complete list in
table 1 based on an analysis of the geologic characteristics and
production potential leading to future development of deep oil
and gas resources. For each basin, we discuss location, tec-
tonic and sedimentary history, principal source and reservoir
rocks, trapping mechanisms, and potential for deep produc-
tion. Basin maps are from the Map of Petroleum Potential of
the U.S.S.R. (Gabrielyants, 1990) and from Gramberg and
Pogrebitsky (1984) but have been simplified to include only the
most important geologic features that pertain to the potential
distribution of deep oil and gas resources. Each basin map
includes basin boundary, major structural boundaries, and
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faults. Existing gas fields are identified on our maps regard-
less of depth, and the portions of each basin below 15,000 feet
(about 4.5 km) are shaded. Our primary emphasis in this
report is on natural gas, but deep oil resources are also
included in our summary because many deep plays in the FSU
have both oil and gas potential.

Table 1 lists all known basins of the FSU that contain sedi-
mentary rocks deeper than 4.5 km; it includes basin name, loca-
tion, and size of the deep portions of the basin in square
kilometers; maximum depth; chief reservoirs; plate-tectonic
classification of basin; and notes on deep gas production poten-
tial for each basin.

This report was funded in part by the Gas Research Insti-
tute, Chicago, Ill. (contract No. 50942103366) and the Energy
Resources Program of the U.S. Geological Survey, Denver,
Colo. We acknowledge Vello Kuuskraa of Advanced
Resources International, Arlington, Va., and Tim Klett, USGS,
Denver, Colo., for their careful and thoughtful reviews of this
manuscript.

Dnieper-Donets Basin

The Dnieper-Donets basin is an elongated depression
located in the eastern part of Ukraine (figs. 1, 2). The northeast-
ern basin boundary is marked by the Voronezh regional high
above which the Precambrian basement of the Russian craton is
covered by a thin veneer of Paleozoic sedimentary rocks. The
Ukrainian shield borders the basin to the southwest. The basin
is separated from the Pripyat basin of Byelarus by the Loev-Bra-
gin uplift. The southeastern basin boundary includes anticlines
of the Donbas foldbelt which gradually plunge into the basin
and lose their tectonic expression (Law and others, 1998;
Ulmishek and others, 1994).

The basin includes an area of about 8,880 miZ (23,000
km2) that contains sedimentary rocks more than 15,000 feet
(about 4.5 km) thick. The basin is a Late Devonian rift that sep-
arated the Ukrainian shield from the main body of the Precam-
brian Russian craton. The basement is encountered at a depth of
13,000-16,000 feet (about 4-5 km) in the northwestern part of
the basin but dips along its strike southeastward such that it lies
below 49,000 feet (about 15 km) near the Donbas foldbelt (fig.
2). The Donbas foldbelt is a structurally inverted and deformed
continuation of the rift (Kabyshev, 1987).
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8, Naryn; 9, Issyk—Kul; 10, Ili; 11, Zaysan; 12, Ushumun; 13, Upper Zeya; 14, Zeya—Bureya; 15, Upper Bureya; 16, Middle Amur; 17, West Sakhalin; 18, Aniva; 19, South Sakhalin; 20, West

Okhotsk; 21, Kinkil; 22, East Kamchatka.
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Table 1. Geologic data for deep gas basins and areas of the Former Soviet Union.

[Basin size, areal extent of portion of basin below 4.5 km. Basins sorted by size; na, data not available]

Basin Location Size Chief deep reservoir Max. Deep gas possibilities Basin classification
(sq. km) depth
North Caspian Northern part of Caspian Sea 518,000 Permian-Carb-Devonian (carb) 20km +  Good, overpressures Rift basin
Middle Caspian Eastern part of North Caucasus 430,000 Cretaceous-Triassic (carb-clastic) 12 km Good, overpressures Foreland basin
West Sib.- S. Kara Sea  Western Siberia 405,000 Paleozoic-Mesozoic (carb) 12 km Unknown Jurassic-Tertiary sag-Triassic rift basin
Lena-Tunguska Siberian craton 385,000 Middle-Late Proterozoic (carb-clastic) 7km+  Unknown Rift basin
South Caspian Turkmenistan-Iran-Azerbaijan 207,000 Pliocene (clastic) 25 km Excellent Intermontane depression of Alpine System
Amu-Darya Uzbekistan-Afghanistan 150,000 Jurassic (carb-clastic) 10km +  Good-major gas producer of FSU Mesozoic-Tertiary sag over Mes.-Perm. rift
Vilyuy Eastern margin Siberian craton 115,000 Permian (clastic) 12km +  Basin-centered gas possibilities Rift-foreland basin complex
Timan-Pechora Northeastern European Russia 68,000 Devonian, Silurian 12 km Good, H2S problems Foreland basin
Volga-Ural Eastern European Russia 55,000 Devonian, Carboniferous, Permian 10km +  Good, but in limited areas Foreland basin
North Ustyurt Kazakhstan 43,000 Paleozoic Carb?-clastic 11km+  Unknown Mesozoic-Tertiary sag-complex
Azov-Kuban Western part of North Caucasus 25,000 Cretaceous-Jurassic (clastic) 12km +  Fair, overpressures Foreland basin
Dnieper-Donets Eastern Ukraine 23,000 Permian-Carb (carb-clastic) 15 km Good, overpress., basin-centered (?) Rift basin
North Sakhalin Northern part of Sakhalin Island 20,000 Miocene-Pliocene (clastic) 11 km Unknown Rift/delta
South Tadjik Tajikistan-Uzbekistan 17,000 Jurassic (carb) 14 km Unknown-H,S problems Collisional passive margin
Fergana Uzbekistan-Tadjikistan-Kyrgystan 5,000 Paleogene (carb-clastic) 10 km Good, overpressures Intermontane depression of Alpine System
Carpathian Ukraine 4,000 Paleogene-Mesozoic (clastic) 8km+ Good Thrusted fold belt-flysch basin
North Okhotsk Sea of Okhotsk na Cretaceous-Tertiary (clastic) 10km+  Unknown Rift basins-horst/graben complexes
South Barents Arctic Shelf na Triassic-Jurassic(?) (carb-clastic) 20 km Unknown Paleozoic rift basin
North Barents Arctic Shelf na Triassic-Jurassic(?) (carb-clastic) 15 km Unknown Paleozoic rift basin
North Kara Sea Arctic Shelf na Triassic-Jurassic(?) (carb-clastic) 10 km Unknown Paleozoic rift basin
Laptev Sea Arctic Shelf na na 12km+  Unknown Complex rift basin
Blagoveshchensk Arctic Shelf na na 6 km Unknown Unknown
Novosibirsk Arctic Shelf na Cretaceous-Tertiary (?) na Unknown Unknown
Vilkitsky Arctic Shelf na Cretaceous-Tertiary (?) na Unknown Unknown
Anabar-Khatanga E. part Siberian craton na Triassic-Permian (clastic?) 8km+  Unknown Deformed rift basin
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Table 1—Continued. Geologic data for deep gas basins and areas of the Former Soviet Union.

[Basin size, areal extent of portion of basin below 4.5 km. Basins sorted by size; na, data not available]

Basin Deep gas production? Potential source and reservoir rocks
North Caspian Yes Devonian-Permian black shales
Middle Caspian Yes Jurassic, Triassic, Tertiary

West Sib.- S. Kara Sea

Lena-Tunguska
South Caspian
Amu-Darya
Vilyuy
Timan-Pechora
Volga-Ural
North Ustyurt
Azov-Kuban
Dnieper-Donets
North Sakhalin
South Tadjik
Fergana
Carpathian
North Okhotsk
South Barents
North Barents
North Kara Sea
Laptev Sea
Blagoveshchensk
Novosibirsk
Vilkitsky
Anabar-Khatanga

No, but 80% of gas overall in Russia
No

Yes, much deep drilling

Yes, but not developed

No

No

Yes, minor amount

No

Yes

Yes, most explored deep basin in FSU
No

No

No—some deep oil production
No—4 oil fields only, some deep drilling
No production in basins/subbasins
No, but shallow prod. (Shtokman gas field)
No

No

No

No

No

No

No

L.-M. Jurassic Tyumen Fm., U. Jurassic Bazhenov Fm.
Proterozoic

Miocene Maykop Series, Diatom Fm.

Jurassic black shales, coal-bearing rocks

Permian, Middle Cambrian

Devonian Domanik Fm.

Devonian Domanik Fm., Permian shales
Paleozoic

Miocene Maykop Series, Jurassic

Devonian and Visean black shales

Miocene siliceous shales

Jurassic basinal shales, coal-bearing rocks (?)
Eocene Suzak Fm. (?), Jurassic coal-bearing rocks
Oligocene Menilite Fm., Jurassic black shales
Miocene-Oligocene siliceous shales, L. Tertiary coals
Jurassic-Triassic (?)

Jurassic-Triassic (?)

Jurassic-Triassic (?)

Cretaceous-Tertiary coal-bearing rocks (?)
Unknown

Unknown

Unknown

Permian coal-bearing rocks (?), Cambrian Kuonam Fm.
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Figure 2. Dnieper-Donets basin showing political boundaries, gas fields, and major geologic and geographic features discussed in text. Dark shade, portion of basin with sedimentary
rocks below 4.5 km. LBU, Loev-Bragin uplift.



Tectonic and Sedimentary History

Middle Devonian clastic rocks were deposited on Protero-
zoic and Archean basement and compose a pre-rift platform
sequence (fig. 3). Initial rifting occurred in the Late Devonian
(Frasnian) and increased in intensity from the northwest to the
southeast due to clockwise rotation of the Ukrainian shield rela-
tive to the Russian craton (Ulmishek and others, 1994). Oce-
anic crust underlies both the southeastern part of the Dnieper-
Donets basin and the Donbas foldbelt. The rift was filled with
carbonate and evaporite rocks of Frasnian and Famennian age.

System/Series Stage/Horizon Tectonic Stages

Concurrently, clastic rocks derived from the Ukrainian shield
were deposited along the southeastern margin of the basin, and
active volcanism occurred in the northwest. Total thickness of
the synrift sequence is estimated at 5-6 km (Kabyshev, 1987).
The synrift sequence is unconformably overlain by Carbonifer-
ous rocks.

The overlying Carboniferous to Lower Permian sequence
was deposited in a post-rift sag that deepened southeastward
along the rift strike. Thickness of the post-rift sequence
increases in this direction to 26,000 feet (about 8 km) or more
(fig. 2). The Carboniferous is primarily composed of fluvial and

)
TERTIARY-QUATERNARY
CRETACEOUS
Post-rift
platform
JURASSIC e Marine and continental clastic sequence;
some carbonates
\ ® Salt seals, redbeds, and carbonates
J ® Large gas reserves (Shebelinka field)
® Carboniferous to
Lower Permian /
w ; clastic reservoirs
% 5l Moscovian
8 9 ® Carbonaceous
w | S| Bashkirian Post-rift shales/coals
L sag ® Marine to fluvial
% clastic rocks
m Serpukhovian
S(: o
LUl ® Large
o g Vi
isean gas
@) ® Abundant
9 black reserves
.. shales
Tournaisian
\ |
2 f |
< & | Famennian |
= 8_— Rifting o Carbonate reservoirs, but ® Volcanism in
@) S . not yet commercial northwest
= Frasnian e Salt seals part of basin
@] \
MIDDLE Pre-rift ® Clastic deposition
Archean and
Proterozoic
basement rocks

Figure 3. Major geologic events, primary source and reservoir rocks, and basin history of Dnieper-Donets basin. Dashed
line below black shales indicates that they may extend into the Devonian.
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marine clastic rocks, but some Visean and Bashkirian carbonates
are present on the margins in the basin (fig. 3). The Middle to
Upper Carboniferous section is composed of rocks deposited in
coastal settings and includes abundant coal beds. During the
Early Permian, redbeds, carbonates, and salt were deposited in
the basin. The Upper Permian salt seal controls the major gas
reserves of the basin (fig. 3). During the late Early Permian
(Artinskian), a collision with micro-continents along the south-
ern border of the Russian craton resulted in compressional stress
and termination of the post-rift sag stage of basin development.
The deepest part of the Paleozoic rift/sag basin was then struc-
turally inverted, thrusted, and folded resulting in the Donbas
foldbelt. The entire basin was subsequently uplifted and eroded
(Law and others, 1998). Truncation of older rocks was greatest
in the southeastern part of the basin.

Sedimentation resumed during the Triassic and continued
into the Tertiary; resulting deposits were mostly marine clastics
(fig. 3). Pre-Tertiary uplift and erosion occurred in approxi-
mately the same areas affected by pre-Triassic erosion. Plastic
flow of Devonian salt began in the Early Carboniferous, and for-
mation of salt domes and plugs continued into Tertiary time
(Kurilyuk and others, 1991).

Source Rocks

Knowledge of source rocks in the Dnieper-Donets basin is
scant, especially in the southeastern part, because of a lack of
deep drillhole data. At least two major source rocks are pre-
sumed to exist: Devonian (Famennian) and Lower Carbonifer-
ous (Visean) black shales (fig. 3). Devonian shales have not
been cored in wells but their presence is indicated by geochemi-
cal analyses of oils (U.S. Geological Survey, unpub. data, 1998).
Visean shales have total organic carbon (TOC) content ranging
from 3 to 13 percent and are primarily gas generating Type-III
source rocks (Law and others, 1998). They are highly mature in
the northwestern part of the basin and overmature elsewhere.

A third potential source rock, coals and carbonaceous
shales of the Middle Carboniferous, is also a possible source of
gas, but source-rock data are not available from this interval (fig.
3) (Law and others, 1998). The average present-day tempera-
ture at a depth of 16,000 feet (about 5 km) is about 150°C.
Throughout most of the basin area, potential source rocks occur
deeper than 5 km (Ammosov and others, 1977).

Reservoir Rocks

Most reservoirs in the Dnieper-Donets basin are found in
Carboniferous to Lower Permian sandstones. Additionally,
Lower Permian fractured carbonates are also productive in a few
large gas fields including the giant Shebelinka field (figs. 2, 3).
The largest reserves are concentrated in multiple productive
intervals within the Lower Permian and Visean sections
(Ulmishek and others, 1994). According to Khanin (1979), res-
ervoir quality is good to depths of 9,800-11,500 feet (about 3—
3.5 km) (porosity 20-22 percent; permeability in hundreds of
millidarcies range), but it decreases at greater depths such that

porosity seldom exceeds 12—14 percent at 15,000 feet (4,572 m)
except where overpressures occur. More recent data on reser-
voir quality were not available for this report.

At great depths, permeability is controlled primarily by
fracturing. Porosity of some deep sandstone reservoirs (deeper
than 16,400 feet—about 5 km) may be 14—17 percent or greater,
and permeability may reach 300 millidarcies (Maksimov and
others, 1984). Devonian carbonate reservoirs are not yet com-
mercial, and data on reservoir properties are not available
(Ulmishek and others, 1994).

Trap Types

The most common traps in the Dnieper-Donets basin are
faulted anticlines associated with salt domes. Structural traps
are also found in the shallower northeastern part of the basin and
along the basin margins where Devonian salt is thin or absent.
These traps are related to basement structures associated with
Devonian rift development. A few gas accumulations have been
discovered in stratigraphic traps in updip pinchout zones in
sandstone beds. Very little exploration for stratigraphic traps has
been conducted, but the potential for new discoveries is high
(Ulmishek and others, 1994). Trapping mechanisms for poten-
tial basin-centered gas accumulations include abnormal pres-
sures and lithologic controls on fracture development.

Deep Production

The Dnieper-Donets basin is the most explored deep basin
in the FSU. By 1980, 137 prospects had been drilled to depths
greater than 15,000 feet (4,572 m) (Krylov, 1980), and during
the 1980’s about 50 percent of all exploratory wells drilled in the
basin reached these depths (Aksionov, 1985). Only a few small
deep pools are currently producing from Devonian and Meso-
zoic reservoirs. The principal reserves are gas, commonly with
significant volumes of natural gas liquids (NGL) (table 2). Oil
fields are present only in the shallower northwestern part of the
basin.

Exploration and production wells in the deep Dnieper-
Donets basin have encountered significant problems. Outdated
seismic data have yielded insufficient resolution, and many
wells have missed their targets. Deep drilling has also been
complicated by significant overpressuring. About 30—40 percent
of tested wells flowed gas and (or) oil (Krylov, 1980), but flow
rates were commonly low due to poor reservoir quality. The
FSU lacked appropriate technologies for stimulation of over-
pressured reservoirs at great depths. Low flow rates and small
accumulation size of many discoveries have hindered further
development.

Based on the presence of overpressures and gas shows in
deep reservoirs, Law and others (1998) identified a large (more
than 13,513 mi2—35 ,000 kmz) unconventional basin-centered
gas accumulation in the Dnieper-Donets basin. They suggested
that the accumulation could include as much as 23,000 feet
(about 7,000 m) of Carboniferous rocks. Wells have tested gas,
and proper reservoir stimulation practices could be used to
develop a deep commercial accumulation.

Geology and Natural Gas Potential of Deep Sedimentary Basins in the Former Soviet Union 1



Vilyuy Basin

The Vilyuy basin is a Late Permian to Mesozoic sag super-
imposed on the eastern margin of the Siberian craton (figs. 1, 4).
The basin also includes a narrow foredeep along frontal thrusts
of the Verkhoyansk foldbelt north and south of the sag. The
eastern basin boundary adjoins the foldbelt, and the western
boundary is associated with a pinchout zone of Mesozoic rocks.

The base of the Permian dips eastward from a depth of a few
hundred meters to more than 5 km, and maximum depth to
basement reaches 12 km or more (fig. 4). Throughout approxi-
mately 44,401 mi? (115,000 km?2) of the total basin area, the
basement is deeper than 15,000 feet (4,572 m) (Simakov, 1986).
Tectonically, the basin is a southwest-to-northeast-trending
Devonian rift with a superimposed foreland basin that is trans-
verse to the rift trend (Kontorovich, 1994).
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Figure 4. Vilyuy basin showing political boundaries, gas fields, and major geologic and geographic features discussed in text. Dark
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Tectonic and Sedimentary History

The Vilyuy basin is underlain by a Proterozoic to lower
Paleozoic basement sequence that has been drilled only on the
basin margins (fig. 5). A northeast-striking Middle to Late Prot-
erozoic rift sequence is hypothesized to exist below uppermost
Proterozoic carbonate and clastic rocks. Rifting also occurred
along this same zone of weakness in the Devonian. The latter
rift was filled with a thick sequence of volcanic rocks and salt.
From late Paleozoic through Jurassic, the Vilyuy basin was a
passive continental margin dominated by clastic sedimentation

System/Series Stage/Horizon

under humid climatic conditions (Kontorovich, 1994). The
entire upper Paleozoic through Jurassic sequence in the basin
thickens eastward from 1,000 feet (about 300 m) to more than
16,000 feet (about 5 km) and grades from continental to marine
rocks. The continental sequence commonly contains coal beds.
During Late Jurassic and Cretaceous time, the Siberian cra-
ton collided with a series of micro-continents that resulted in
thrusting, deformation of the basin margin, and development of
the Verkhoyansk foldbelt (Dmitriyevsky and others, 1995). A
narrow foredeep formed to the west in front of the foldbelt and
filled with Cretaceous continental sediments as much as 6,500
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Figure 5. Major geologic events, primary source and reservoir rocks, and basin history of Vilyuy basin.
Dashed line above and below rifting stage indicates that rifting may extend throughout the Upper Devonian.
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feet (about 2 km) thick. Tertiary sediments are absent in the
basin, except in local depressions, where they may be a few
hundred meters thick (Kontorovich, 1994).

Based on interpretation of gravity data, a broad thrust sys-
tem (as much as 49—62 miles—80-100 km wide) is presumed to
exist adjacent to the Verkhoyansk foldbelt. This system is com-
posed of intensively folded Paleozoic rocks that were thrust onto
the east half of the foredeep. Gravity data suggest that the fore-
deep is much deeper under the thrust system than under the
exposed part of the basin (Litinsky, 1977a; 1977b; Kontorovich,
1994).

Source Rocks

Source rocks for deep gas in the Vilyuy basin are believed
to be Upper Permian shales enriched by coaly organic matter
(Type-III kerogen) from interbedded coals (fig. 5). The underly-
ing Lower Permian and Carboniferous rocks are low in organic
matter, and younger Triassic rocks are thermally immature with
respect to hydrocarbon generation. A very rich (TOC content as
much as 20 percent, Type-II kerogen) source rock unit of Middle
Cambrian age (Kuonam Formation; fig. 5) is present on the basin
margin and apparently dips to great depths in the central part of
the basin. However, hydrocarbons directly attributed to the
Kuonam Formation have not yet been discovered (Kontorovich,
1994).

Reservoir Rocks

Triassic and Jurassic sandstones in the western and central
parts of the basin occur at depths of less than 3 km and have high
porosity and permeability. These sandstones are laterally dis-
continuous, and well-developed seals are only locally present.
Large gas reserves occur in Triassic reservoirs, but they are
almost entirely concentrated in the Srednetyung field at an aver-
age depth of 8,858 feet (2,700 m) and in the Srednevilyuy field
at an average depth of 7,874 feet (2,400 m) (Kontorovich, 1994)
(fig. 4). Upper Permian reservoir rocks are fair to poor in qual-
ity, but they contain significant reserves simply because of the
presence of the regional Lower Triassic shale seal at depths of
8,858-11,482 feet (2,700-3,500 m). In general, sandstones of
the Upper Permian to Jurassic section decrease in thickness east-
ward and are replaced by shales. Few adequate reservoir rocks
are found in outcrops in the foldbelt and adjacent foredeep.
Sandstones exhibit a significant loss of porosity with depth
(Kontorovich, 1994).

Trap Types

Structural traps are dominant in most fields, although many
pools are enhanced by stratigraphic pinchouts. The principal
fields are found in large, local structures located on linear arches
formed by partial inversion of the Devonian rift. Structures are
primarily low relief anticlines.

10 Geologic Studies of Deep Natural Gas Resources

Deep Production

Ten gas fields have been discovered in the basin. The prin-
cipal reserves are found in Upper Permian and Triassic clastic
reservoirs. All of the discovered gas pools occur at depths of
less than 13,100 feet (about 4 km), and no wells have been
drilled deeper than 15,000 feet (4,572 m). The potential for sig-
nificant deep discoveries in conventionally trapped reservoirs
may be limited by a loss of porosity with increasing depth.
Lower and Upper Permian rocks at depths of 15,000-16,500
feet (about 4.5-5 km) and deeper in most of the central part of
the basin are regionally overpressured, and the presence of a
basin-centered gas accumulation in low-permeability reservoirs
of this age is possible based on indirect data of Safronov and
others (1997). Both autochthonous and allochthonous rocks of
the Verkhoyansk overthrust belt also are highly prospective as
basin-centered gas accumulations (Kontorovich, 1994).

North Caspian Basin

The North Caspian basin occupies the northern part of the
Caspian Sea and a low-lying plain to the north (figs. 1, 6). The
basin is about 200,000 mi? (518,000 km? ) in area, all of which
includes sedimentary rocks deeper than 15,000 feet (4,572 m).
The northern and western basin boundaries with the Volga-Ural
basin are steep flexures along which the basement abruptly
deepens to 33,000—-40,000 feet (about 10-12 km). In the central
part of the basin, Precambrian basement is deeper than 65,000
feet (about 20 km). The eastern boundary lies along the Ural
foldbelt, and the southern continuation of the foldbelt is buried
under a thin veneer of Mesozoic rocks. In the south, the basin is
bounded by the Karpinsky foldbelt west of the Caspian Sea and
by the South Emba uplift east of the Caspian Sea. The basin is a
rift underlain by oceanic crust (Malushin, 1985).

Tectonic and Sedimentary History

The North Caspian basin was formed by rifting of the
Archean to lower Proterozoic basement of the Russian craton.
The rifting separated a continental crustal block presently
expressed as a series of arches along the southern and eastern
basin boundaries from the main body of the craton. The age of
rifting is not known, although different models suggest a Late
Proterozoic, Early Ordovician, or Middle Devonian rift event
(Malushin, 1985).

The oldest rocks penetrated by drilling are Middle Devo-
nian carbonates and clastic rocks in the northeastern part of the
basin. Seismic data indicate that in the basin center, about 6 km
of lower Paleozoic rocks are present between Precambrian base-
ment and the base of the Middle Devonian sequence. The upper
Paleozoic through Tertiary basin fill is separated by Kungurian
(uppermost Lower Permian) salt into subsalt and suprasalt
sequences (fig. 7). The salt is deformed into domes and plugs;
its original depositional thickness in the basin center is esti-
mated to be 13,000 feet (about 4 km) (Komissarova, 1986).
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Figure 7.

Major geologic events, primary source and reservoir rocks, and basin history of North Caspian basin. Dashed line

below early basin rifting event indicates that the event may extend into the lower Paleozoic.

Stratigraphy of the subsalt sequence is complex and varies
throughout the basin. In general, the sequence is principally
composed of carbonate rocks on the basin margins and a poorly
known deep-water basinal facies in the basin center. The top of
the subsalt sequence occurs at a depth of about 33,000 feet
(about 10 km) in the deepest parts of the basin. Shallow-water
carbonate rocks along the basin margins contain the principal
basin reserves primarily in the widespread Late Devonian
through Early Permian reef reservoirs.
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During much of the late Paleozoic, the North Caspian basin
was a deep-water embayment of the Tethys Sea. Carbonate facies
including reefs were formed on surrounding shelves, and deep-
water black shales and turbidites were deposited under anoxic
conditions in the basin center. Thrusting and orogeny in the Ural
Mountains region to the east resulted in deposition of a thick
Upper Carboniferous to Lower Permian clastic wedge in adjoin-
ing basin areas. The basin margins were uplifted and eroded in
pre-Permian time in response to this orogenic compression.



During the late Early Permian (Artinskian, fig. 7), the basin
collided with a system of micro-continents from the south,
resulting in development of the Karpinsky foldbelt and uplift of
the South Emba high (fig. 6). The basin was subsequently sepa-
rated from the Tethys Sea (except for a narrow strait in the
southwest corner) and was quickly filled with salt (Zonenshain
and others, 1990).

The post-Early Permian depositional sequence is primarily
composed of continental to shallow marine clastic rocks. At the
base of the sequence lie Upper Permian and Triassic continental
clastic rocks derived from the Ural uplift. Continental sedimen-
tation was briefly interrupted by marine transgressions in middle
Late Permian and Middle Triassic time. The overlying Jurassic
to Tertiary stratigraphic sequence is composed of continental
and marine clastic rocks (Beznosov, 1987).

Source Rocks

Because of their extreme depths, source rocks in the central
part of the basin are poorly known. They are most likely Upper
Devonian to Lower Permian black shale intervals interbedded
with deep-water sandstone and siltstone turbidites. These rocks
are basinal anoxic facies equivalent to the shallow-water carbon-
ates and reefs of surrounding basin margins. This deep-water
facies has been penetrated by only a few wells because drilling
has targeted carbonate reservoirs in shallow-water facies.

The North Caspian basin has a low geothermal gradient,
and the top of the oil window occurs as deep as 20,000 feet
(about 6 km). Source rocks are unlikely to exist in the suprasalt
sequence, and oil and gas in suprasalt fields probably migrated
from subsalt source rocks through migration pathways between
salt domes from which the salt was completely withdrawn (Svet-
lakova, 1987).

Reservoir Rocks

Reservoir rocks in the subsalt sequence are almost exclu-
sively shallow shelf and reef carbonates. Reservoir quality is
highly variable and depends on facies, fracturing, and diagenetic
alteration of the carbonate rocks. Pre-Permian erosion resulted
in significant leaching of carbonates and formed the best reser-
voir quality in the supergiant fields. Only a few pools have been
found in clastic rocks of the eastern and southeastern basin mar-
gins. These sandstone reservoirs have low permeabilities, and
reservoir quality depends on fracturing. Pools in subsalt clastic
reservoirs have not been commercially developed.

In the suprasalt sequence, productive sandstones of Juras-
sic and Cretaceous age occur at shallow to moderate depths
and possess good reservoir properties. Loss of porosity with
depth is substantial, and at 15,000-16,500 feet (about 4.5-5
km), porosity of sandstones generally does not exceed 3 per-
cent. Reservoir properties of sandstones in Upper Permian and
Triassic continental rocks are much poorer, and these sand-
stones tend to lose porosity with depth rapidly (Proshlyakov
and others, 1987).

Trap Types

Trapping mechanisms in the North Caspian basin are
diverse. The giant Tengiz and Karachaganak fields (fig. 6), and
some others are trapped by pinnacle reefs. Barrier reefs contain
gas condensate fields on the northern and western margins of the
basin, but the fields are much smaller. The unique Astrakhan
field (fig. 6) occupies the crest of a regional arch. Several fields
along the eastern and southeastern margins of the basin are
trapped by anticlines that were probably formed by compres-
sional stress related to the Ural foldbelt and South Emba high.
Anticlines of the eastern basin margin are probably associated
with thrusts. Fields producing from the suprasalt sequence are
in various salt-controlled structural traps.

Deep Production

Principal oil and gas reserves in the basin occur in subsalt
upper Paleozoic rocks. Production from this sequence dates to
the 1970’s when several oil and gas fields were discovered
(Maksimov, 1987). These fields include three supergiants:
Astrakhan (gas), Karachaganak (gas condensate and oil), and
Tengiz (oil). Significantly smaller reserves (mostly oil) are
found in suprasalt Upper Permian and Mesozoic rocks. Most
fields producing from suprasalt reservoirs are located in the
Emba production region in the southeastern part of the basin
(fig. 6).

Several deep accumulations exceeding 15,000 feet (4,572
m) are in Lower Permian and Carboniferous reefs along the
northern and western basin margins (fig. 7). Porosity of reef
carbonates commonly ranges from 10 to 12 percent and perme-
ability ranges from tens to hundreds of millidarcies. These
fields contain gas with abundant condensate. Most of these
fields are not currently in production because of relatively small
reserves and significant overpressures, and data are not currently
available for them.

The youngest reservoir at the giant Karachaganak gas field
occurs at 12,000 feet (about 3.7 km). A single massive sour gas
and condensate pool with a thick (1,000 feet—about 300 m) oil
leg is developed in an Upper Devonian to Middle Carboniferous
carbonate atoll overlain by a Lower Permian pinnacle reef. The
height of the pool hydrocarbon column is about 5,000 feet
(about 1.5 km), indicating that production extends to a depth of
more than 17,000 feet (5.2 km). A well drilled in this field in the
mid-1990’s reached an oil pool in Middle Devonian rocks at a
depth of about 18,000 feet (5.5 km). No information on this dis-
covery is currently available.

The top of the primary reservoir in the supergiant Tengiz
oil field lies at a depth of about 13,000 feet (about 4.0 km).

The reservoir is developed in an Upper Devonian to Bashkir-
ian atoll. Wells drilled to about 18,000 feet (5.5 km) did not
reach the oil-water contact. The field is currently under devel-
opment by a consortium of international and Russian compa-
nies. The oil pool is strongly overpressured, and dissolved gas
contains as much as 25 percent hydrogen sulfide (Maksimov,
1987).
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Middle Caspian Basin

The Middle Caspian basin lies in the east half of the North
Caucasus region, the central part of the Caspian Sea, and the
South Mangyshlak subbasin to the east (figs. 1, 8). The southern
basin boundary follows the Great Caucasus foldbelt on the west
and the Karabogaz regional basement high on the east. The
northern boundary extends along the Karpinsky ridge (a Meso-
zoic uplift over a deformed and inverted Paleozoic rift) and the
Mangyshlak foldbelt (a deformed and inverted Triassic rift). On
the west, the basin is bounded by the Stavropol arch, which sep-
arates it from the Azov-Kuban basin (fig. 8). The western
onshore part of the Middle Caspian basin is in Russia except for
a small part in the southeast which is in Azerbaijan. The South
Mangyshlak subbasin is in Kazakhstan. The basin is tectoni-
cally heterogeneous; its western part is a typical foreland basin,
whereas the South Mangyshlak subbasin is on a crustal block
between two uplifts, which was subjected to deep subsidence in
the Mesozoic (Ulmishek, 1990). A large part of the basin
166,000 mi? (about 430,000 km?) is deeper than 15,000 feet
(4,572 m) (fig. 8). West of the Caspian Sea, the Terek-Sulak
foredeep reaches a maximum depth to basement of 40,000 feet
(about 12 km). In the east, the deepest area includes the central
part of the South Mangyshlak subbasin (fig. 8) (Ulmishek and
Harrison, 1981).

Tectonic and Sedimentary History

Tectonic development of the Middle Caspian basin is gen-
erally similar to that of the Azov-Kuban basin to the northwest
(figs. 1, 9). Hercynian (late Paleozoic) basement was rifted in
latest Permian and Triassic time. Rifts were subsequently filled
with a thick sequence of clastic and carbonate sediments. Volca-
nism occurred during the Late Triassic followed by a Late Trias-
sic—Early Jurassic compressional event resulting in partial
inversion of the rift grabens and erosion. One of the rifts was
strongly deformed by thrusting and folding and is expressed in
the present-day structure as the Mangyshlak foldbelt (Letavin,
1978). From Jurassic through Eocene time, much of the western
part of the basin became a passive margin. Coastal coal-bearing
Jurassic rocks thicken southwestward toward the Caucasus and
pinch out northwestward on the Stavropol arch and its eastern
slope (fig. 8). Rocks of Upper Jurassic and Neocomian age are
predominantly carbonates and salt in the western Terek-Sulak
foredeep (fig. 9). These rocks onlap and pinch out on the
Stavropol arch. The remaining passive margin section is com-
posed of Aptian to Albian clastic rocks, Upper Cretaceous car-
bonates, and thin Paleocene to Eocene marls and calcareous
shales (Ulmishek and Harrison, 1981).

The overlying Oligocene to lower Miocene Maykop Series
is about 1.6 km thick. Thick olistostromes indicate incipient
deformation and uplift in the Caucasus at this time. The overly-
ing upper Tertiary section is mainly composed of coarsening-
upward orogenic clastic rocks increasingly dominated through
time by Caucasus provenance. The section is very thick (as
much as 16,500-20,000 feet—about 5—-6 km) in the narrow
foredeep and thins rapidly northward on the foreland slope
(Ulmishek and Harrison, 1981).
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The South Mangyshlak subbasin developed as a gentle cra-
tonic depression during the Jurassic through the Cenozoic.
Lithologies and thicknesses of stratigraphic units in the Meso-
zoic to lower Tertiary are similar to those in the rest of the basin,
but the orogenic section is absent, and only a thin sequence is
present above the moderately thick (as much as 2,000-2,300
feet—about 600700 m) Maykop Series.

Source Rocks

Geochemical data for source rocks of the Middle Caspian
basin are limited, but geologic and geochemical data suggest
that several source rock intervals are present in different parts of
the basin. The oldest source rocks occur in the Lower to Middle
Triassic interval (fig. 9). They are documented by indigenous
oil and gas accumulations within that same section. The source
rocks commonly have TOC contents ranging from 1 to 4 percent
and contain Type-II kerogen (Mirzoev and Dzhapuridze, 1979;
Shablinskaya and others, 1990). These source rocks are respon-
sible for some of the oils on the Prikum arch and probably most
of the oils in the South Mangyshlak subbasin (Shablinskaya and
others, 1990).

A second source rock interval occurs in the Middle Juras-
sic section (fig. 9). TOC contents range from 1 to 3 percent, and
the organic matter is of mixed marine and terrestrial origin.
These rocks have contributed most of the oils and gases now
present on the Prikum arch and possibly some gas in the South
Mangyshlak subbasin. A third source rock interval occurs in the
lower part of the Maykop Series (fig. 9) and is composed of
anoxic black shales with TOC contents reaching from 7 to 8 per-
cent. Maykop Series source rocks are mature in the foredeep
and slope but immature to marginally mature in more northern
areas and in the South Mangyshlak subbasin where burial depth
was shallower. These source rocks generated most of the oil
and gas found in the thrust belt of the northern Caucasus includ-
ing large oil fields in the Groznyi area (fig. 8) (Sokolov and
others, 1990).

Reservoir Rocks

Nearly the entire sedimentary interval of the basin, from
the Triassic to the middle Miocene, is productive. Triassic rocks
contain oil and some gas pools in the South Mangyshlak subba-
sin and on the Prikum arch, primarily in carbonate reservoir
rocks (fig. 8). Lower to Middle Jurassic sandstones contain
much of the rich oil and gas reserves in the South Mangyshlak
subbasin (Ulmishek and Harrison, 1981). Most pools are at
depths of 3,600-7,500 feet (about 1.1-2.3 km). Sandstone res-
ervoirs are heterogeneous but are generally characterized by
high porosity and moderate to high permeability (Ulmishek and
Harrison, 1981).

Reservoir quality of Jurassic sandstones of the Prikum area
is fair to poor for oil but good for gas. Sandstones occur at
greater depths here, commonly between 10,000 and 13,000 feet
(about 3.0 and 4.0 km) . Porosity ranges from 12 to 18 percent
and permeability is usually not higher than a few tens of milli-
darcies. Aptian and Albian sandstones contain the majority of
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Figure 9. Major geologic events, primary source and reservoir rocks, and basin history of Middle Caspian basin.

reserves on the Prikum arch where most pools are at depths of
8,200-9,800 feet (about 2.5-3.0 km). Porosity varies from 15 to
22 percent and permeability varies from 100 to 200 millidarcies
(Maksimov, 1987).

Upper Cretaceous carbonates contain more than 50 percent
of reserves in fields of the thrust belt along the northern bound-
ary of the Great Caucasus (mainly in the Groznyi area) where
reservoir properties are controlled by fracturing—nonfractured
limestones are effectively impermeable. Middle Miocene sand-
stones also form reservoirs in this thrust belt. They commonly
occur at shallow depths and possess excellent reservoir proper-
ties. Large gas reserves on the Stavropol arch are mainly in the
Khadum Horizon at the base of the Maykop Series. Depth of the
pools is 4,000 feet (about 1.2 km) or less. Porosity ranges from
30 to 40 percent and permeability often exceeds 1 darcy
(Maksimov, 1987).

Trap Types

Most of the oil reserves in the basin occur within struc-
tural traps in front of the Great Caucasus foldbelt. These are
long and narrow faulted anticlines whose closures commonly
exceed 3,300 feet (1,005 m). Most of the anticlines are located
along the leading edges of thrust sheets, but plastic flow of
Maykop Series shales complicates the structural model. Oil
and gas fields of the Prikum arch and Stavropol arch are in iso-
metric, low-relief anticlines over basement highs or Triassic
reefs. Closure of the anticlines progressively decreases in
younger horizons, which indicates early structural growth.
Structural traps of the South Mangyshlak subbasin are asym-
metric anticlines underlain by thrusted Triassic rocks. Most of
this structural growth in this region took place during the
Miocene (Popkov, 1991).

16 Geologic Studies of Deep Natural Gas Resources

In addition to structural traps, many pools are controlled by
fracturing, in particular, pools in Triassic carbonates of the South
Mangyshlak subbasin and in fractured lower Maykop Series
shales of the Prikum arch. Very few stratigraphic traps have been
found in the Middle Caspian basin.

Deep Production

The basin is primarily oil prone, but large gas reserves are
present on the Stavropol arch. The largest oil and gas reserves
are found in Middle Jurassic sandstones of the South Mangy-
shlak subbasin, in Upper Cretaceous carbonates and Miocene
sandstones of the Terek-Sulak foredeep, in Lower Cretaceous
sandstones of the Prikum arch, and in Oligocene sandstones of
the Stavropol arch (Ulmishek and Harrison, 1981).

According to Maksimov (1987) and Petroconsultants
(1997), oil and gas pools below depths of 15,000 feet (4,572 m)
have been discovered in 30 fields of the Middle Caspian basin.
Most of the pools are classed as oil pools, but some of them are
classed as oil and gas, and gas and condensate pools (table 2).
Deep pools are found in two zones: (1) Triassic carbonate rocks
mostly in the Prikum arch and (2) Upper Cretaceous carbonates
in the Groznyi producing area in the western part of the Terek-
Sulak foredeep (table 2). In the Groznyi area, a few pools are
located in Lower Cretaceous sandstones. The primary reservoir
rocks in the Triassic interval are carbonates of the Lower Triassic
Neftekumsk Formation. Most of the pools occur in reef facies,
in zones where reservoir properties are controlled by leaching
and fracturing of the carbonates. A few pools have been devel-
oped and these currently produce oil.

In the Groznyi area, Cretaceous oil and gas pools have
accumulated in high-amplitude thrust anticlines (Sobornov,
1995). Reservoir properties of both Upper Cretaceous
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Table 2. Geologic data for 21 representative deep fields and reservoirs in Dnieper-Donets, North Caspian, Middle Caspian, South Caspian, and Amu-Darya basins.

[Not all deep fields and reservoirs identified. Data not available for Vilyuy basin. --, missing data]

Country Basin Field name' Type?  Disc. yr Age* Lithology® Ave. depth® Trap’
Ukraine Dnieper-Donets  Krasnozavodskoye g-c 1987 Lower Carboniferous clastic 5,447 Structural
Ukraine Dnieper-Donets ~ Berezovskoye g-c 1978 Middle Carboniferous clastic 4,567 Structural
Ukraine Dnieper-Donets ~ Gadyachskoye g-c 1972 Lower Carboniferous clastic 4,830  Stratigraphic
Ukraine Dnieper-Donets ~ Bogatoy g-c 1976 Lower Carboniferous clastic-carb. 4,450  --
Kazhakstan N. Caspian Karachaganak g-c-0 1979 Middle Devonian clastic 5,630  Structural
Russia N. Caspian Upryamovo 0-g 1989 Lower Permian carbonate 5,935 Structural
Kazhakstan N. Caspian Karatobe o) 1966 - clastic 5,143 Structural
Russia Middle Caspian ~ Arak-Dalatarek o 1981 Lower Cretaceous -- 4,950  --

Russia Middle Caspian ~ Gudermes-Vostochny 0 1985 Upper Cretaceous carbonate 4,560 Stratigraphic
Chechnya Middle Caspian ~ Andreyevo 0-g 1978 Upper Cretaceous -- 5612 -

Russia Middle Caspian ~ Norolak-Arkabash g-c 1983 Upper Cretaceous carbonate 5,341 Structural
Russia Middle Caspian  Yubileynoe o 1971 Lower Triassic carbonate 4470 -
Azerbaijan S. Caspian Garasu-Deniz o-g 1974 -- -- 4,710  Structural
Azerbaijan S. Caspian Zyrya 0-g-C 1955 Pliocene clastic 4,560  Structural
Azerbaijan S. Caspian Bakhar g-c-0 1963 -- -- 4,800  Structural
Azerbaijan S. Caspian Bulla-Deniz g-c-0 1973 Pliocene clastic 4,890  Structural
Turkmenistan S. Caspian Barsa-Gel’mes 0-g-C 1962 Pliocene clastic 4,900  Stratigraphic
Azerbaijan S. Caspian Yuzhnoe g-c 1962 Pliocene clastic-carb. 4,700  --
Afghanistan Amu-Darya Shakhmolla g 1988 Middle Jurassic clastic 4,880  Structural
Turkmenistan Amu-Darya Karadzhanlak-Zapadny g 1986 Lower Jurassic carbonate 4,747 Structural
Turkmenistan Amu-Darya Miana g 1985 Lower Jurassic carbonate 4,500  Structural

'In some cases, additional reservoirs may exist for fields listed.
2Type production for field; o, oil; g, gas; ¢, condensate.

3Disc. yr., discovery year of field.
4Geologic age of producing formation.
3 Primary lithology of field/reservoir listed; carb, carbonate reservoir rocks.
6Depth to top of reservoir in meters.
"Dominant trap type of field.



limestones and Lower Cretaceous sandstones are dependent on
fracturing. Away from the fracture zones along anticlinal crests,
the rocks tend to be impermeable. Deep drilling in the area is
extremely difficult because of overpressures approaching geo-
static pressure in some fields and plasticity of thick Maykop
Series shales. Data are not available to support or discount the
presence of a deep basin-centered gas accumulation in the
Middle Caspian basin.

South Caspian Basin

The South Caspian basin occupies the southern, deep-water
portion of the Caspian Sea, the surrounding shelf, and the
onshore region (figs. 1, 10). The northern basin boundary
extends along the Great Caucasus foldbelt and offshore, along
the Apsheron-Pribalkhan zone of uplifts. The basin is bounded
on the south and east by the Lesser Caucasus, Elburz, and Kopet-
Dag foldbelts (fig. 10). The basin is a typical intermontane
depression surrounded by foldbelts of the Alpine system (Kha-
nin, 1979). The basin area is about 80,000 miZ (207,000 kmz),
and nearly all of this area includes sediments in excess of 15,000
feet (4,572 m) thick. In the central basin area, the basement may
be as deep as 80,000 feet (about 25 km). The basin occupies a
part of Azerbaijan in the west, Turkmenistan in the east, and Iran
in the south (fig. 10).

Tectonic and Sedimentary History

Earliest basin history is poorly understood because the old-
est rocks occur only at great depths. Much of the offshore part
of the basin is underlain by oceanic crust. Plate-tectonic recon-
structions indicate that the basin was formed in Late Jurassic or
Early Cretaceous time in conjunction with back-arc rifting of the
northern margin of the Tethys Sea (Zonenshain and others,
1990). The Cretaceous to early Tertiary interval is known only
from outcrops along the basin margins where rocks are primarily
composed of shallow-shelf carbonates and sandstones (fig. 11).
These rocks were deposited in marine deep-water (flysch) depo-
sitional environments in the area of the present-day Alpine fold-
belts. The oldest rocks penetrated by wells in the basin are deep-
water, organic-rich marine shales of the Oligocene—lower
Miocene Maykop Series (Bagir-Zade and others, 1987). These
rocks are overlain by deep-water organic-rich shales and lime-
stones of the Miocene Diatom Formation. Total thickness of this
combined interval may reach several thousand meters. Both
intervals contain the principal source rocks of the basin (fig. 11).

In latest Miocene time, the South Caspian basin was sepa-
rated from the Tethys Sea by orogenic uplifts and became a large
inland lake. The lake received clastic sediments from several
large fluvial systems, the largest of which was the paleo-Volga
River and its associated delta which developed in the western
part of the Apsheron-Pribalkhan zone of uplifts. Several rivers
brought sediments to the lake from the south, west, and east.
The Pliocene Productive Series, which is as much as 16,000 feet
(about 5 km) thick in the central basin area, was deposited under
high subsidence rates (Amanniyazov, 1992). During the late
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Pliocene, the Caspian and Black Sea basins were connected dur-
ing a marine transgression. Rapid subsidence and sedimenta-
tion continued into Quaternary time.

Rapid basin subsidence during Pliocene and Quaternary
time may have prevented normal development of compaction in
Maykop Series shales. Recent compression, which mainly
affected marginal areas of the basin, resulted in plastic flow of
the shales and formation of linear anticlines with shale cores.
Many anticlines contain active mud volcanoes with roots in the
Maykop Series and older(?) strata. The recent compressional
event may be related to initiation of subduction of the South
Caspian oceanic crust under the continental crust of the Middle
Caspian basin (Granth and Baganz, 1996).

Source Rocks

Source rocks occur at great depths but are known largely
from outcrops on the basin margins and from fragments of brec-
cias associated with mud volcanoes. Two source rock units are
present: deep-water black shales of the Oligocene—lower
Miocene Maykop Series and deep-water, anoxic shales of the
middle Miocene Diatom Formation (fig. 11). The Diatom For-
mation directly overlies the Maykop Series, and both units
together are generally viewed as a single source rock. However,
as revealed by recent geochemical data obtained by western
companies, oils generated from each of the stratigraphic units
contain a specific set of biomarkers. Both source rocks contain
2 or more percent TOC and mixed Types-I and -1I kerogen
(Pigott and others, 1996; Abrams and Narimanov, 1997).

The basin, especially its offshore part, is characterized by a
very low geothermal gradient. In drilled structures, present-day
temperatures (generally maximum temperatures) at a depth of
20,000 feet (about 6 km) do not exceed 120°C (Bagir-Zade and
others, 1987). The average geothermal gradient is about 16°C/
km (Buryakovsky and Dzhevanshir, 1990). The geothermal gra-
dient and burial history indicate that the top of the oil window
occurs at depths of 18,000-21,000 feet (about 5.5-6.5 km) and
that the base occurs at 26,000-30,000 feet (8-9 km). The top of
the source rock interval in much of the basin area is in the upper
part of the oil window. However, as the source rock section may
be several kilometers thick, the lower part is probably in the gas
window. This thermal regime and source rock richness result in
gas generation as suggested by the large volumes of gas emitted
from mud volcanoes annually (Yakubov, 1980).

Reservoir Rocks

Reservoir rocks of the Pliocene Productive Series are sand-
stones and siltstones. Reservoir properties of the sandstones
vary depending on paleogeographic conditions of sedimenta-
tion. The best reservoir rocks are quartz-rich sandstones on the
Apsheron-Pribalkhan Peninsula near Baku in the western
Apsheron-Pribalkhan zone of uplifts offshore, and in adjacent
areas. In this region, clastic sediments entered the basin from
the paleo-Volga river, which drained a large part of the Russian
craton. Sandstones were deposited in deltaic and alluvial envi-
ronments. At depths of 6,600-9,800 feet (about 2-3 km),
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porosity varies from 15 to 30 percent, and permeability varies
from several tens to 1,000 millidarcies. Little porosity and per-
meability loss is observed to depths of 20,000 feet (about 6 km)
(Kheirov and others, 1990). Preservation of good reservoir
properties is related to the low geothermal gradient and wide-
spread overpressuring (Proshlyakov and others, 1987). To the
east and south, grain size decreases and clay content increases,
resulting in poorer reservoir quality.

In the southwestern part of the basin, clastic rocks of the
Productive Series were deposited by the paleo-Kura River sys-
tem, which drained a Caucasus source area of lithic-rich clastic
and volcanic rocks. The resulting reservoirs are poor when com-
pared to those of the Apsheron area. At depths of 8,200-9,800
feet (2.5-3.0 km), porosity commonly does not exceed 20 per-
cent and decreases to 12—14 percent at 16,400 feet (5.0 km).
The Krasnotsvet Formation in onshore areas of the eastern part
of the basin is composed mainly of alluvial sandstones. Even at
shallow depths sandstone porosity seldom exceeds 20 percent
and permeability is a few tens of millidarcies. Reduction of
porosity with depth is significant, and at 14,800-16,400 feet
(about 4.5-5 km), porosity varies from 8 to 14 percent. Better
quality deltaic sandstones of the paleo-Amu-Darya River may be
present offshore, but these areas have not yet been drilled.

Trap Types

Oil and gas fields in the South Caspian basin are controlled
primarily by structural traps (table 2), although pool outlines are
often associated with lateral stratigraphic changes. The domi-
nant traps are compressional anticlinal folds grouped into long
linear zones in onshore and shallow-shelf areas along the
periphery of the basin. Fold amplitudes along the Apsheron-
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Major geologic events, primary source and reservoir rocks, and basin history of South Caspian basin.

Pribalkhan zone of uplifts vary from 3,300-9,800 feet (about 1—
3 km) in the lower part of the Productive Series to 1,000-5,000
feet (about 0.3—-1.5 km) along the western and eastern basin
margins (Amanniyazov, 1992). Folding took place in Pliocene-
Quaternary time, and amplitudes of structures decrease upward
in the section. Folds are strongly faulted and subdivided into
distinct structural blocks. Vertical displacements along the
faults vary widely from several meters to more than 6,600 feet
(about 2 km). Seismic data suggest that the cores of folds are
composed of plastic shales of the Maykop Series. Many folds
have active and buried mud volcanoes along their crests. Fold
amplitudes on the eastern basin margin are usually smaller than
on the western margin, but are still measured on a scale of hun-
dreds of meters. In the central, deep-water part of the Caspian
Sea, large, gentle structures have been mapped by seismic sur-
veys. These structures have not been drilled, and their origin is
as yet unknown (Bagir-Zade and others, 1987).

Deep Production

Nearly all the oil and gas reserves of the South Caspian
basin are in clastic reservoirs of the Pliocene Productive Series
in the west and its stratigraphic equivalent, the Krasnotsvet (Red
Color) Formation in the east (fig. 11). Most of the oil reserves
are concentrated in structures of the Apsheron-Pribalkhan zone
of uplifts along the northern basin boundary (fig. 10) (Dikensh-
tein and others, 1983).

In the South Caspian basin, deep drilling began in the mid-
1950’s. By 1975, more than 500 wells had been drilled to
depths exceeding 15,000 feet (4,572 m), but only 300 of them
reached their targets. The deepest well, Saatley-1 located in
Azerbaijan, was projected to reach 36,000 feet (about 11 km) as



part of the Soviet superdeep drilling program. The well reached
a depth of more than 9 km in the early 1990’s before the drilling
program was canceled.

Twenty-two oil and gas pools have been discovered at
depths greater than 4.5 km in the South Caspian basin (Krylov,
1980). Major deep drilling problems include overpressuring and
the plasticity of shales. Petroconsultants database (1996) identi-
fies nine fields with reservoirs at great depths, seven of which
have been developed and produce oil. Several more fields are
indicated by Maksimov (1987). Development of deep fields is
economically feasible because sandstones of the Productive
Series have high porosity and permeability. Both deep oil and
deep gas potential of the South Caspian basin are believed to be
very high (Bagir-Zade and others, 1987).

Amu-Darya Basin

The Amu-Darya basin occupies the eastern part of the
Turanian plate, which consists of Mesozoic basins and uplifts on
Hercynian-late Paleozoic basement east of the Caspian Sea (fig.
1). The south side of the basin is bounded by ranges of the
Alpine fold system (fig. 12), including the Kopet-Dag foldbelt
on the southwest and the Bandi-Turkestan and Gissar Ranges on
the southeast and east. The north end of the basin abuts the
Kyzylkum regional basement uplift.

Tectonically, the basin is a deep Mesozoic and Tertiary sag
overlying a Permian to Triassic rift system and includes a fore-
deep in front of the Kopet-Dag foldbelt. The larger western part
of the basin is in Turkmenistan, its northeastern part is in
Uzbekistan, and a small southeastern part is in Afghanistan. The
basin is more than 33,000 feet (about 10 km) deep in the Mur-
gab depression; it is 15,000 feet (4,572 m) deep throughout an
area of more than 58,000 miZ (150,000 km? ) (fig. 12) (Simakov,
1986).

Tectonic and Sedimentary History

Basement rocks of the Amu-Darya basin are deformed and
metamorphosed clastic wedges primarily of Carboniferous age.
The Karakum and Karabogaz arches in the northwestern part of
the basin are Hercynian micro-continents with Precambrian and
early Paleozoic metamorphic rocks intruded by granites (fig.
12). This basement sequence was rifted in Late Permian and
Triassic time (fig. 13), but the rift structure is poorly known
because of thick overlying rocks and the absence of outcrops
(Gabrielyants and others, 1991).

The overlying Jurassic through Paleogene sequence was
deposited on a passive margin separated from the Tethyan sub-
duction zone by marginal seas (fig. 13). The lower Middle
Jurassic sequence, as much as 1 km thick, lies unconformably
on Triassic rocks and onlaps basement highs. This interval is
mainly composed of continental coal-bearing clastic rocks (fig.
13) and locally of volcanic rocks. Marine beds appear in the
mid-Jurassic (upper Bajocian) and become increasingly com-
mon upward in the section in the southern part of the basin.

During the Late Jurassic a transgressive carbonate sequence was
deposited on the northeastern and possibly southern margins of
the Murgab depression where a deep-water marine basin was
being formed. This basin was filled by a thick (reaching 4,000
feet—about 1.2 km) latest Jurassic (Tithonian) evaporite unit
(Gaurdak Formation; Maksimov and others, 1986). Lower Cre-
taceous marine carbonate and clastic rocks lie unconformably
on Jurassic rocks. The section includes a continental interval
with a widespread sandstone bed (Shatlyk Formation) that is the
main gas producer in the basin. The Upper Cretaceous section is
about 1.2 km thick and consists mainly of clastic rocks that lat-
erally grade into carbonates in the Kopet-Dag foredeep. Marine
carbonate and clastic rocks are abundant in the lower Tertiary
(Paleogene) sequence that forms the top of the passive margin
sequence (Dikenshtein and others, 1983).

Thrusting and orogeny in the Kopet-Dag foldbelt started in
late Oligocene (late Paleogene) and has continued to the present
time. This uplifted terrane gradually became the main source of
clastic detritus that included marine sediments in the Miocene
and continental sediments in the Pliocene. The collision of Eur-
asia with India resulted in deformation of the eastern part of the
Mesozoic-Paleogene sedimentary basin and formation of the
Gissar Range. This deformed area is designated as the Afghan-
Tajik basin (fig. 12).

Source Rocks

The main source rocks of the Amu-Darya basin occur in the
subsalt Jurassic section. Suprasalt rocks have minor source
potential but are the primary reservoirs. Migration of hydrocar-
bons through the thick, substantially undeformed salt formation
presents a significant problem. One proposed model suggests
updip lateral migration of gas southward along Jurassic rocks to
the salt pinch-out zone, then vertical migration upward into
Lower Cretaceous sandstones, and updip lateral migration
northward to traps in the sandstones. This model is possible due
to the opposite tilt of Jurassic and Lower Cretaceous beds
(Akramkhodzhaev and Egambergiev, 1985).

Organic-rich black shale of the Upper Jurassic
Khodzhaipak Formation is a well-known source rock on
Bukhara and Chardzhou structural terraces (steps) of the north-
eastern basin margin (fig. 12). The Khodzhaipak Formation has
high TOC contents and contains Type-II kerogen. In the Mur-
gab depression, the Upper Jurassic carbonate section laterally
grades into deep-water calcareous shales, but few wells have
penetrated these subsalt rocks and geochemical information is
not available. Based on regional data about depositional envi-
ronments, these rocks should have a significant source rock
potential. The Khodzhaipak Formation occurs at shallower
depths and is presently in the oil window (Akramkhodzhaev and
Egambergiev, 1985).

The most likely source for deep gas in the Amu-Darya
basin is the thick lower Middle Jurassic coal-bearing clastic
sequence. Middle Jurassic source rocks reached maturity in the
Early Cretaceous. By the time structural traps developed during
the late Tertiary, these rocks had subsided deep into the gas
window.

Geology and Natural Gas Potential of Deep Sedimentary Basins in the Former Soviet Union 21
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Figure 12. Amu-Darya basin showing political boundaries, gas fields, and major geologic and geographic features discussed in text. Dark shade, portion of basin with sedimentary rocks
below 4.5 km.
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Figure 13. Major geologic events, primary source and reservoir rocks, and basin history of Amu-Darya basin.

Reservoir Rocks Reservoir quality of other Cretaceous horizons is variable
(Maksimov and others, 1986).

Gas-producing Cretaceous reservoir rocks occur at depths Principal Jurassic reservoirs are Upper Jurassic carbonates,
not exceeding 9,800 feet (about 3 km). About 50 percent of the  primarily reefs, on the Bukhara and Chardzhou structural steps
gas reserves of the basin are found in quartzose sandstones of (fig. 12). Reservoir properties of these carbonates are variable
the Lower Cretaceous Shatlyk Formation. The sandstones are and depend primarily on diagenetic factors. Porosity usually
generally characterized by porosity varying from 17 to 23 per- averages 10—15 percent but in some fields reaches 20 percent.
cent and permeabilities ranging from 1 to several hundred No significant loss of porosity with depth has been identified to

millidarcies. For discovered fields at about 13,000 feet (about 4  depths reaching 11,500 feet (about 3.5 km). Lower—Middle

km) depth, porosity of Shatlyk sandstones is 18-20 percent. Jurassic sandstones are gas productive in several fields that are
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mainly located on the northern margin of the basin at depths
averaging 7,200-8,200 feet (about 2-2.5 km). Reservoir quality
of these rocks is poor. Even at shallow depths, porosity ranges
from 7 to 15 percent and permeability is low (Maksimov and
others, 1986).

Trap Types

Two principal trap types control the majority of fields in the
basin. The first type includes structural traps that control gas
accumulations in Cretaceous reservoirs. These traps are gentle
platform-type uplifts that are related to local basement highs on
the Karakum arch in the northwestern part of the basin (fig. 12).
In the rest of the basin, relationships have not been identified
between traps and basement tectonics, but traps probably formed
in late Tertiary (Neogene) time influenced by regional compres-
sion. Most traps in the Upper Jurassic carbonate section are
reefs (pinnacles and atolls). Several fields are known to have
combination traps formed by marginal barrier reefs associated
with anticlines. The reef zone may have extended from the
Chardzhou step in the northeast around the southern margin of
the Murgab depression where the Upper Jurassic occurs at
depths of about 16,500 feet (about 5 km). Anticlines are also
productive north and northeast of the reef zone (Dikenshtein and
others, 1983).

The largest gas field in the basin, the Douletabad-Donmez
field, is located at the south end of the basin in a pinch-out zone
of Jurassic salt along a southward-dipping monocline (fig. 12).
Primary reservoirs are highly permeable (as much as 700 milli-
darcies) gas-saturated sandstones of the Shatlyk Formation in a
hydrodynamic trap. Average depth to production is about 3.1
km (Maksimov and others, 1986).

Deep Production

The Amu-Darya basin is the second most important gas
producing basin in the FSU (after the West Siberian basin). Oil
and gas resources are concentrated in two stratigraphic intervals:
Lower Cretaceous clastic and Upper Jurassic carbonate rocks.
Most of the gas in the Amu-Darya basin is sweet gas currently
produced from Lower Cretaceous reservoirs in several giant
fields and one supergiant field (Douletabad-Donmez field) at
depths averaging 10,000 feet (about 3 km). Upper Jurassic car-
bonate rocks are productive mainly in the northeastern part of
the basin (Bukhara and Chardzhou structural steps northeast of
the Murgab depression; fig. 12). They contain both sour gas and
condensate fields and oil fields. Recently, large gas reservoirs
were discovered at depths of about 16,000 feet (about 5 km) in
the Yashlar field area on the southern margin of the Murgab
depression (fig. 12).

According to Petroconsultants (1996), three deep fields
have been discovered in the basin (see table 2). Potential deep
prospects are likely in Lower to Middle Jurassic clastic and
Upper Jurassic carbonate rocks. Clastic reservoirs have poor
reservoir quality at shallower depths and are considered high
risk. Carbonate reservoirs have good porosity and permeability
but contain hydrogen sulfide. In shallow fields of the Bukhara
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and Chardzhou steps, the amount of hydrogen sulfide in Upper
Jurassic reservoirs varies from near zero to 6 percent. This
value will most likely increase with increasing depth and tem-
perature. In some older wells in the Yashlar field, hydrogen sul-
fide content reached 25 percent (Maksimov and others, 1986).

Deep drilling is also complicated by very high overpres-
sures in the Amu-Darya basin. Reservoir pressures in brine-
bearing carbonate beds within the salt formation are nearly
equal to geostatic pressure.

Summary

Sedimentary basins in the Former Soviet Union (FSU) are
among the deepest in the world with depths to basement exceed-
ing 65,000 feet (20 km) in the North Caspian, South Caspian,
and South Barents basins. Deep basins occur in both offshore
and onshore areas of the FSU and extend from the Arctic Shelf
in the north, to the Sea of Okhotsk and the Kamchatka Penin-
sula in the east, to the Central Asian republics in the south, and
to Poland and Romania in the west. These basins formed in a
wide variety of plate-tectonic regimes and include rift basins
(such as Dnieper-Donets basin), foreland basins (such as Volga-
Ural and Timan-Pechora basins), and collisional passive mar-
gins (such as Afghan-Tajik basin).

Six basins (Dnieper-Donets, Vilyuy, North Caspian, Mid-
dle Caspian, South Caspian and Amu-Darya basins) have the
greatest potential for deep gas resources based on data available
to us and are summarized in this report.

Source and reservoir rocks range in age from Proterozoic
to Tertiary. Major source rocks include Devonian to Permian
anoxic shales of the North Caspian and Timan-Pechora basins,
black shales of the Cambrian Kuonan Formation in the Vilyuy
basin, and siliceous shales of the Maykop Series of the South
Caspian basin. Both carbonate and clastic reservoirs are abun-
dant. Reservoirs are predominantly clastic in the Vilyuy, West
Siberian, Dnieper-Donets, and South Caspian basins, whereas
the North Caspian basin contains predominantly carbonate
IeServoirs.
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Comparison of Kinetic-Model Predictions of

Deep Gas Generation

By Allison A. Henry' and Michael D. Lewan?

Introduction

The origin of and processes resulting in natural gas genera-
tion remain a controversial issue in petroleum geochemistry
(Price, 1997). Various investigations have used different pyroly-
sis methods and organic sources to develop models to predict
timing and quantities of natural gas generation in sedimentary
basins (table 1). The results and implications of these different
models on predicting natural gas generation have not previously
been compared in the literature. The objective of this study is to
compare six different published gas-generation kinetic models
(table 1) with respect to their predictions of timing and quanti-
ties of deep gas generation. As discussed by Dyman and others
(1997), the potential for deep gas at depths greater than 15,000
feet/4,572 m remains an uncertain domestic exploration frontier.
Two geologic settings for the occurrence of deep gas emerge
from this definition. The first geologic setting envisages gas
being initially generated and accumulating in traps at shallow
depths (<15,000 feet/4,572 m). As sedimentation and basin sub-
sidence continue with geologic time, these shallow traps remain
coherent and are eventually buried to depths greater than 15,000
feet/4,572 m. Deep gas accumulations resulting from this set-
ting are dependent on the competence of trap closures and seals
with burial to depths greater than 15,000 feet/4,572 m. The sec-
ond geologic setting envisages gas generation and accumulation
in traps at deeper depths (>15,000 feet/4,572 m). Deep-gas
accumulations resulting from this setting are dependent on a
source of gas at burial depths greater than 15,000 feet/4,572 m.
It is this dependence on sources of deep gas generation that this
study examines.

Various kinetic models for the generation of natural gas in
sedimentary basins have been published over the last several
years. These gas-generation kinetic models are primarily based
on different types of laboratory pyrolysis methods, which
include open-system anhydrous pyrolysis (for example, Rock-
Eval; Behar and others, 1997), closed-system anhydrous pyroly-
sis (for example, microscale sealed (MSSV) pyrolysis; Horsfield
and others, 1992), and closed-system hydrous pyrolysis (flexible
gold-bag autoclaves; Knauss and others, 1997). In addition to
employing different pyrolysis methods, different starting materi-
als are considered as the source of natural gas. Some kinetic
models consider crude oil in deeply buried reservoirs (Tsuzuki

'Current Address: The Scripps Research Institute, 10550 North Torrey Pines
Road, La Jolla, CA 92037. (<ahenry@scripps.edu>)
2<m|ewan@usgs.gov>

and others, 1997), and others consider unexpelled oil retained in
mature source rocks (Pepper and Corvi, 1995).

These kinetic models are examined in two hypothetical
basin scenarios that represent end-member heating rates of 1°
and 10°C/m.y. This study makes no attempt to judge the validity
of the six kinetic models used but only intends to present and
compare their results and the implications they have on deep
gas generation. Kinetic models for the thermal stability of
crude oil that are based on model hydrocarbons were not
included in this study. Although studies of such models provide
useful information on the influence of pressure, oil matrices,
and cracking mechanisms (Domine, 1991; Behar and Vanden-
broucke, 1996; Burnham and others, 1997), either they are
based on the loss of the model compound rather than generated
gas, or the generated gases have peculiar gas compositions sig-
nificantly different from natural gases.
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Methods

Basin Scenarios

Gretener and Curtis (1982) have estimated common heat-
ing rates for sedimentary basins to be between 1° and 10°C/m.y.
In keeping with these limits, the kinetic models used in this
study are compared in two end-member basin scenarios. One
basin scenario uses a thermal gradient of 30°C/km and burial
rate of 33.3 m/m.y., which results in a heating rate of 1°C/m.y.
The other scenario uses a thermal gradient of 45°C/km and
burial rate of 222.2 m/m.y., which results in a heating rate of
10°C/m.y. The heating rates were assumed to be linear in both
basin scenarios.
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Table 1. Summary of six gas-generation kinetic models considered in this study.

Model name Ref* Starting material

Kinetic approach

Kinetic parameters

Open pyrolysis 1 Kerogen
(Type-L -I1, -1IS, -1IT)

Composite pyrolysis 2 Kerogen
(Type-1, -11, -1IS, -IIT)

Hydrous pyrolysis 3 Kerogen
(Type-II)
4 Crude oil

(light and heavy saturates)

Anhydrous pyrolysis 5 Crude oil
(36°API gravity)
6 Immature source rock

(organofacies A, B, C, D/E, F)

Optimization of non-isothermal

experiments at different heating rates.

Optimization of open and

anhydrous pyrolysis and natural data.

Optimization of isothermal pyrolysis

experiments.

Optimization of isothermal pyrolysis

experiments.

Optimization of non-isothermal

experiments at different heating rates.

Optimization of isothermal pyrolysis

experiments at one temperature.

Discrete distribution of activation

energies with single frequency factor.

Gaussian distribution of activation

energies with single frequency factor.

Gaussian distribution of activation

energies with single frequency factor.

Single activation energies and frequency

factors for light and heavy saturates.

Discrete distribution of activation

energies with single frequency factor.

Gaussian distribution of activation

energies with single frequency factor.

* References: 1, Behar and others (1997); 2, Pepper and Corvi (1995); 3, Knauss and others (1997); 4, Tsuzuki and others (1997); 5, Horsfield and others (1992);

6, Pepper and Dodd (1995).



Kinetic Models

Attributes of the six kinetic models considered in this study
are given in table 1. Three of the models consider gas genera-
tion from kerogen (Behar and others, 1997; Pepper and Corvi,
1995; and Knauss and others, 1997). Behar and others (1997)
used kerogen samples including a Type-I kerogen from the
Eocene Green River Formation, Type-II kerogen from a Toar-
cian shale of the Paris basin, Type-IIS kerogen from the
Miocene Monterey Formation, and two Type-III kerogens from
a Miocene coal in the Mahakam delta and a Dogger coal from
the North Sea. Pepper and Corvi (1995) organized their kerogen
samples into organofacies A, B, C, D/E, and F. According to
their definitions of organofacies, organofacies A kerogen is sim-
ilar to Type-IIS kerogen, organofacies B kerogen is similar to
Type-II kerogen, organofacies C kerogen is similar to Type-I
kerogen, organofacies D/E is similar to Type-III kerogen, and
organofacies F is similar to Type-III/IV kerogens. Knauss and
others (1997) used New Albany Shale (Devonian-Mississip-
pian), which contains Type-II kerogen.

The other three models consider gas generation from the
cracking of oil (Horsfield and others, 1992; Pepper and Dodd,
1995; and Tsuzuki and others, 1997). Horsfield and others
(1992) used a medium-gravity crude oil from a Middle Jurassic
reservoir in the Central Graben of the Norwegian North Sea
(NOCS 33/9-14). Pepper and Dodd (1995) focused on the in-
source cracking of oil as opposed to the cracking of reservoir
oils; the authors used 16 samples of source rocks classified as
members of their five organofacies. Tsuzuki and others (1997)
used a Sarukawa crude oil with an API gravity of 33.6°.

Model/Pyrolysis Terminology

The four types of models in this study are based on differ-
ent pyrolysis methods. The open-pyrolysis model uses Rock-
Eval pyrolysis to determine kinetic parameters (Behar and oth-
ers, 1997). The composite-pyrolysis model refers to Pepper
and Corvi’s (1995) mixed data set from many different refer-
ences, natural data sets, and open- and closed-system pyrolysis
methods. The anhydrous-pyrolysis model refers to closed-sys-
tem pyrolysis of kerogen or oil without liquid water and is used
by Pepper and Dodd (1995) and Horsfield and others (1992).
The hydrous-pyrolysis model refers to pyrolysis of kerogen or
oil in the presence of liquid water and is used by Knauss and
others (1997) and Tsuzuki and others (1997).

Extent of Reaction with Single Activation Energy and
Frequency Factor

As demonstrated by Wood (1988), the extent of a reaction
(that is, k=rate constant) that follows the Arrhenius equation,

k = Aexp(—RET)

can be reasonably estimated over a linear heating rate by the
approximate analytical integral solution derived by Gorbachev
(1975):

TTIARR = { (A(tn+1-tn))/(Tn+1-Th) } *
{ [(RT %0+ 1/(E+2RTn+1))*exp(-E/RTn+1)] 1)
- [(RT *n/(E+2RTn))*exp(-E/RTn)] }

where TTIARR is the extent of reaction function or time-temper-
ature index, A is the frequency factor in m.y.'l, E is the activa-
tion energy in cal/mol, R is the ideal gas constant in cal/mol-K,
tn is the beginning of the time interval in m.y., tn+1 is the end of
the time interval in m.y., Tn is the temperature in K at the start of
the time interval, and Tn+1 is the temperature in K at the end of
the time interval. TTIARR can be equated to the integrated first
order rate equation,

In(1/[1-X]) = kt, 2
by
TTIARR = In(1/[1-X]) 3)

where X represents the extent of reaction as a decimal fraction,
which is referred to as fraction of reaction. TTIARR values can
be calculated for various intervals in the burial history of a
potential source rock using equation 1. The TTIARR calculated
for each burial interval is additive, and the sum values can be
converted to fraction of reaction by solving equation 3 for X:

X = 1- (1/exp[TTIARR]). 4)

Tsuzuki and others (1997) derived single E and A values
for the generation of C{—C5 hydrocarbon gas from the cracking
of light (C¢—Cy4 saturates) and heavy (C; 5, saturates) compo-
nents of crude oil. The activation energy and frequency factor
for the cracking of the light component are respectively 86 kcal/
mol and 6.4868x10°° m.y.'1 The activation energy and fre-
quency factor for the cracking of the heavy component are
respectively 76 kcal/mol, 3.4187x10% m.y. -1 These kinetic
parameters and the two end-member heating rates were used in
equation 1 to determine the extent of gas generation from the
cracking of oil in the two basin scenarios.

Extent of Reaction using Multiple Activation Energies
or Frequency Factors

In order to reflect a first-order reaction with more than one
frequency factor or activation energy, X of equation 4 must also
represent the fractional extent of reaction for each activation
energy and frequency factor. Multiple activation energies or fre-
quency factors are derived by curve-fitting methods that assume
first-order parallel reactions. The multiple kinetic parameters
are described as discrete or Gaussian distributions, wherein each
of the multiple parameters is assigned a fractional part of the
overall reaction (Ungerer and others, 1986; Braum and Burn-
ham, 1987).

Comparison of Kinetic-Model Predictions of Deep Gas Generation 3



The discrete distribution is used by Behar and others (1997)
and Horsfield and others (1992). Both groups optimized their
experimental kinetic data in such a way as to give a variety of
activation energies with associated fractions of reaction and a
single frequency factor. Behar and others (1997) presented dis-
crete activation-energy distributions for the generation of meth-
ane (C;) and C,—C5 hydrocarbon gas from five kerogens (table
2). Horsfield and others (1992) also used a discrete activation-
energy distribution between 50 and 73 kcal/mol with a frequency
factor of 3.47x10%° m.y.'] for oil cracking to C;—C4 hydrocarbon
gas (table 3). Equation 1 is used for each discrete activation
energy for the fractional part of the reaction it is assigned and
then summed with results from the other discrete activation
energies to give a cumulative generation curve for the extent of
reaction.

The Gaussian distribution of activation energies is
employed by Pepper and Dodd (1995), Pepper and Corvi (1995),
and Knauss and others (1997). The distribution is presented by a
mean activation energy, Emean, and a standard deviation, OF, as
shown in table 4. A Gaussian distribution is expressed by the
equation 1 -
1 o~ Q(X -l

- oN2IT

where o is the standard deviation at the 68 percent confidence
level (OE), u is the mean activation energy (Emean), and Y is the
height of the curve above a given X (discrete activation energy).
The function reaches a maximum value of

1

o2IT

when X=y. Using equation 5 and the parameters given by the
cited authors, the Gaussian distribution was divided into discrete
1.0-kcal/mol activation energies. As the area under the normal
curve is one and each rectangle of discrete activation energy is
one unit wide, the area of the rectangle becomes the fractional
part of the reaction for a given discrete activation energy. When
summed, the values at each discrete energy will equal 1. Equa-
tion 1 is used for each discrete activation energy to determine the
fractional part of the reaction it is assigned and then summed
with results from the other discrete activation energies to give a
cumulative generation curve for the extent of reaction. Pepper
and Corvi (1995) and Knauss and others (1997) used a different
single frequency factor with each distribution, but Pepper and
Dodd (1995) used the same single frequency factor for all of
their activation energy distributions (table 4).

Y

&)

Amount of Gas Generated

All the kinetic models considered in this study employ first-
order reaction rates, which give the extent of reaction, X, as a
decimal fraction of the completed reaction at unity (that is, X
equals amount of gas generated at a particular thermal stress
divided by the maximum amount of gas that can be generated
from a particular source material). The obvious question that
remains is, how much gas per mass of starting material does
unity equal? Behar and others (1997) explicitly stated the maxi-
mum amounts (X=1) of C; and C,—C5 generated from kerogen,
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as given in table 5. These values were combined to give maxi-
mum yields for C;—Cs in milligrams per gram of total organic
carbon (mg/g C). Pepper and Corvi (1995) gave maximum C;—
C5 gas generation for each of their five organofacies: A=105
mg/g C; B=101 mg/g C; C=78 mg/g C; D/E=77 mg/g C; and
F=70 mg/g C.

The maximum gas concentrations reported as mmolal for
the hydrous-pyrolysis experiments by Knauss and others (1997)
are converted to mg/g C by the equation

W
X —
MWXG 0IaIX<S (3)

Gasmg/9C) = —ia50xT0C

where MW is the formula weight of the gas component (that is,
C1=16.04 g/mol, C,=30.07 g/mol, C5=44.10 g/mol, and Cy4=
58.12 g/mol), G, nola 1S the maximum gas yield in mmolal
(Knauss and others, 1997; table 2, p. 482—-483), w/s is the
water:shale ratio at time zero for the experiments (4.06 g/g), and
TOC is the total organic carbon of the rock expressed as a frac-
tion (0.114). Equation 6 gives maximum gas yields of 26.5 mg/
g C for methane (Cy), 24.9 mg/g C for ethane (C,), 22.0 mg/g C
for propane (C3) and 19.4 mg/g C for butane (C4). The total of
these values (92.8 mg/g C) gives the maximum C;—C, gas gen-
erated from the New Albany Shale (table 5).

According to Pepper and Dodd (1995), the maximum
amount of C{—Cs gas generated from the cracking of oil in a
source rock is equivalent to the amount of oil remaining in the
kerogen after expulsion. Therefore, the maximum amount of
gas for all 16 kerogen samples is 100 mg/g C, which they con-
sidered the threshold for oil retained by sorption in the kerogen
(A.S. Pepper, pers. commun., 1998).

Horsfield and others (1992) experimentally determined
that the maximum amount of C;—C, gas generated from the
cracking of reservoired oil by closed-system anhydrous pyroly-
sis is 460 mg/g oil. Tsuzuki and others (1997) considered gas
generation from the cracking of reservoired Sarukawa oil by
closed-system hydrous pyrolysis. The generation of C;—C5 gas
is described by two reactions. One reaction (k11) involves the
conversion of Cys, heavy saturates (C;5,Sat) to C;5, heavy
condensed aromatics (Cy5,Aro), C;—Cs gas (C1—Cs), and Cs—
Cy4 light saturates (C¢—C;4Sat):

k11
C15+ Sat 0.36(C15+Ar0)+0.27(C1—C5) (7)
+0.37(C—C14Sat)
The other reaction (k2) involves the conversion of the gen-
erated C4—C4 light saturates (C¢—C4Sat) generated in reaction
7 to C;—C5 gas (C;—C5) and insoluble coke (C ):

k2
Ce—Cpq Sat — 7 0.60(C;—Cs)+0.40(C--). )]

Jamil and others (1991) reported that Cy5, heavy saturates
(C5,5at) compose 64.9 wt. percent of Sarukawa oils. There-
fore, 1 g of oil will initially generate 175 mg of C;—C5 gas
through the cracking of Cy5, heavy saturates (C;5,Sat; equation
7) and an additional 144 mg of C{—Cj5 gas through the cracking
of C¢—C4 light saturates (C4—C4Sat; equation 8). These two
values are combined to give 319 mg/g oil as the maximum
amount of gas generated from the cracking of oil.
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Table 2. Fractional gas yields assigned to discrete activation energies and single-frequency factors used by Behar and others (1997) to model gas generation from kerogen.

Type-I kerogen

Fractional Part of Total Gas Yield

Type-Il kerogen

Type-1IS kerogen

Type-lll' kerogen

Type-IIl kerogen

C1 Co—Cs Cq Cy—Cs Cq Cy—Cs C1 Cy—Cs Cq Co—Cs
Activation Fractional Fractional Fractional Fractional Fractional Fractional Fractional Fractional Fractional Fractional
energy (kcal/mol) gas yield gas yield gas yield gas yield gasyield gasyield gas yield gas yield gas yield gasyield
74.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.032 0.00
72.0 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.126 0.01
70.0 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.133 0.06
68.0 0.00 0.00 0.00 0.002 0.00 0.00 0.16 0.02 0.136 0.05
66.0 0.02 0.00 0.02 0.006 0.004 0.00 0.16 0.04 0.159 0.10
64.0 0.08 0.00 0.07 0.014 0.019 0.00 0.16 0.07 0.155 0.18
62.0 0.08 0.00 0.11 0.024 0.034 0.00 0.14 0.17 0.129 0.25
60.0 0.10 0.00 0.13 0.040 0.174 0.01 0.11 0.28 0.094 0.24
58.0 0.12 0.00 0.19 0.092 0.159 0.03 0.07 0.22 0.032 0.11
56.0 0.19 0.00 0.15 0.225 0.186 0.05 0.03 0.13 0.003 0.02
54.0 0.38 0.95 0.15 0.247 0.144 0.19 0.01 0.05 0.00 0.00
52.0 0.02 0.05 0.11 0.241 0.080 0.27 0.00 0.02 0.00 0.00
50.0 0.00 0.00 0.05 0.092 0.080 0.16 0.00 0.01 0.00 0.00
48.0 0.00 0.00 0.02 0.016 0.068 0.21 0.00 0.00 0.00 0.00
46.0 0.00 0.00 0.00 0.002 0.042 0.06 0.00 0.00 0.00 0.00
44.0 0.00 0.00 0.00 0.00 0.011 0.01 0.00 0.00 0.00 0.00
Frequency 2.33E+27 2.33E+27 5.05E+27 5.05E+27 7.88E+26 7.88E+26 9.46E+28 9.46E+28 9.78E+28 9.78E+28
factor (1/m.y.)
Total gas yields 16.4 mg/g C 72.1 mg/g C 18.8 mg/g C 50.2 mg/g C 26.4 mg/g C 439mg/gC  30.6mg/gC 23.6 mg/g C 30.9 mg/g C 26.2 mg/g C




Table 3. Fractional C,~C, gas yields assigned to discrete
activation energies by Horsfield and others (1992) to model gas
generation from the cracking of oil.

Activation Fractional

energy (kcal/mol) gas yields
73 0.0174
72 0.0087
70 0.0587
69 0.1109
68 0.1478
67 0.2870
66 0.3435
63 0.0043
58 0.0065
55 0.0022
54 0.0022
53 0.0043
51 0.0022
50 0.0022

Frequency 3.47E+29
factor (1/m.y.)
Total gas yield 460 mg/g oil
Results

Kerogen to Gas

Figure 1 shows the gas-generation curves for Type-I kero-
gens in basins with 1° and 10°C/m.y. heating rates as predicted
by the open- and composite-pyrolysis models. At the top of the
deep gas depth (15,000 feet/4,572 m), 91 and 64 percent of gas
generation from Type-I kerogen are completed at 1°C/m.y.
according to the open- and composite-pyrolysis models, respec-
tively. Therefore, 7.9 and 27.9 mg/g C of deep gas are generated
according to the open- and composite-pyrolysis models, respec-
tively (fig. 1A and table 6). Both models predict that the deep
gas generation is finished (that is, X=0.99) at depths of 22,310
and 18,373 feet (6,800 and 5,600 m) (table 6). At the top of the
deep gas depth (15,000 feet/4,572 m), the open- and composite-
pyrolysis models respectively predict that 99 and 100 percent of
gas generation from Type-I kerogen are completed at 10°C/m.y.
According to these models, essentially no deep gas is generated
from Type-I kerogen at this heating rate.

Figure 2 shows the gas-generation curves for Type-II kero-
gens in basins with 1° and 10°C/m.y. heating rates as predicted
by the open- and composite-pyrolysis models. At the top of the
deep gas depth (15,000 feet/4,572 m), 75, 67, and 35 percent of
gas generation from Type-II kerogen are completed at 1°C/m.y.
according to the hydrous-, open-, and composite-pyrolysis mod-
els, respectively. These percentages indicate that 23.0, 22.9, and
65.0 mg/g C of deep gas are generated according to the
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hydrous-, open-, and composite-pyrolysis models, respectively
(fig. 2A and table 6). Deep gas generation is finished (that is,
X=0.99) according to these three models at depths of 19,029,
22,310, and 23,622 feet (5,800, 6,800, and 7,200 m) (table 6). At
the top of the deep gas depth (15,000 feet/4,572 m), the open-
and composite-pyrolysis models predict 92, 97, 95, and 100 per-
cent of gas generation from Type-II kerogen completed at 10°C/
m.y., respectively. Therefore, according to these models, essen-
tially no significant amounts of deep gas are generated from
Type-II kerogen at this heating rate.

Figure 3 shows the gas-generation curves for Type-IIS kero-
gens in basins with 1° and 10°C/m.y. heating rates as predicted by
the open- and composite-pyrolysis models. At the top of the deep
gas depth (15,000 feet/4,572 m), 74 and 93 percent of gas genera-
tion from Type-IIS kerogen are completed at 1°C/m.y. according
to the open- and composite-pyrolysis models, respectively.
Therefore, 17.9 and 7.0 mg/g C of deep gas are generated accord-
ing to the open- and composite-pyrolysis models, respectively
(fig. 3A and table 6). These models predict that the deep gas gen-
eration is finished (that is, X=0.99) at depths of 20,997 and
16,404 feet (6,400 and 5,000 m) (table 6). At the top of the deep
gas depth (15,000 feet/4,572 m), the open- and composite-pyroly-
sis models predict 99 and 100 percent of gas generation from
Type-IIS kerogen completed at 10°C/m.y., respectively. There-
fore, essentially no deep gas is generated from Type-IIS kerogen
at this heating rate.

Figure 4 shows the gas-generation curves for Type-III kero-
gens in basins with 1° and 10 °C/m.y. heating rates as predicted
by the open- and composite-pyrolysis models. At the top of the
deep gas depth (15,000 feet/4,572 m), 26 and 3 percent of gas
generation from Type-III kerogen are completed at 1°C/m.y.
according to the open- and composite-pyrolysis models, respec-
tively. Therefore, 39.7 and 73.8 mg/g C of deep gas are generated
according to the open- and composite-pyrolysis models, respec-
tively (fig. 4A and table 6). These models predict that the deep
gas generation is finished (that is, X=0.99) at depths of 20,997
and 22,966 feet (6,400 and 7,000 m) (table 6). At the top of the
deep gas depth (15,000 feet/4,572 m), the open- and composite-
pyrolysis models predict 85 and 92 percent of gas generation
from Type-III kerogen completed at 10°C/m.y., respectively.
According to these models, 7.9 and 6.0 mg/g C of deep gas are
generated from Type-III kerogen at this heating rate.

Figure 5 shows the gas-generation curves for more paraf-
finic Type-III kerogens (Type-III’) in basins with 1° and 10 °C/
m.y. heating rates as predicted by the open- and composite-
pyrolysis models. At the top of the deep gas depth (15,000 feet/
4,572 m), 11 and 3 percent of gas generation from Type-III" ker-
ogen are completed at 1°C/m.y. according to the open- and com-
posite-pyrolysis models, respectively. Therefore, 50.6 and 67.7
mg/g C of deep gas are generated according to the open- and
composite-pyrolysis models, respectively (fig. 5A and table 6).
These models predict that the deep gas generation is finished
(that is, X=0.99) at depths of 25,591 and 22,966 feet (7,800 and
7,000 m) (table 6). At the top of the deep gas depth (15,000 feet/
4,572 m), the open- and composite-pyrolysis models predict 74
and 91 percent of gas generation from Type-III kerogen com-
pleted at 10°C/m.y., respectively. According to these models,
14.9 and 6.0 mg/g C of deep gas are generated from Type-III"
kerogen at this heating rate.



Table 4a.  Gaussian distributions and their calculated discrete distributions of activation energies with fractional C,~C; gas yield
from kerogens as predicted by the composite-pyrolysis model (Pepper and Corvi, 1995).

Organofacies A Organofacies B Organofacies C Organofacies F/DE
Type-IIS Type-ll Type-I Type-Hi/nr
Gaussian distribution Gaussian distribution Gaussian distribution Gaussian distribution
of activation energies of activation energies of activation energies of activation energies
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
mean 494 mean 66.6 mean 59.8 mean 65.7
std.dev. 26 std.dev. 44 std.dev. 24 std.dev. 24
Discrete distribution Discrete distribution Discrete distribution Discrete distribution
Activation Fractional Activation Fractional Activation Fractional Activation Fractional
energies gasyield energies gasyield energies gasyield energies gas yield
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
56.4 0.0037 77.6 0.0040 65.8 0.0079 71.7 0.0070
55.4 0.0100 76.6 0.0069 64.8 0.0201 70.7 0.0185
54.4 0.0231 75.6 0.0112 63.8 0.0432 69.7 0.0412
534 0.0460 74.6 0.0174 62.8 0.0782 68.7 0.0766
52.4 0.0785 73.6 0.0257 61.8 0.1191 67.7 0.1191
51.4 0.1150 72.6 0.0359 60.8 0.1529 66.7 0.1549
50.4 0.1446 71.6 0.0477 59.8 0.1652 65.7 0.1686
494 0.1560 70.6 0.0601 58.8 0.1504 64.7 0.1535
48.4 0.1445 69.6 0.0720 57.8 0.1154 63.7 0.1168
47.4 0.1148 68.6 0.0819 56.8 0.0745 62.7 0.0744
46.4 0.0783 67.6 0.0885 55.8 0.0405 61.7 0.0396
454 0.0458 66.6 0.0907 54.8 0.0186 60.7 0.0177
444 0.0230 65.6 0.0884 53.8 0.0072 59.7 0.0066
434 0.0099 64.6 0.0817 52.8 0.0000 58.7 0.0000
424 0.0037 63.6 0.0718 51.8 0.0000 57.7 0.0000
41.5 0.0000 62.6 0.0598 50.8 0.0000 56.7 0.0000
40.5 0.0000 61.6 0.0474 49.8 0.0000 55.7 0.0000
39.5 0.0000 60.6 0.0356 48.8 0.0000 54.7 0.0000
38.5 0.0000 59.6 0.0255 47.8 0.0000 53.7 0.0000
37.5 0.0000 58.6 0.0173 46.8 0.0000 52.7 0.0000
36.5 0.0000 57.6 0.0111 45.8 0.0000 51.7 0.0000
35.5 0.0000 56.6 0.0068 44.8 0.0000 50.7 0.0000
34.5 0.0000 55.6 0.0039 43.8 0.0000 49.7 0.0000
Frequency
factor 1.24E+26 6.84E+31 7.22E+29 6.09E+29
(1/m.y.)
Source-Rock Qil to Gas main stages of oil generation and expulsion are completed. Fig-
ure 6 shows their model’s predicted gas-generation curves for oil
The anhydrous-pyrolysis model by Pepper and Dodd retained in 16 source rocks in basins with 1° and 10°C/m.y.

(1995) considers the kinetics of gas generation exclusively from  heating rates. These gas-generation curves are similar for all 16
the cracking of unexpelled oil retained in a source rock after the ~ source rocks irrespective of kerogen type or rock mineralogy.

Comparison of Kinetic-Model Predictions of Deep Gas Generation 7
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Table 4b.  Gaussian distributions and their calculated discrete distributions of activation energies with fractional C,~Cg gas yields from oil retained in mature source rocks

as predicted by the anhydrous-pyrolysis model (Pepper and Dodd, 1995). Frequency factor (1/m.y.) for all source rocks is 3.15 x 107",

[BL, Brown Limestone; SM, St. Medard; Ha, Haltenbanken; LC9, LC995; Ta, Tarakan; CO, COST; AWD, PAL, not given]

Source rock BL SM Source rock AWD Ha Source rock PAL LC9 Ta co
Gaussian distribution Gaussian distribution Gaussian distribution
Activation energies (kcal/mol) Activation energies (kcal/mol) Activation energies (kcal/mol)
Mean 58.7 571.7 Mean 58.4 56.4 Mean 58.1 57.1 58.1 57.1
Std. dev. 1.7 29 Std. dev. 24 36 Std. dev. 22 36 26 24
Discrete distribution Discrete distribution Discrete distribution
Activation Fractional Activation Fractional Activation Fractional
energy gasyield energy gasyield energy gasyield
(kcal/mol) (kcal/mol) (kcal/mol)

65.7 0.0000 0.0030 68.4 0.0000 0.0000 68.1 0.0000 0.0000 0.0000 0.0000
64.7 0.0000 0.0073 67.4 0.0000 0.0000 67.1 0.0000 0.0022 0.0000 0.0000
63.7 0.0026 0.0161 66.4 0.0000 0.0000 66.1 0.0000 0.0046 0.0000 0.0000
62.7 0.0132 0.0313 65.4 0.0022 0.0048 65.1 0.0000 0.0089 0.0043 0.0000
61.7 0.0466 0.0537 64.4 0.0069 0.0093 64.1 0.0037 0.0161 0.0110 0.0024
60.7 0.1147 0.0818 63.4 0.0182 0.0166 63.1 0.0122 0.0268 0.0245 0.0073
59.7 0.1977 0.1102 62.4 0.0401 0.0275 62.1 0.0323 0.0413 0.0471 0.0191
58.7 0.2384 0.1316 61.4 0.0745 0.0422 61.1 0.0691 0.0588 0.0784 0.0418
57.7 0.2011 0.1391 60.4 0.1162 0.0598 60.1 0.1193 0.0775 0.1129 0.0768
56.7 0.1187 0.1302 59.4 0.1520 0.0785 59.1 0.1657 0.0945 0.1407 0.1185
55.7 0.0490 0.1079 58.4 0.1669 0.0953 58.1 0.1855 0.1066 0.1517 0.1535
54.7 0.0142 0.0792 57.4 0.1538 0.1071 57.1 0.1672 0.1113 0.1416 0.1669
53.7 0.0029 0.0515 56.4 0.1190 0.1113 56.1 0.1215 0.1074 0.1143 0.1523
52.7 0.0000 0.0296 55.4 0.0773 0.1070 55.1 0.0711 0.0960 0.0799 0.1167
51.7 0.0000 0.0151 54.4 0.0422 0.0952 54.1 0.0335 0.0793 0.0483 0.0750
50.7 0.0000 0.0068 534 0.0193 0.0783 53.1 0.0127 0.0606 0.0253 0.0405
49.7 0.0000 0.0027 52.4 0.0074 0.0596 52.1 0.0039 0.0429 0.0114 0.0184
48.7 0.0000 0.0000 514 0.0024 0.0420 51.1 0.0000 0.0281 0.0045 0.0070
47.7 0.0000 0.0000 50.4 0.0000 0.0274 50.1 0.0000 0.0170 0.0000 0.0022
46.7 0.0000 0.0000 49.4 0.0000 0.0165 49.1 0.0000 0.0095 0.0000 0.0000
45.7 0.0000 0.0000 48.4 0.0000 0.0092 48.1 0.0000 0.0049 0.0000 0.0000
44.7 0.0000 0.0000 47.4 0.0000 0.0047 47.1 0.0000 0.0024 0.0000 0.0000




Table 4b—Continued. Gaussian distributions and their calculated discrete distributions of activation energies with fractional C,~Cj gas yields from oil retained in mature source rocks as
predicted by the anhydrous-pyrolysis model (Pepper and Dodd, 1995). Frequency factor (1/m.y.) for all source rocks is 3.15 x 107,

[LC1, LC1005; Tu, Tuna; GA, Garlin; P5, Pematang 52.7; KCF, not given; Maui, Maui; WE, Westfield; P4, Pematang 45.2]

Source rock LC1 Tu GA KCF P5 Maui WE P4
Gaussian distribution Gaussian distribution Gaussian distribution
Activation energies (kcal/mol) Activation energies (kcal/mol) Activation energies (kcal/mol)
Mean 51.3 58.3 Mean 56.6 58.6 58.6 57.6 57.6 Mean 58.8
Std. dev. 29 24 Std. dev. 48 2.6 1.9 36 43 Std. dev. 1.2
Discrete distribution Discrete distribution Discrete distribution
Activation Activation Activation
energy Fractional energy Fractional energy Fractional
(kcal/mol) gas yield (kcal/mol) gas yield (kcal/mol) gas yield
68.3 0.0000 0.0000 68.6 0.0037 0.0000 0.0000 0.0000 0.0035 68.8 0.0000
67.3 0.0000 0.0000 67.6 0.0060 0.0000 0.0000 0.0023 0.0062 67.8 0.0000
66.3 0.0000 0.0000 66.6 0.0095 0.0000 0.0000 0.0048 0.0104 66.8 0.0000
65.3 0.0028 0.0023 65.6 0.0144 0.0042 0.0000 0.0092 0.0165 65.8 0.0000
64.3 0.0069 0.0073 64.6 0.0209 0.0108 0.0014 0.0165 0.0247 64.8 0.0000
63.3 0.0152 0.0190 63.6 0.0290 0.0241 0.0064 0.0274 0.0351 63.8 0.0000
62.3 0.0298 0.0416 62.6 0.0384 0.0465 0.0223 0.0421 0.0472 62.8 0.0012
61.3 0.0517 0.0766 61.6 0.0488 0.0776 0.0588 0.059 0.0602 61.8 0.0142
60.3 0.0795 0.1183 60.6 0.0593 0.1122 0.1179 0.0784 0.0727 60.8 0.0818
59.3 0.1082 0.1534 59.6 0.0689 0.1402 0.1798 0.0952 0.0832 59.8 0.2345
58.3 0.1303 0.1669 58.6 0.0768 0.1517 0.2086 0.107 0.0903 58.8 0.3338
57.3 0.1391 0.1525 57.6 0.0818 0.1420 0.1841 0.1113 0.0927 57.8 0.2360
56.3 0.1314 0.1169 56.6 0.0835 0.1150 0.1236 0.1070 0.0903 56.8 0.0828
55.3 0.1100 0.0752 55.6 0.0815 0.0806 0.0631 0.0952 0.0832 55.8 0.0144
54.3 0.0815 0.0406 54.6 0.0762 0.0489 0.0245 0.0784 0.0727 54.8 0.0012
53.3 0.0535 0.0184 53.6 0.0681 0.0257 0.0072 0.0597 0.0602 53.8 0.0000
52.3 0.0311 0.0070 52.6 0.0583 0.0117 0.0016 0.0421 0.0472 52.8 0.0000
51.3 0.0160 0.0022 51.6 0.0478 0.0046 0.0000 0.0274 0.0351 51.8 0.0000
50.3 0.0073 0.0000 50.6 0.0375 0.0000 0.0000 0.0165 0.0247 50.8 0.0000
493 0.0029 0.0000 49.6 0.0282 0.0000 0.0000 0.0092 0.0165 49.8 0.0000
48.3 0.0000 0.0000 48.6 0.0203 0.0000 0.0000 0.0048 0.0104 48.8 0.0000
473 0.0000 0.0000 47.6 0.0139 0.0000 0.0000 0.0023 0.0062 47.8 0.0000
46.3 0.0000 0.0000 46.6 0.0092 0.0000 0.0000 0.0000 0.0035 46.8 0.0000
453 0.0000 0.0000 45.6 0.0058 0.0000 0.0000 0.0000 0.0000 45.8 0.0000
443 0.0000 0.0000 44.6 0.0035 0.0000 0.0000 0.0000 0.0000 44.8 0.0000
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Table 4c. Gaussian distributions and their calculated discrete distributions of activation energies with fractional
methane (C,), ethane (C,), propane (C,), and butane (C,) yields from Type-Il kerogen in the New Albany Shale
(Devonian-Mississippian) as predicted by the hydrous-pyrolysis model (Knauss and others, 1997).

Methane (C,) Ethane (C,) Propane (Cs) Butane (C,)
Gaussian distribution Gaussian distribution Gaussian distribution Gaussian distribution
E (kcal/mol) 45.2 E (kcal/mol) 56.2 E (kcal/mol) 52.9 E (kcal/mol) 55.0
Std. dev.(%E) 192 Std. dev.(%E) 5.0 Std. dev.(%E) 6.0 Std. dev.(%E) 5.0
Discrete distribution Discrete distribution Discrete distribution Discrete distribution
Activation Fractional Activation Fractional Activation Fractional Activation Fractional
energies gas yield energies gas yield energies gas yield energies gas yield
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
65.4 0.0000 65.2 0.0008 64.9 0.0000 65.0 0.0000
64.4 0.0000 64.2 0.0025 63.9 0.0000 64.0 0.0007
63.4 0.0000 63.2 0.0064 62.9 0.0009 63.0 0.0021
62.4 0.0000 62.2 0.0145 61.9 0.0023 62.0 0.0057
61.4 0.0000 61.2 0.0292 60.9 0.0052 61.0 0.0134
60.4 0.0000 60.2 0.0515 59.9 0.0110 60.0 0.0278
59.4 0.0000 59.2 0.0803 589 0.0211 59.0 0.0504
58.4 0.0000 58.2 0.1102 57.9 0.0363 58.0 0.0800
57.4 0.0000 57.2 0.1333 56.9 0.0568 57.0 0.1114
56.4 0.0000 56.2 0.1420 55.9 0.0804 56.0 0.1358
55.4 0.0000 55.2 0.1333 54.9 0.1031 55.0 0.1451
54.4 0.0000 54.2 0.1102 53.9 0.1196 54.0 0.1358
53.4 0.0000 53.2 0.0803 52.9 0.1257 53.0 0.1114
52.4 0.0000 522 0.0515 51.9 0.1196 52.0 0.0800
514 0.0000 51.2 0.0292 50.9 0.1031 51.0 0.0504
50.4 0.0000 50.2 0.0145 49.9 0.0804 50.0 0.0278
494 0.0000 49.2 0.0064 48.9 0.0568 49.0 0.0134
48.4 0.0012 482 0.0025 479 0.0363 48.0 0.0057
47.4 0.0329 47.2 0.0008 46.9 0.0211 47.0 0.0021
46.4 0.2370 46.2 0.0000 459 0.0110 46.0 0.0007
45.4 0.4577 452 0.0000 449 0.0052 45.0 0.0000
44.4 0.2370 442 0.0000 43.9 0.0023 44.0 0.0000
43.4 0.0329 43.2 0.0000 429 0.0009 43.0 0.0000
424 0.0012 422 0.0000 419 0.0000 42.0 0.0000
Frequency
factor (1/m.y.) 7.88E+23 1.23E+28 5.68E+26 3.15E+27
As a result, the gas-generation curve of the St. Medard (SM) mg/g C of deep gas is generated (fig. 6A and table 6). This
source rock serves as a representative average for this anhy- model predicts that the deep gas generation is finished (that is,
drous-pyrolysis model (table 6). At the top of the deep gas depth ~ X=0.99) at a depth of 21,654 feet (6,600 m) (table 6). At the top
(15,000 feet/4,572 m), 35 percent of gas generation from oil of the deep-gas depth (15,000 feet/4,572 m), this model predicts

retained in a source rock is completed at 1°C/m.y. Therefore 65 100 percent of gas generation from oil retained in a mature
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Table 5. Maximum C,—-C; gas yields for different starting
materials used in six kinetic models.

Starting material Model Maximum
reference® gas yield
(mg/g C)
Type-I kerogen 1 88.5
2 78.0
Type-II kerogen 1 70.0
2 100.6
3 *%02.8
Type-IIS kerogen 1 70.3
2 104.9
Type-III kerogen 1 57.1
2 76.6
Type-1II' kerogen 1 54.2
2 69.5
Source-rock oil 4 100.0
Reservoir oil 5 541.2
(mg/g oil) (460.0)
6 376.2
(mg/g oil) (319.8)

* References: 1, Behar and others (1997); 2, Pepper and Corvi (1995);
3, Knauss and others (1997); 4, Pepper and Dodd (1995); 5, Horsfield
and others (1992); 6, Tsuzuki and others (1997).

#C1=Cy

source rock completed at 10°C/m.y. Therefore, according to this
model, essentially no deep gas is generated from oil retained in a
source rock at this heating rate.

Reservoir Oil to Gas

Generation of gas from the cracking of oil in reservoirs is
considered by the anhydrous- and hydrous-pyrolysis models by
Horsfield and others (1992) and Tsuzuki and others (1997),
respectively. Figure 7 shows the gas generation curves for reser-
voir-oil cracking in basins with 1° and 10°C/m.y. heating rates
as predicted by the anhydrous- and hydrous-pyrolysis models.
At the top of the deep gas depth (15,000 feet/4,572 m), 2 and O
percent of gas generation from reservoir-oil cracking are com-
pleted at 1°C/m.y., according to the anhydrous- and hydrous-
pyrolysis models, respectively. Therefore, 449.5 and 320.2 mg/
g oil of deep gas are generated according to the closed anhy-
drous- and hydrous-pyrolysis models, respectively (fig. 7A and
table 6). These models predict that the deep gas generation is
finished (that is, X=0.99) at depths of 24,934 and 24,278 feet
(7,600 and 7,400 m) (table 6). At the top of the deep gas depth

(15,000 feet/4,572 m), the anhydrous- and hydrous-pyrolysis
models predict 80 and 53 percent of gas generation from reser-
voir-oil cracking completed at 10°C/m.y., respectively. Accord-
ing to these models at 10°C/m.y., 459.6 and 320.2 mg/g oil of
deep gas are generated from reservoir oil cracking when reser-
voirs reach depths of 13,780 and 17,060 feet (4,200 and 5,200
m), respectively.

Discussion

Kerogen to Gas

Gas generation from kerogen at deep depths is more likely
at slow basin heating rates irrespective of kerogen type or
kinetic model (table 7). At the slow heating rate of 1°C/m.y., 5—
75 mg/g C of deep gas can be generated irrespective of kerogen
type or kinetic model. In contrast, at the fast heating rate of
10°C/m.y., only 0—15 mg/g C of deep gas are generated irre-
spective of kerogen type or kinetic model (table 7). The impli-
cation here is that only a finite amount of gas can be generated
from kerogen within a specific thermal-stress interval. Slow
heating rates result in lower temperatures at greater depths,
which allows this thermal-stress interval to be extended to
greater depths within a basin. Therefore, according to these
models, deep basins with cooler subsurface temperatures are
more likely to generate deep gas from kerogen than deep basins
with hotter subsurface temperatures.

For the slow heating rate, the composite-pyrolysis model
predicts the greatest amount of deep gas, with values ranging
from 5 to 75 mg/g C (table 7). The open-pyrolysis model gives
a lower value for deep gas generation, from 8 to 51 mg/g C
(table 7). However, at the rapid heating rate, the open-pyrolysis
model predicts greater amounts (1-15 mg/g C) of deep gas gen-
eration than that predicted by the composite-pyrolysis model (0—
7 mg/g C). The hydrous-pyrolysis model for only Type-II kero-
gen yields no deep gas at the high heating rate and 23 mg/g C of
deep gas at the slow heating rate. Obviously, more hydrous-
pyrolysis kinetic studies on the other kerogen types are needed.

It would be valuable to compare all the different kerogen
types for the three pyrolysis models, but a complete comparison
of kerogen types is only possible between the open- and com-
posite-pyrolysis models. At both heating rates, the open-pyroly-
sis model predicts an increase in the amount of deep gas
generated from Type-I to Type-II to Type-III kerogen. With the
exception of Type-IIS kerogen, this trend is also predicted by the
composite-pyrolysis model (that is, Type-I < Type-II < Type-III
kerogen). The composite-pyrolysis method predicts that Type-
IIS kerogen generates the least amount of deep gas at both heat-
ing rates. The implication of this prediction is that deep basins
with high-sulfur oils and carbonate source rocks are not good
prospects for deep gas. However, in the open-pyrolysis model,
Type-IIS kerogen generates about the same amount of deep gas
as Type-II kerogen at both heating rates.

For the slow heating rate, the composite-pyrolysis model
predicts more deep gas generation than the open-pyrolysis
model for all kerogen types except for Type-IIS kerogen. As an

Comparison of Kinetic-Model Predictions of Deep Gas Generation 1"
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Figure 1. Amount of C;—Cs gas generated from Type-I kerogen with increasing burial depth, according to open-pyrolysis (solid line; Behar and others, 1997) and composite-pyrolysis
(dotted line; Pepper and Corvi, 1995) models at geologic heating rates of A, 1°C/m.y., and B, 10°C/m.y. Deep gas depths occur below solid horizontal line drawn at 15,000 feet/4,572 m.
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Figure2. Amount of gas generated from Type-Il kerogen with increasing burial depth, according to open-pyrolysis (solid line; C;—Cs; Behar and others, 1997), composite-pyrolysis
(dotted line; C4—Cg; Pepper and Corvi, 1995), and hydrous-pyrolysis (dashed line; C;—C4; Knauss and others, 1997) models at geologic heating rates of A, 1°C/m.y., and B, 10°C/m.y. Deep

gas depths occur below solid horizontal line drawn at 15,000 feet/4,572 m.



4%

$92.n0say seq jeinjep daaq jo saipnyg d160joag

—— Open pyrolysis

—— Open pyrolysis
K - = = Cornposite pyrolysis
1800 '\

E - = = Cornposite pyrolysis

n N n \ N
o . o : :
L] 1 L] 1 N e .
|— f = f \ ----- f
L N L 2800 - ‘ -
= ] = ] o ]
z |z f
T ) . - 3800 \ i
- - - ] i
D— .~‘ I D_ I I
w .. ] T ] i
a _ ] a ] !
. : N | 4800 - N
< } < ] )
o i o ] i
S i S ] )
o0 g m 5800 - )

6800 a 6800 .

7800 T I T T I T T I T T I T T I T T 7800 T T I T T I T T I T T I T T I T T

0 20 40 60 80 100 120 0 20 40 60 80 100 120
YIELD, IN MG/G C YIELD, IN MG/G C

A B

Figure 3. Amount of C;—Cs gas generated from Type-IIS kerogen with increasing burial depth, according to open-pyrolysis (solid line; Behar and others, 1997) and composite-pyrolysis
(dotted line; Pepper and Corvi, 1995) models at geologic heating rates of A, 1°C/m.y., and B, 10°C/m.y. Deep gas depths occur below horizontal line drawn at 15,000 feet/4,572 m.
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Figure4. Amount of C1-Cg gas generated from Type-Ill kerogen with increasing burial depth, according to open-pyrolysis (solid line; Behar and others, 1997) and composite-pyrolysis
(dotted line; Pepper and Corvi, 1995) models at geologic heating rates of A, 1°C/m.y., and B, 10°C/m.y. Deep gas depths occur below horizontal line drawn at 15,000 feet/4,572 m.
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Figure 6. Amount of C;—Cs gas generated from the cracking of oil in 16 different source rocks with increasing burial depth, according to anhydrous-pyrolysis model (solid lines; Pepper
and Corvi, 1995) at geologic heating rates of A, 1°C/m.y., and B, 10°C/m.y. Deep gas depths occur below horizontal line drawn at 15,000 feet/4,572 m. BL, Brown Limestone; SM, St.
Medard; GA, Garlin; KCF, not given; PAL, not given; LC9, LC995; LC1, LC1005; AWD, not given; P4, Pematang 45.2; P5, Pematang 52.7; Maui, Maui; Tu, Tuna; Ta, Tarakan; CO, COST; Ha,
Haltenbanken; and WE, Westfield. Bold-solid St. Medard (SM) curve was selected to be the single representative gas generation curve for all 16 samples.
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Table 6. Summary of gas generation curves for kerogens and oils (figs. 1-6) with respect to yield, depth, time, and temperature for fraction of reaction values of 0.05, 0.25, 0.50, 0.75, and

0.99 at 1° and 10°C/m.y. heating rates for each kinetic model.

[Last column of each heating rate gives the fraction of reaction, yield, time, and temperature at the start of deep gas (15,000 feet—4,572 m)]

Type-I kerogen
Open-pyrolysis modf:l1
Fraction of reaction (X)
Gas yield (mg/g C)
(ft*/kg ©)
Depth (m)
Time (m.y.)
Temperature (OC)
Composite-pyrolysis model®
Fraction of reaction (X)
Gas yield (mg/g C)
(ft*/kg ©)
Depth (m)
Time (m.y.)
Temperature (OC)
Type-1I kerogen
Open-pyrolysis model1
Fraction of reaction (X)
Gas yield (mg/g C)
(ft*/kg ©)
Depth (m)
Time (m.y.)
Temperature (OC)
Composite-pyrolysis model2
Fraction of reaction (X)
Gas yield (mg/g C)
(ft*/kg ©)
Depth (m)
Time (m.y.)
Temperature (OC)
Hydrous-pyrolysis model3
Fraction of reaction (X)
Gas yield (mg/g C)
(ft*/kg ©)
Depth (m)
Time (m.y.)

Temperature (OC)

1 OC/m.y.
0.050 0.250 0.500 0.750 0.990
4 22 44 66 87
0.168 0.840 1.680 2.520 3.326
3600 4000 4200 4200 6800
108 120 126 126 204
128 140 146 146 224
0.050 0.250 0.500 0.750 0.990
4 20 39 59 77
0.149 0.744 1.489 2.233 2.948
3400 4000 4400 4800 5600
102 120 132 144 168
122 140 152 164 188
0.050 0.250 0.500 0.750 0.990
4 18 35 53 69
0.134 0.668 1.336 2.004 2.645
2800 3600 4200 4800 6800
84 108 126 144 204
104 128 146 164 224
0.050 0.250 0.500 0.750 0.990
5 25 50 75 99
0.191 0.954 1.909 2.863 3.779
3400 4400 5000 5600 7200
102 132 150 168 216
122 152 170 188 236
0.050 0.250 0.500 0.750 0.990
5 23 47 70 92
0.180 0.899 1.797 2.696 3.559
2800 3400 3800 4572 5800
84 102 114 137 174
104 122 134 157 194

0.909
80
3.054
4572
137
157

0.641
78
2.978
4572
137
157

0.671
47
1.794
4572
137
157

0.350
35
1.336
4572
137
157

0.753
70
2.706
4572
137
157

0.050

0.168
2400

128

0.050

0.149
2400

128

0.050

0.134
1800

101

0.050

0.191
2400

128

0.050

0.180
2000

110

0.250
22
0.840
2600
12
137

0.250
20
0.744
2600
12
137

0.250
18
0.668
2400

128

0.250
25
0.954
3000

155

0.250

23

0.899

2400

128

10°C/m.y.

0.500
44
1.680
2800
13
146

0.500
39
1.489
3000

155

0.500
35
1.336
2800
13
146

0.500
50
1.909
3400
15
173

0.500
47
1.797
2800
13
146

0.750
66
2.520
3000

155

0.750
59
2.233
3400

173

0.750
53
2.004
3200
14
164

0.750
75
2.863
3800
17
191

0.750
70
2.696
3200
14
164

0.990
87
3.326
4572
21
226

0.990
77
2.948
4000
18
200

0.990
69
2.645
4800
22
236

0.990
99
3.779
5000
23
245

0.990
92
3.559
4000
18
200

0.989
87
3.321
4572
21
226

1.000
78
2.978
4572
21
226

0.971
68
2.596
4572
21
226

0.950
95
3.627
4572
21
226

1.000
93
3.595
4572
21
226
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Table 6—Continued. Summary of gas generation curves for kerogens and oils (figs. 1-6) with respect to yield, depth, time, and temperature for fraction of reaction values of 0.05, 0.25,
0.50, 0.75, and 0.99 at 1° and 10°C/m.y. heating rates for each kinetic model.

[Last column of each heating rate gives the fraction of reaction, yield, time, and temperature at the start of deep gas (15,000 feet—4,572 m)]
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Type-IIS kerogen 1°C/m.y. 10°C/m.y.
Open-pyrolysis model1
Fraction of reaction (X) 0.050 0.250 0.500 0.750 0.990 0.743 0.050 0.250 0.500 0.750 0.990 0.986
Gas yield (mg/g C) 4 18 35 53 69 52 4 18 35 53 69 69
(fl3/kg (O] 0.134 0.668 1.336 2.004 2.645 1.985 0.134 0.668 1.336 2.004 2.645 2.634
Depth (m) 2400 3000 4000 4572 6400 4572 1600 2200 2800 3200 4572 4572
Time (m.y.) 72 90 120 137 192 137 7 10 13 14 21 21
Temperature (OC) 92 110 140 157 212 157 92 119 146 164 226 226
Composite-pyrolysis model2
Fraction of reaction (X) 0.050 0.250 0.500 0.750 0.990 0.933 0.050 0.250 0.500 0.750 0.990 1.000
Gas yield (mg/g C) 5 26 53 79 104 98 5 26 53 79 104 105
(ft 3/kg (®)] 0.200 1.002 2.004 3.006 3.968 3.741 0.200 1.002 2.004 3.006 3.968 4.008
Depth (m) 2400 3000 3400 4000 5000 4572 1600 2000 2400 2800 3600 4572
Time (m.y.) 72 90 102 120 150 137 7 9 11 13 16 21
Temperature ) 92 110 122 140 170 157 92 110 128 146 182 226

Type-III kerogen
Open-pyrolysis modell

Fraction of reaction (X) 0.050 0.250 0.500 0.750 0.990 0.259 0.050 0.250 0.500 0.750 0.990 0.852
Gas yield (mg/g C) 3 14 27 41 53 14 3 14 27 41 53 46

(fl3/kg (©)] 0.000103 0.000515 0.001031 0.001546 0.002041 0.000534 0.000103 0.000515 0.001031 0.001546 0.002041 0.001756
Depth (m) 3600 4400 5200 6200 7400 4572 2400 3200 3600 4200 5200 4572
Time (m.y.) 108 132 156 186 222 137 11 14 16 19 23 21
Temperature (°C) 128 152 176 206 242 157 128 164 182 209 254 226

Composite-pyrolysis model2

Fraction of reaction (X) 0.050 0.250 0.500 0.750 0.990 0.026 0.050 0.250 0.500 0.750 0.990 0.921
Gas yield (mg/g C) 4 19 38 57 75 2 4 19 38 57 75 70

(flS/kg (©)] 0.145 0.725 1.451 2.176 2.872 0.076 0.145 0.725 1.451 2.176 2.872 2.672
Depth (m) 4800 5400 5800 6000 7000 4572 3200 3600 4000 4200 4800 4572
Time (m.y.) 144 162 174 180 210 137 14 16 18 19 22 21
Temperature 4 164 182 194 200 230 157 164 182 200 209 236 226

Type-III' kerogen
Open-pyrolysis model1

Fraction of reaction (X) 0.050 0.250 0.500 0.750 0.990 0.105 0.050 0.250 0.500 0.750 0.990 0.737
Gas yield (mg/g C) 3 14 29 43 56 6 3 14 29 43 56 42

(fl3/kg (O] 0.109 0.544 1.088 1.632 2.154 0.229 0.109 0.544 1.088 1.632 2.154 1.603
Depth (m) 4200 5000 5800 6600 7800 4572 3000 3400 4000 4572 5600 4572
Time (m.y.) 126 150 174 198 234 137 14 15 18 21 25 21

Temperature (OC) 146 170 194 218 254 157 155 173 200 226 272 226




uonesauar) seq daa( Jo suonaIpald [dPoN-218ul)| Jo uosedwor)

¥4

Table 6—Continued. Summary of gas generation curves for kerogens and oils (figs. 1-6) with respect to yield, depth, time, and temperature for fraction of reaction values of 0.05, 0.25,
0.50, 0.75, and 0.99 at 1° and 10°C/m.y. heating rates for each kinetic model.

[Last column of each heating rate gives the fraction of reaction, yield, time, and temperature at the start of deep gas (15,000 feet—4,572 m)]

Type-1II' kerogen
Composite-pyrolysis model 2
Fraction of reaction (X)
Gas yield (mg/g C)
(tt3kg ©)
Depth (m)
Time (m.y.)
Temperature (°C)
Oil in source rock
Anhydrous-pyrolysis model4
Fraction of reaction (X)
Gas yield (mg/g C)
(ft3/kg C)
Depth (m)
Time (m.y.)
Temperature (°C)
Oil in reservoirs
Anhydrous-pyrolysis model 5
Fraction of reaction (X)
Gas yield (mg/g oil)
(ft3/kg oil)
Depth (m)

Time (m.y.)
Temperature (°C)
Anhydrous-pyrolysis model 6
Fraction of reaction (X)

Gas yield (mg/g oil)
(ft3/kg oil)

Depth (m)

Time (m.y.)

Temperature (°C)

0.050

0.134
4600
138
158

0.050

0.191
3600
108
128

0.050
23
0.889
5400
162
182

0.050
16
0.000611
5800
174
194

0.250

0.668
5400
162
182

0.250
25
0.954
4400
132
152

0.250
115
4.445
6000
180
200

0.250

80
0.003054
6200

186

206

1°C/m.y.

0.500
35
1.336
5800
174
194

0.500
50
1.909
5000
150
170

0.500
230
8.890
6200
186
206

0.500
160
0.006108
6400

192

212

0.750
53
2.004
6000
180
200

0.750
75
2.863
5400
162
182

0.750
345
13.336
6400
192
212

0.750
240
0.009162

7200

216

236

0.990
69
2.645
7000
210
230

0.990

3.779
6600
198
218

0.990
455
17.603
7600
228
248

0.990
317
0.012094
7400

222

242

0.029

0.076
4572
137
157

1.347
4572
137
157

at 15,000 ft
0.022
0.001
4572

137

157

0.000
0.000
0.000

4572
137
157

10°C/m.y.
0.050 0.250 0.500 0.750 0.990
4 18 35 53 69
0.134 0.668 1.336 2.004 2.645
3200 3600 4000 4200 4800
14 16 18 19 22
164 182 200 209 236
0.050 0.250 0.500 0.750 0.990
5 25 50 75 99
0.191 0.954 1.909 2.863 3.779
2400 3000 3400 3800 4200
11 14 15 17 19
128 155 173 191 209
0.050 0.250 0.500 0.750 0.990
23 115 230 345 455
0.889 4.445 8.890 13.336 17.603
3800 4000 4200 4400 5000
17 18 19 20 23
191 200 209 218 245
0.050 0.250 0.500 0.750 0.990
16 80 160 240 317
0.000611 0.003054  0.006108 0.009162 0.012094
4000 4200 4400 5000 5200
18 19 20 23 23
200 209 218 245 254

0.914

2.443
4572
21
226

1.000
100
3.817
4572
21
226

at 15,000 ft
0.804
0.031
4572

21

226

0.531
170.000
0.006490
4572
21
226

References: 1, Behar and others (1997); 2, Pepper and Corvi (1995); 3, Knauss and others (1997); 4, Pepper and Dodd (1995); 5, Horsfield and others (1992); 6, Tsuzuki and others (1997).



Table 7.

[All values refer to C,-Cj gas, except where otherwise noted]

Amounts of gas generated from kerogen above and below deep gas depth of 15,000 feet/4,572 m.

1°C/m.y. 10°C/m.y.
Kinetic model* Kerogen Gas generated Gas generated
type Above 4,572 m Below 4,572 m Above 4,572 m Below 4,572 m
(mg/g C) (mg/g C) (mg/g C) (mg/g C)
Open pyrolysis' Type-1 30 8 87
Type-1I 50 20 68 2
Type-1IS 50 20 69
Type-III 6 51 42 15
Type-IIT' 14 40 46 8
Composite pyrolysis”  Type-I 50 28 78 0
Type-1I 35 65 95 5
Type-1IS 100 5 105 0
Type-III 2 75 70 7
Type-1IT' 2 68 64 6
Hydrous pyrolysis3 Type-II 70 23%* 93%* (Vi

*References: 1, Behar and others (1997); 2, Pepper and Corvi (1995); 3, Knauss and others (1997).

**All total gas is defined as C;—Cs except in these cases, where it is defined as C;—Cy,

example, three times as much deep gas generation is predicted
by Type-II kerogen in the composite-pyrolysis model than in the
open-pyrolysis model. The hydrous-pyrolysis model for deep
gas generation from Type-II kerogen predicts an intermediate
value (23 mg/g C) at the low heating rate and the lowest value
(0 mg/g C) at the high heating rate relative to the predictions by
the composite- and open-pyrolysis models. Type-II kerogen is
the most common source of oil, and the results presented here
(table 7) suggest that the predicted potential for deep gas from
this kerogen type is highly dependent on the pyrolysis model
employed.

Type-I kerogen, which is typically associated with lacus-
trine sequences and source rocks, consistently has low yields of
deep gas generation in both open- and composite-pyrolysis mod-
els and at both heating rates (table 7). These predictions suggest
that basins with deeply buried lacustrine source rock sequences
are not favorable for deep gas generation from kerogen. Con-
versely, Type-III kerogen produces more deep gas than the other
kerogen types in both the open- and composite-pyrolysis models
and for both heating rates. These predictions imply that basins
with deeply buried coals are the most favorable for deep gas gen-
eration from kerogen.

0il to Gas

Deep gas from the cracking of oil retained in a source rock
does not depend on kerogen type or lithology according to the
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anhydrous-pyrolysis model by Pepper and Dodd (1995). Simi-
lar to deep gas generation from kerogen, deep gas from retained
oil in source rocks is most favorable at low heating rates (table
8). At 1°C/m.y., this model predicts amounts of deep gas gener-
ation that are comparable to those predicted by the composite-
pyrolysis model for deep gas generation from Type-II and -I1I
kerogens (table 8). At the high heating rate, no deep gas genera-
tion from the cracking of retained oil in source rocks is pre-
dicted (table 8). Therefore, at 10°C/m.y., deep gas generation
from kerogen is more favorable than from the retained oil in a
source rock.

Anhydrous- and hydrous-pyrolysis models predict that
amounts of deep gas generated from the cracking of reservoir
oil are 4-7 times greater at 1°C/m.y. and 6-20 times greater at
10°C/m.y. than the best deep gas yields obtained from kerogen
(table 7). This difference is readily explained by the fact that oil
has a higher thermal stability than kerogen. It has also been
shown that the thermal stability of oil increases in the presence
of liquid water (Hesp and Rigby, 1973), which would be ubiqui-
tous in most subsurface reservoirs. This increase in stability
with water is supported in part by the lower deep gas yields pre-
dicted by the hydrous-pyrolysis model than predicted by anhy-
drous-pyrolysis model at the high heating rate (table 6).
Although the deep gas yields predicted for the cracking of reser-
voir oil are considerably higher than those for kerogen, the
amount of kerogen in deeply buried source rocks of a sedimen-
tary basin may be several orders of magnitude greater than the
amounts of deeply buried reservoir oil.
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Table 8. Amounts of gas generated from cracking of oil above and below deep gas depth of 15,000 feet/4,572 m.

[All values refer to C,~Cj gas, except where otherwise noted]

Kinetic model*

Source-rock oil

Anhydrous pyrolysis4

Reservoir oil

Anhydrous pyrolysis5
Hydrous pyrolysis6

Oil type

Oil in source rock™**

North Sea (36° API)
Sarukawa (33.6°API)

1°C/m.y.

Gas generated

10°C/m.y.

Gas generated

Above 4,572 m Below 4,572 m
(mg/g C) (mg/g C)

29 71

Gas generated

Above 4,572 m Below 4,572 m
(mg/g C) (mg/g C)

100 0

Gas generated

Above 4,572 m Below 4,572 m

(mg/g oil) (mg/g oil)
2%k 458%*
0 320

Above 4,572 m Below 4,572 m

(mg/g oil) (mg/g oil)
370%* 90**
170 150

*References: 4, Pepper and Dodd (1995); 5, Horsfield and others (1992); 6, Tsuzuki and others (1997).

**All total gas is defined as C]—Cs except in these cases, where it is defined as C|—Cy4.



Conclusions and Future Studies

1. Basins with slow heating rates, where source rocks sub-
side slowly through low thermal gradients, are more likely to
yield deep gas from kerogen than basins with fast heating rates
and rapid subsidence of source rock. Because this is one of the
most important implications of this study, it would be interesting
to compare amounts of deep gas and heating rates from different
sedimentary basins. This would involve creating an inventory of
heating rates for domestic basins as well as the amount of deep
gas recovered to the present time. A future study of this type can
be used to evaluate the validity of the different models used in
this study and target basins with high potential for deep gas.

2. According to the open- and composite-pyrolysis models,
Type-III kerogen will yield the most deep gas of the three kero-
gen types irrespective of heating rate. This implies that basins
with deeply buried coals are most likely to contain deep gas. A
future study comparing deep gas yields from basins with differ-
ing amounts of deeply buried coal would be a useful way of test-
ing this model-based prediction and targeting basins with high
potential for deep gas.

3. According to the open- and composite-pyrolysis models,
Type-I kerogen has the least potential or no potential for deep
gas generation. This implies that basins with deeply buried
lacustrine source rocks are not likely to contain deep gas. A
future study comparing deep gas yields from basins with differ-
ing amounts of deeply buried lacustrine source rocks would be a
useful way of testing this model-based prediction and exclude
basins with low potential for deep gas.

4. Cracking of reservoir oil is predicted by the anhydrous-
and hydrous-pyrolysis models to generate the most deep gas
irrespective of heating rate. Therefore, basins that currently
have deeply buried overmature source rocks have the potential of
previously having reservoir oil that has since cracked to generate
deep gas. The main control for deep gas accumulations in this
geologic setting is the original oil trap remaining competent with
burial depth. The Gulf Coast offshore and the Anadarko basin
may serve as examples of this geologic setting. Future studies of
these types of basins can further elucidate the factors controlling
deep gas accumulations and target other areas with high poten-
tial for deep gas.

5. No significant differences occur between the predicted
amount of deep gas generated from kerogen by the different
pyrolysis kinetic models. However, the hydrous-pyrolysis
model considers only Type-II kerogen, and more hydrous-pyrol-
ysis experiments with kinetic models for gas generation from
Type-I, Type-1IIS, and Type-III kerogens are needed to test this
preliminary conclusion.

6. A significant difference occurs between the predicted
amounts of deep gas generated from the cracking of reservoir
oil by the anhydrous- and hydrous-pyrolysis kinetic models.
The kinetic model derived from hydrous pyrolysis indicates
that reservoir oil is more thermally stable and that oil cracking
to gas requires higher thermal stress levels than those pre-
dicted by the anhydrous-pyrolysis model. More experimental
work on the cracking of oil in the presence of water is needed.
In addition, these future experiments need to consider the
effects of commonly occurring reservoir minerals and their

24 Geologic Studies of Deep Natural Gas Resources

surfaces. Experiments published to 2000 on the cracking of
reservoir oil have neglected the potential effects of minerals on
gas generation.
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Gas:0il Ratios for Source Rocks Containing
Type-l, -1l, -1IS, and -lll Kerogens as Determined

by Hydrous Pyrolysis

By Michael D. Lewan' and Allison A. Henry2

Introduction

Predicting the gas:oil ratio (GOR) of a petroleum play or
prospect is important in evaluating the economics of an explora-
tion venture and in assessing petroleum resources. Estimates of
the GOR of prospects in well-drilled areas can typically be
determined with analogs from neighboring production in the
same play. In poorly drilled areas, GOR of prospects may be
estimated by using analogs from more distant well-drilled plays
that have similar geologic settings or by use of models based on
oil and gas generation from potential source rocks (Mackenzie
and Quigley, 1988; Kuo and Michael, 1994, among others).
GOR have also been determined by hydrous pyrolysis of poten-
tial source rocks in an exploration play or petroleum system
(Noble and others, 1991; Lillis and others, 1999, among others).
Unlike open- or closed-system anhydrous pyrolysis, hydrous
pyrolysis generates an expelled oil that is physically and chemi-
cally similar to natural crude oil (Lewan, 1993a; 1997). As a
result, the quantity of this expelled oil and the gas generated
allows one to calculate GOR of a particular source rock at
hydrous-pyrolysis temperatures representing different stages of
oil generation.

The objectives of this report are to present gas:oil ratios
(GOR) from hydrous-pyrolysis experiments conducted on
immature source rocks and report how they are affected by kero-
gen type and thermal maturity during petroleum generation.
The source rocks used in this study contain the major kerogen
types, including Type-1, -1, -IIS, and -III. Thermally immature
samples were used to provide a complete understanding of
changes in GOR from incipient petroleum generation through
peak petroleum generation.
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Methods

Source Rock Samples

Experimental data were available on five immature source
rocks, described in table 1. The major kerogen types in these
source rocks include Type-1, -II, -IIS, and -III. Collaborators
who collected and pyrolyzed aliquots of these samples are also
referenced in table 1. With respect to vitrinite reflectance
(%Ro0), all these samples have initial random mean %Ro values
equal to or less than 0.5 or atomic H/C and O/C ratios indicative
of precatagenesis (that is, diagenesis) according to Tissot and
Welte (1984, fig. I1.5.1, p. 161).

Hydrous-Pyrolysis Experiments

Complete details of hydrous-pyrolysis experiments are
given by Lewan (1993a). Briefly, the experiments consist of iso-
thermally heating several hundred grams of gravel-sized imma-
ture source rock in the presence of liquid water in 1-L stainless-
steel reactors at subcritical-water temperatures (<374°C) for sev-
eral days (2-10 days). After the experiment is completed and
allowed to cool to room temperatures (20°-25°C), the gas pres-
sure and temperature are recorded and a gas sample is collected
in 30-cm? stainless-steel cylinders. Gas compositions are deter-
mined by mass spectometry according to an enhanced version of
the ASTM D2650-88 method. The remaining gas is vented and
the reactor is opened to quantitatively collect the expelled oil,
which floats on the water surface above the submerged source



Table 1. Description of immature source rocks subjected to hydrous pyrolysis.

[Fm., Formation; Sh., Shale; Ls., Limestone; Gp., Group]

Kerogen type....... Type-I Type-ll Type-lIS Type-lIS Type-lll
Rock unit........... Green River Fm.  New Albany Sh.  Ghareb Ls. Ghareb Ls. Wilcox Gp.
Sub-rock unit...... mahogany shale  Clegg Creek Mbr. "oil shale"” "oil shale" Calvert Bluff Fm.
Geologic age....... Eocene Mississippian Cretaceous Cretaceous Paleocene
Sample No. ....... 930923-8 931026-3 930616-9 930608-6 WX-3
Location............ Utah Indiana Israel Jordan Texas
Basin................ Uinta Illinois Dead Sea Dead Sea Gulf Coast
TOC (wt. %)....... 15.23 14.34 14.14 16.63 61.53
Lithology........... marlstone claystone limestone limestone lignite
Collaborators*.....  Ruble' Guthrie? Tannenbaum’ Ramini’ Dias*; IFP’

*Collaborator references are: 1, Ruble and others (1994); 2, Lewan and others (1995); 3, Lewan and others (1997); and 4, Dias and others

(1997); 5, Behar and Lorant (work in progress).

rock. All the experiments considered in this study were con-
ducted for 72 hours at temperatures ranging from 160° to 365°C
(table 2). These experimental conditions simulate thermal matu-
rities associated with oil generation. Atomic H/C and O/C ratios
of kerogens at temperatures equal to or less than 355°C for 72
hours indicate that the samples have only been subjected to
catagenesis according to Tissot and Welte (1984, fig. IL.5.1, p.
161). Low-rank coals (<0.5 %Ro) subjected to hydrous pyrolysis
at 355°C for 72 hours obtain random mean vitrinite reflectance
values of 1.55 %Ro (Lewan, 1993b).

Gas Volume Calculations

The first step in calculating a gas volume is to determine the
number of moles of hydrocarbon gas generated, which consists
of methane, ethane, propane, n-butane, i-butane, n-pentane, and
i-pentane. The number of moles of total gas at the end of each
experiment, n,,,, was calculated by the ideal gas law:

oy = (PV)I(RT) ey
where P is the measured cool-down pressure, 7 is the measured
cool-down temperature, V is the head-space gas volume, and R is
the ideal gas constant. The number of moles of each of the
component hydrocarbon gases is calculated using gas analyses,
which are reported in mole percent of the total gas. The number
of moles of each hydrocarbon gas is summed to give the number
of moles of hydrocarbon gas generated in the experiment, nyc.
Assuming that these gases behaved ideally at room temperatures,
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the volume of hydrocarbon gas at 14.7 psi and 288.71 K, Vi gass
was determined by rearranging the ideal gas equation:

Vigc = (ngcRT)/P 2)

where P is 14.7 psia, T'is 288.71 K, nyc = Ripethane + Pethane +
npropane + 1y butane + Mi-butane ”n—pentane + ni—pentane’ and R is
1,206.00 (cm30psi)/(m010K). Equation 2 gives the volume in
cubic centimeters. This quantity is multiplied by 3.5315 x 107
to give the volume of hydrocarbon gas in standard cubic feet
(scf):

Ve (%) = Vige (em?) x 3.5315 x 107 3)
In this report, gas volumes are given in units of mcf/kg TOC (for
example, table 3 and fig. 1). For clarification, mcf is milli-

standard cubic feet (scf X 10’3) and kg TOC is the mass of total
organic carbon (TOC) in the original unheated sample.

0il Volume Calculations

The volume of oil generated in each experiment was
calculated by dividing the total mass of oil in grams, m,;;, by its
density in grams per cubic centimeter, d;:

Voit (em®) = (moq) / (doi) @)
The resulting number of cubic centimeters of oil is divided by
158,983 to convert the volume of oil to barrels:



Vit (bbl) = Vi (cm®) /158,983 (5)

Densities of all the expelled oils (d,;;) generated by hydrous
pyrolysis were not determined, but typically their API gravities
range between 25° and 42°, which equates to densities of 0.904
and 0.816 g/cm3, respectively. For this study, a density of 0.876
g/cm3 (30.0° API gravity) was used to calculate volumes for all
the oils generated by hydrous pyrolysis.

Gas-to-0il Ratio (GOR) Calculations

GOR in scf/bbl was calculated by dividing the volume of
hydrocarbon gas by the volume of oil generated in the experi-
ment.

GOR (ft}/bbl) = Vi (f63) / V;; (bbl) (6)

A sensitivity test was conducted to evaluate the effect a range of
API gravities between 25° and 42° had on calculated GOR. The
average difference in GOR calculated with densities of 0.816
and 0.904 g/cm3 for all the experiments considered in this study
is 84x57 scf/bbl. This difference in GOR indicates that the use
of a constant oil density of 0.876 g/cm3 (30.0°API gravity) has

no significant effect on the calculated GOR presented in this
study. As indicated in table 3, GOR is only calculated for exper-
iments in which an expelled oil is generated. Therefore, no
GOR are calculated at temperatures below 270°C.

Results

The amount of hydrocarbon gas generated from the source
rocks containing the different kerogen types is given in table 3.
Figure 1 shows an exponential increase in hydrocarbon gas gen-
erated with increasing experimental temperature for all the
source rocks. The two source rocks containing Type-IIS kero-
gen generate the most hydrocarbon gas, which at 350°C is more
than twice that generated by the Type-III kerogen in the lignite
(table 3). Source rocks containing Type-I and -1I kerogens gen-
erate similar amounts of hydrocarbon gases, which at 350°C are
slightly less than that generated by the Type-IIS kerogens but
nearly twice that generated by the Type-III kerogen in the lignite
(table 3).

The GOR for the source rocks containing the different ker-
ogen types are given in table 3. Figure 2 shows a curvilinear
decrease in GOR with increasing experimental temperature for
all the source rocks, with the exception of the slight increase at

Table 2. Hydrous-pyrolysis experimental numbers and conditions considered in this study.

[All experiments were conducted for 72 hours. NE, no experiment was conducted at this temperature for 72 hours]

Experiment (HP-) Number Designation

Temperature Type-I Type-lI Type-1IS Type-1IS Type-llI
(°C) 930923-8 931026-3 930616-9 930608-6 WX-3
160.0 2186 NE NE NE NE
180.0 2187 NE NE NE NE
200.0 2188 NE 2318 2351 2399
220.0 2189 NE NE NE NE
240.0 2190 NE 2319 2352 2400
270.0 2109 2066 NE NE NE
280.0 NE NE 2320 2353 2667
285.0 2110 2073 NE NE NE
300.0 2111 2067 2326 2344 2635
307.5 2114 NE NE NE NE
310.1 NE 2074 2337 2354 2396
315.0 2115 NE NE NE NE
320.3 NE 2068 2336 2361 NE
3225 2116 NE NE NE NE
330.0 2117 2075 2335 2362 2637
337.5 2118 NE NE NE NE
340.2 NE 2076 2334 2363 NE
345.0 2119 NE 2321 2368 NE
350.0 2107 2070 2317 2348 2398
355.1 2108 2078 2316 2347 NE
360.3 2113 2071 2327 2345 NE
365.0 2112 2085 2314 2346 NE

Gas:0il Ratios for Source Rocks Containing Type-I, -1I, -1IS, -1ll Kerogens
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Table 3. Volume of hydrocarbon gas (C,~C;) generated and calculated GOR for source rocks subjected to hydrous-pyrolysis experiments for 72 hours.

[NO, no expelled oil generated in experiment; dash (—), no experiment conducted as indicated in table 2. Type-IISi, Israeli Ghareb Limestone; Type-IISj, Jordanian Ghareb Limestone]

Experimental Type-| Type-ll Type-IISi Type-1ISj — Type-lll
temperature Volume GOR Volume GOR Volume GOR Volume GOR Volume GOR
(°c) (mcf/kg TOC) (ft3/bbl) (mcf/kg TOC) (ft3/bbi) (mcf/kg TOC) (f3/bbl) (mcf/kg TOC) (ft3/bbi) {mcf/kg TOC) (f3/bbl)

160.0 24 NO - - - - - - - -
180.0 35 NO - - - - - - - -
200.0 5.1 NO - - 13.3 NO 5.0 NO 33 NO
220.0 6.4 NO - - - - - - - -
240.0 13.8 NO — — 55.8 NO 21.1 NO 22.0 NO
270.0 45.0 NO 1129 2,381 - - - - - -
280.0 - - - - 205.1 1,262 112.5 1,513 86.4 2,831
285.0 81.5 1,240 129.9 1,037 - - - - - -
300.0 161.7 801 232.6 1,522 410.8 923 297.5 832 162.9 2,621
307.5 234.6 924 — — - - — - - -
310.1 - — 339.6 1,243 517.1 754 422.3 639 230.2 2,393
315.0 307.7 922 — — — — — — 252.6 1,799
320.3 - - 495.5 1,122 795.4 606 667.0 503 - -
322.5 454.4 714 - - - - - - - -
330.0 584.8 648 726.3 978 1,033.50 559 1,004.0 481 373.4 1,325
337.5 704.6 687 - - - - - - - -
340.2 — - 967.0 992 1,438.60 509 1,473.5 382 - -
345.0 1,047.3 458 — — 1,581.90 505 1,549.8 389 — —
350.0 1,340.8 401 1,374.8 935 1,861.90 527 1,865.1 408 755.8 883
355.1 1,533.20 463 1,582.90 768 2,117.70 606 2,123.8 439 - -
360.3 1,710.90 434 1,850.80 944 2,409.10 716 2,349.6 522 - -

365.0 1,898.30 492 2,030.90 1,006 2,688.80 757 2,942.8 630 - -
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Figure 1. Amount of gas generated from source rocks with different kerogen types subjected to hydrous-pyrolysis temperatures between

270° and 365°C for 72 hours; mcf, milli-standard cubic feet.

temperatures greater than 340°C for the Type-IIS kerogens. At
350°C for 72 hours, the GOR for the Type-IIS and -I kerogens
are similar and range between 401 and 527 scf/bbl (table 3).
Type-II and -III kerogens at these same experimental conditions
have significantly higher GOR of 935 and 883 scf/bbl, respec-
tively. These two kerogen types also have consistently higher
GOR at the lower experimental temperatures with the exception
of the Type-II kerogen at 285°C for 72 hours. Overall, GOR
during oil generation are between 500 and 1,500 scf/bbl irre-
spective of kerogen type.

Discussion

Amounts of Gas Generated

Type-III kerogen is typically described as a gas-prone
source (Hunt, 1996, and references therein). Although Type-III
kerogen has the highest GOR during catagenesis (fig. 2), it gen-
erates the lowest amounts of hydrocarbon gas compared with

the oil-prone kerogens (Type-1, -II, and -IIS). Previously
reported hydrous-pyrolysis results have also shown that Type-I
and -II kerogens generate significantly more gas than Type-III
kerogen (Lewan, 1993c; Hunt, 1996, p. 601, table 16-3). These
results are also in general agreement with open-system pyrolysis
results as modeled by Behar and others (1997) and the compos-
ite-pyrolysis model by Pepper and Corvi (1995). An implication
of these results is that oil-prone kerogens can be the source of
more hydrocarbon gas during catagenesis than so-called gas-
prone Type-III kerogen.

The only notable contradiction between hydrous pyrolysis
and the open-system pyrolysis modeled by Behar and others
(1997) is that the Type-IIS kerogen does not generate the highest
amount of hydrocarbon gas in the open-system pyrolysis as
observed in hydrous pyrolysis (fig. 1). However, the composite-
pyrolysis model by Pepper and Corvi (1995) predicts that Type-
IIS kerogen generates the most hydrocarbon gas, which is in
agreement with the hydrous-pyrolysis results. Hydrous-
pyrolysis experiments conducted by Seewald and others (1998)
also showed that Type-IIS kerogen in a sample of Monterey
Shale generated four times as much hydrocarbon gas as Type-III
kerogen in shales of the Smackover and Eutaw Formations.

Gas:0il Ratios for Source Rocks Containing Type-I, -1I, -1IS, -1ll Kerogens 5
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Figure 2. Gas:oil ratios (GOR) for source rocks with different kerogen types subjected to hydrous-pyrolysis temperatures between 270° and

365°C for 72 hours.

These experimental observations suggest that petroleum systems
that produce high-sulfur oils from Type-IIS kerogen should also
have appreciable quantities of hydrocarbon gas associated with
them.

The exponential increase in hydrocarbon generation with
increasing temperature (fig. 1) raises the questions whether this
increase in gas generation continues through metagenesis and
what is the maximum amount of gas that can be generated from
a source rock. Note that the results from the hydrous-pyrolysis
experiments represent a closed system in which gas may be gen-
erated from the decomposition of kerogen or bitumen retained in
arock, as well as from the expelled oil on the water surface
within the closed reactor. Note too that with all these possible
sources for gas, there are no obvious breaks in the slope of gas
generation that would suggest changes in the source of gas with
increasing temperature. Additional experiments are needed to
determine the extent of this exponential increase in hydrocarbon
gas and the maximum amount of hydrocarbon gas that can be
generated from different source materials (kerogen, bitumen,
and oil).

Clay-mineral catalysis has been suggested to play an
important role in petroleum generation (Johns and Shimoyama,
1972; Goldstein, 1983). However, experimental pyrolysis results
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indicate that the presence of clay minerals has no significant
effect on generation of methane and ethane from kerogen
(Tannenbaum and Kaplan, 1985). Although results from our
study are not unequivocal in indicating that clay-mineral cataly-
sis is not important in gas generation, they do suggest that clay
minerals in a source rock are not essential to hydrocarbon gas
generation. Specifically, the two source rocks containing Type-
IIS kerogen in this study are limestones and generate the most
hydrocarbon gas despite their low clay-mineral content. In
addition, the claystone with Type-II kerogen does not generate
significantly greater amounts of hydrocarbon gas than the
marlstone with Type-I kerogen despite the higher clay-mineral
content of the former (table 3).

Gas:0il Ratios (GOR)

Figure 3 shows that hydrous-pyrolysis GOR during oil
generation range from 400 to 3,000 scf/bbl. These GOR are
within the range of values (<5,000 scf/bbl) prescribed by Larter
and Mills (1991) for petroleum expelled from source rocks
based on pyrolysis-gas chromatography. England and
Mackenzie (1989) referred to these expelled GOR as
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Figure 3. Comparison of gas:oil ratios (GOR) for source rocks with different kerogen types subjected to hydrous- and anhydrous-pyrolysis

temperatures between 270° and 365°C for 72 hours.

“feedstock” GOR, which they suggested range between 1,000
and 2,500 scf/bbl. Although these GOR ranges are in agreement
with those derived from hydrous pyrolysis (table 3, fig. 2), there
is a major difference in the way these GOR change with matura-
tion during oil generation. Figure 2 shows that GOR derived
from hydrous pyrolysis decrease during oil generation. The
more gas-prone Type-III kerogen in the Wilcox Formation lig-
nite decreases from 2,831 scf/bbl at 280°C for 72 hours to 883
scf/bbl at 350°C for 72 hours. The oil-prone Type-I, -1I, and -IIS
kerogens decrease from 2,381 scf/bbl at 270°C for 72 hours to
401-935 scf/bbl at 350°C for 72 hours. As shown in figure 3,
these decreasing hydrous-pyrolysis GOR are contrary to the
increasing GOR derived from closed-system anhydrous pyroly-
sis as reported by Quigley and Mackenzie (1988). These
authors stated that their trend is representative of most source
rocks irrespective of differences in lithology.

These conflicting results can be explained by differences in
the products generated by closed-system anhydrous and
hydrous pyrolysis. In hydrous pyrolysis, only the expelled oil
and generated gas are used in the calculation of the GOR. In
anhydrous pyrolysis, no expelled oil is generated, so GOR are
calculated with the generated gas and solvent-soluble or
thermally labile bitumen in the rock. In addition, Lewan (1997)

showed that cross-linking reactions resulting in the formation of
pyrobitumen (insoluble char or inert carbon) are more preva-
lent in closed-system anhydrous pyrolysis than in hydrous
pyrolysis. Therefore, the anhydrous-pyrolysis GOR increase
with temperature as soluble or labile bitumen decreases and
generated gas increases to a greater extent than in hydrous
pyrolysis. The contrary GOR trends determined by these two
different pyrolysis methods are shown in figure 4, which is
based on closed-system anhydrous and hydrous pyrolysis
experiments conducted on aliquots of the same sample of
Woodford Shale (Lewan, 1997). An important implication of
this difference is that GOR derived from hydrous pyrolysis indi-
cate that source rocks in the early stages of oil generation can
generate accumulations with GOR between 1,500 and 3,000
scf/bbl. Conversely, GOR derived from closed-system anhy-
drous pyrolysis indicate that source rocks in the early stages of
oil generation can only generate accumulations with GOR less
than 1,000 scf/bbl.

Although the hydrous-pyrolysis GOR decrease during
most of oil generation, this GOR trend is expected to reverse
and increase after oil generation. This increase would not be
the result of additional oil generation but of additional gas
generation from the thermal decomposition of the remaining

Gas:0il Ratios for Source Rocks Containing Type-I, -II, -11S, -1ll Kerogens 1
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at 300°, 330°, and 350°C for 72 hours. Original data reported by Lewan (1997, tables 2 and 6).

kerogen and bitumen within the source rock and the expelled
oil on the water surface. Source rocks with Type-IIS kerogen
show a distinct GOR increase at the higher temperatures
(>340°C) that suggests the start of this anticipated increase
(fig. 2). An important remaining question is whether the gas
generated after oil generation is from the kerogen and bitumen
remaining in the source rock or from the expelled oil. Addi-
tional hydrous-pyrolysis experiments on oil and mature source
rock are needed to resolve this question.

Conclusions

GOR for a given source rock can be derived from
hydrous-pyrolysis experiments. During oil generation, source
rocks with oil-prone kerogen (Type-I, -II, and -IIS) generate
hydrous-pyrolysis GOR between 382 and 2,381 scf/bbl. Source
rocks with Type-III kerogen generate higher GOR (883-2,831
scf/bbl) than source rocks with more oil-prone kerogen (Type-I,
-I1, and -IIS) during catagenesis (oil generation). However, the
more oil-prone kerogens can generate twice as much

8 Geologic Studies of Deep Natural Gas Resources

hydrocarbon gas per gram of organic carbon as the more gas-
prone Type-III kerogen.

During oil generation, GOR determined by closed-system
anhydrous pyrolysis increase with increasing temperature, and
GOR determined by hydrous pyrolysis initially decrease with
increasing temperature. As a result, hydrous-pyrolysis GOR
indicate that petroleum accumulations with GOR between
1,500 and 3,000 scf/bbl can be generated during the early
stages of oil generation. Conversely, anhydrous-pyrolysis GOR
indicate that petroleum accumulations with GOR greater than
2,000 scf/bbl can only be generated near the end of oil
generation.

In conjunction with the recommendations made by Henry
and Lewan (this volume), more hydrous-pyrolysis experimen-
tal work is needed to quantitatively understand the controls on
gas generation from source rocks and expelled oil. These
experiments should be designed to determine if the exponential
increase in hydrocarbon-gas generation and an increase in GOR
occur past oil generation and into metagenesis. Experiments
should also be designed to evaluate whether this late-stage
hydrocarbon gas is generated from organic components
retained in the source rock or from expelled oil.



References Cited

Behar, F., Vandenbroucke, M., Tang, Y., Marquis, F., and Espitalie, J.,
1997, Thermal cracking of kerogen in open and closed systems—
Determination of kinetic parameters and stoichiometric coefficients
for oil and gas generation: Organic Geochemistry, v. 26, p. 321-339.

Dias, R.F., Freeman, K.H., Lewan, M.D., and Franks, S.G., 1997, Kerogen
maturation and the §'C of organic acids in oil-associated waters:
American Association of Petroleum Geologists Annual Meeting,
Dallas, Tex., April 6-9, 1997, Program and Abstracts, v. 6, p. A27-A28.

England, W.A., and Mackenzie, A.S., 1989, Some aspects of the organic
geochemistry of petroleum fluids: Geologische Rundschau, v. 78, p.
291-303.

Goldstein, T.P., 1983, Geocatalytic reactions in formation and maturation
of petroleum: American Association of Petroleum Geologists Bulle-
tin, v. 67, p. 152-159.

Hunt, J.M., 1996, Petroleum geochemistry and geology: New York, Free-
man, 743 p.

Johns, W.D., and Shimoyama, A., 1972, Clay minerals and petroleum-
forming reactions during burial and diagenesis: American Associa-
tion of Petroleum Geologists Bulletin, v. 56, p. 2160-2167.

Kuo, L.-C., and Michael, G.E., 1994, A multicomponent oil-cracking kinet-
ics model for modeling preservation and composition of reservoired
oils: Organic Geochemistry, v. 21, p. 911-925.

Larter, S., and Mills, N., 1991, Phase-controlled molecular fractionations
in migrating petroleum charges, in England, W.A., and Fleet, A.J.,
eds., Petroleum migration: Geological Society Special Publication
59, p. 137-147.

Lewan, M.D., 1993a, Laboratory simulation of petroleum formation—
Hydrous pyrolysis, in Engel, M., and Macko, S., eds., Organic
geochemistry: New York, Plenum, p. 419-442.

1993b, Identifying and understanding suppressed vitrinite reflec-
tance through hydrous pyrolysis experiments: Society for Organic
Petrology, Abstracts and Program, v. 10, p. 1-3.

1993c, Hydrocarbon gas generation from different kerogen types
subjected to hydrous pyrolysis: American Chemical Society Book of
Abstracts, Geochemistry Division Abstract No. 32.

1997, Experiments on the role of water in petroleum formation:
Geochimica et Cosmochimica Acta, v. 61, p. 3692-3723.

Lewan, M.D., Comer, J.B., Hamilton-Smith, T., Hausenmuller, N.R.,
Guthrie, .M., Hatch, J.R., Gautier, D.L., and Frankie, W.T., 1995,
Feasibility study on material-balance assessment of petroleum from
the New Albany Shale in the lllinois Basin: U.S. Geological Survey
Bulletin 2137, 31 p.

Lewan, M.D., Tannenbaum, E., and Ramini, H., 1997, Petroleum formation
in Senonian carbonate source rocks of the Dead Sea basin: Ameri-
can Association of Petroleum Geologists Annual Meeting, Dallas,
Tex., April 6-9, 1997, Program and Abstracts, v. 6, p. A69.

Lillis, P.G., Lewan, M.D., Warden, A., Monk, S.M., and King, J.D., 1999,
Identification and characterization of oil types and their source
rocks, inThe oil and gas resource potential of the 1002 Area, Arctic
National Wildlife Refuge, Alaska: U.S. Geological Survey Open-File
Report 98-34, Chapter OA, p. 0A-1-0A-60.

Mackenzie, A.S., and Quigley, T.M., 1988, Principles of geochemical
prospect appraisal: American Association of Petroleum Geologists
Bulletin, v. 72, p. 399-415.

Noble, R.A.,Wu, C.H., and Atkinson, C.D., 1991, Petroleum generation and
migration from Talang Akar coals and shales offshore N.W. Java,
Indonesia: Organic Geochemistry, v. 17, p. 363-374.

Pepper, A.S., and Corvi, P.J., 1995, Simple kinetic models of petroleum
formation—Part|, Qil and gas generation from kerogen: Marine and
Petroleum Geology, v. 12, p. 291-319.

Quigley, T.M., and Mackenzie, A.S., 1988, The temperatures of oil and gas
formation in the subsurface: Nature, v. 33, p. 549-552.

Ruble, T.E., Lewan, M.D., and Philp, R.P., 1994, Recognition of distinc-
tive Green River source facies by hydrous pyrolysis—Important
implications for basin models, in Grimalt, J.0., and Dorronsoro, C.,
eds., Organic geochemistry, developments and applications to
energy, climate, environment, and human history: A.l.G.0.A.
Publishers, p. 188-191.

Seewald, J.S., Benitez-Nelson, B.C., and Whelan, J. K., 1998, Laboratory
and theoretical constraints on the generation and composition of
natural gas: Geochimica et Cosmochimica Acta, v. 62, p. 1599-1617.

Tannenbaum, E., and Kaplan, I.R., 1985, Role of minerals in the thermal
alteration of organic matter—I, Generation of gases and conden-
sate under dry conditions: Geochimica et Cosmochimica Acta, v.49,
p. 2589-2604.

Tissot, B.P., and Welte, D.H., 1984, Petroleum formation and occurrence:
Berlin, Springer-Verlag, 699 p.

Gas:0il Ratios for Source Rocks Containing Type-I, -1I, -1IS, -1ll Kerogens 9



Chapter F

Probabilistic Method for Subdividing
Petroleum Resources into Depth Slices

By Robert A. Crovelli

Prepared in cooperation with the U.S. Department of
Energy—National Energy Technology Laboratory, the
Gas Technology Institute, and

Advanced Resources International

U.S. Department of the Interior
U.S. Geological Survey



Contents

L1 0o 10 T4 o T
ACKNOWIBAGMENTS ...vueeeeecerrereeeeseesiseeseses e ssssess st sesse s seseassssnssssesssssnssnsesssssssnssnseens
Probabilistic Method
EST 01T 10 ] 1T T
Reference Cited

Figure

1. Diagram showing triangular probability distribution of drilling depth



Probabilistic Method for Subdividing
Petroleum Resources into Depth Slices

By Robert A. Crovelli

Introduction

The U.S. Geological Survey periodically assesses petro-
leum resources of the United States and the world. Understand-
ing the distribution of these resources by depth interval is an
important part of this activity. The purpose of this report is to
explain the development of a spreadsheet software system called
Deep Energy Estimated Percentages (DEEP). DEEP uses the
median-based triangular probability distribution as a probability
model for drilling depth to estimate the percentages of estimated
petroleum resources below various depths or depth cutoffs and,
also, between depth cutoffs, that is, subdividing resources into
depth slices. The drilling depth represents the true vertical depth
to potential undiscovered resources in an assessment unit or
play. An assessment unit is a mappable volume of rock in a total
petroleum system. First, the probabilistic method is derived,
and second, the spreadsheet DEEP is described.

Acknowledgments

This report was funded by the U.S. Department of
Energy—National Energy Technology Laboratory (NETL)
(NETL contract No. DE-AT26-98FT40032), and the U.S. Geo-
logical Survey Central Energy Team, Denver, Colo. The author
wishes to acknowledge the helpful reviews of T.S. Dyman and
J.W. Schmoker.

Probabilistic Method

The median-based triangular probability distribution is
used as a probability model for the random variable Z: drilling
depth (meters). The defining parameters of the median-based
triangular probability distribution are the minimum (a), maxi-
mum (b), and median (m). A necessary condition for a median-

based triangular probability distribution to exist is the following:

0.707a + 0.293b < m <0.293a + 0.707b

From the defining parameters, the standard characterizing
parameters of the triangular probability distribution are
obtained: minimum (a), maximum (), and mode (c¢). There are
three cases for calculating ¢, which are dependent upon the
midpoint=(a+b)/2:

Case I: m=midpoint (symmetric)
c=m

Case II: m<midpoint (right skewed)

2
_, 2(b-m)
c=5b “ha

Case III: m>midpoint (left skewed)

The probability that the drilling depth is below, or equivalently
greater than, a particular depth or depth cutoff (z) is denoted by
p(z), where

p(2)=P(Z>2z)

Figure 1 displays the triangular probability distribution of drill-
ing depth (meters) where a: minimum, b: maximum, c¢: mode,
z: depth cutoff, and p(z): probability of drilling depth below
depth cutoff z. The probability function p(z) is the complemen-
tary cumulative distribution function for the triangular probabil-
ity distribution. The triangular cumulative distribution function
can be found in Law and Kelton (1991, p. 341). It can be
shown that

lifz<a
(z—a)?2
T h-ayc—a Tasz=c
p(z)= (b-22 .
—(b—a)(b—c) ifc<z<
0 ifz>b

The drilling depth distribution will be used to estimate the per-
centages of undiscovered petroleum resources below various
depths or depth cutoffs, that is, the problem is to subdivide
resources into depth slices. Thus, the primary interest is in the
proportion of petroleum resources below a depth cutoff. The
simplifying assumption will be made that the proportion or
probability of petroleum resources below a depth cutoff can be
adequately approximated by the probability of drilling depth
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Triangular probability distribution of drilling depth (meters) where a: minimum, b: maximum, ¢: mode, z depth cutoff, and

pl2): probability of drilling depth below or greater than depth cutoff z

below that depth cutoff. Therefore, p(z) will be used to estimate
the proportion of petroleum resources below depth cutoff z. An
estimate of the proportion of petroleum resources between two
depth cutoffs z; and z;, where z, is greater than or equal to zj, is
given by

P(z)<Z<2zy)=P(Z>7z)-P(Z>2z;) =pz) —p(zy)

Spreadsheet

The preceding probabilistic method is incorporated into a
spreadsheet software system called Deep Energy Estimated Per-
centages (DEEP). DEEP consists of a series of six panels or
parts of a spreadsheet that can be expanded depending upon the

Panel 1 of Spreadsheet DEEP.

number of depth cutoff values of interest. Panel 1 comprises the
input of the defining parameters of the median-based triangular
probability distribution for the drilling depth: minimum,
median, and maximum. From the defining parameters, the mid-
point and mode are computed. Panels 2 through 6 are similar in
their composition. Each of these five panels allows for three
depth cutoff values to be entered. From each depth cutoff value,
the corresponding percent resource below cutoff and percent
resource between (present and previous) cutoffs are computed.
For example, in Panel 4 of Test 2 (a=3,000 m, »=5,000 m,
m=4,000 m, and ¢=4,000 m), the percent below cutoff value of
3,800 m is equal to 68 percent, and the percent below cutoff
value of 4,000 m is equal to 50 percent. The percent between
cutoffs of 3,800 m and 4,000 m is equal to 18 percent. There-
fore, an estimate of the percentage of petroleum resources
between depths of 3,800 m and 4,000 m is equal to 18 percent.

Parameters of the median-based triangular probability

distribution for drilling depth: minimum, median, and maximum are input, whereas

midpoint and mode are computed.

Assessment Unit

Drilling Depth (m)—Median-Based Triangular Distribution

Name No. Fields Minimum Median Maximum Midpoint Mode
Test 1 12345671 Gas 3000 4000 5000 4000 4000
Test 2 12345672 Gas 3000 4000 5000 4000 4000
Test 3 12345673 Gas 3000 4300 5000 4000 4690

Panel 2 of Spreadsheet DEEP.

Three depth cutoff values are allowed to be input; corresponding percent resource

below cutoff and percent resource between (present and previous) cutoffs are computed.

Percent Percent Percent Percent Percent

Depth below Depth below between Depth below between

No. Flds cutoff (m) cutoff cutoff (m) cutoff cutoffs cutoff (m) cutoff cutoffs
12345671 Gas 4572 9.1592 4572 9.1592 0 4572 9.1592 0
12345672 Gas 2600 100 2800 100 0 3000 100 0
12345673 Gas 2600 100 2800 100 0 3000 100 0

2 Geologic Studies of Deep Natural Gas Resources



Panel 3 of Spreadsheet DEEP. Three depth cutoff values are allowed to be input; corresponding percent resource below cutoff and percent
resource between (present and previous) cutoffs are computed.

Percent Percent Percent Percent Percent Percent
Depth below between Depth below between Depth below between

No. Fids  cutoff (m) cutoff cutoffs cutoff (m) cutoff cutoffs cutoff (m) cutoff cutoffs
12345671 Gas 4572 9.1592 0 4572 9.1592 0 4572 9.1592 0
12345672  Gas 3200 98 2 3400 92 6 3600 82 10
12345673  Gas 3200 98.817 1.18343 3400 95.266 3.5503 3600 89.349 591716

Panel 4 of Spreadsheet DEEP.  Three depth cutoff values are allowed to be input; corresponding percent resource below cutoff
and percent resource between (present and previous) cutoffs are computed.

Percent Percent Percent Percent Percent Percent

Depth below between Depth below between Depth below between

No. Flds cutoff (m) cutoff cutoffs cutoff (m) cutoff cutoffs cutoff (m) cutoff cutoffs
12345671 Gas 4572 9.1592 0 4572 9.1592 0 4572 9.1592 0
12345672  Gas 3800 68 14 4000 50 18 4200 32 18
12345673 Gas 3800 81.065 8.28402 4000 70.414 10.6509 4200 57.396 13.0178

Panel 5 of Spreadsheet DEEP.  Three depth cutoff values are allowed to be input; corresponding percent resource below cutoff
and percent resource between (present and previous) cutoffs are computed.

Percent Percent Percent Percent Percent Percent

Depth below between Depth below between Depth below between

No. Flds cutoff (m) cutoff cutoffs cutoff (m) cutoff cutoffs cutoff (m) cutoff cutoffs
12345671 Gas 4572 9.1592 0 4572 9.1592 0 4572 9.1592 0
12345672  Gas 4400 18 14 4600 8 10 4800 2 6
12345673  Gas 4400 42.012 15.3846 4600 24.26 17.7515 4800 6.4516 17.8087

Panel 6 of Spreadsheet DEEP.  Three depth cutoff values are allowed to be input; corresponding percent resource below cutoff and
percent resource between (present and previous) cutoffs are computed.

Percent Percent Percent Percent Percent Percent

Depth below between Depth below between Depth below between

No. Flds cutoff (m) cutoff cutoffs cutoff (m) cutoff cutoffs cutoff (m) cutoff cutoffs
12345671 Gas 4572 9.1592 0 4572 9.1592 0 4572 9.1592 0
12345672 Gas 5000 0 2 5200 0 0 5400 0 0
12345673 Gas 5000 0 6.45161 5200 0 0 5400 0 0
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Relative Uncertainty of Conventional Natural Gas

Plays in the Gulf Coast Region

By Thaddeus S. Dyman, James W. Schmoker, and Christopher J. Schenk

Introduction

In 1995, the U.S. Geological Survey assessed undiscovered
conventional and continuous-type (unconventional) oil and gas
resources for 560 plays in 71 U.S. provinces in onshore regions
and State offshore waters. This assessment was based on a geo-
logic analysis of plays using probabilistic methodologies.
Assessments such as this are inherently dependent on varying
degrees of uncertainty associated with a geologic understanding
of petroleum provinces and plays and the perceptions and levels
of experience of province geologists. Uncertainty in natural gas
assessments is the focus of this report.

Uncertainty in petroleum resource estimates can be subdi-
vided into five broad areas:

1. Compiling geologic and production data at the province
level. Uncertainty may arise from a lack of data concerning the
geologic history and production characteristics of the province.

2. ldentifying and describing petroleumplays. Uncertainty
may also be due to limited data on the nature of petroleum plays
in each province. The experience and perceptions of the prov-
ince geologist play an important part in uncertainty associated
with the petroleum geology at both province and play levels.
Some province geologists tend to identify fewer, large plays,
whereas others tend to identify a larger number of smaller plays.

3. Risking plays. Hypothetical plays (those plays lacking
known production) must be risked for the presence of undiscov-
ered accumulations. Uncertainty is expressed by using a risking
structure that incorporates three play attributes: charge, reser-
voir, and trap, where the probability of occurrence of each of the
attributes is expressed as a decimal fraction from zero to one.
The product of the three values is the play probability. Uncer-
tainty arises due to the geologist’s viewpoint, lying on the con-
tinuum from conservative to liberal in risking hypothetical
plays.

4. Estimating the sizes, numbers, and types of undiscov-
ered accumulations. Numerous techniques are employed to
make these estimates including historic field-size analysis, reser-
voir-simulation modeling, discovery-process modeling, use of
analogs, and spatial analysis (U.S. Geological Survey National
Oil and Gas Resource Assessment Team, 1995). Each of these
techniques introduces uncertainty in the resource estimation
process.

5. Aggregating estimates. To estimate undiscovered
resources for provinces, regions, and the Nation, probability
distributions representing estimates for plays must be progres-
sively aggregated with geologic dependencies incorporated at
each level of aggregation. Aggregating play estimates requires

knowledge of geologic dependencies between plays for the
three attributes of charge, reservoir, and trap. Uncertainty is
introduced when province geologists determine the correlation
of each attribute for each set of plays in a province. A high cor-
relation (0.9), a medium correlation (0.5), and a low correlation
(0.1) were used in the U.S. Geological Survey 1995 National
Oil and Gas Resource Assessment (U.S. Geological Survey
National Oil and Gas Resource Assessment Team, 1995).

Analysis of these five areas of uncertainty provides insight
into how resource assessments are conducted and helps answer
important questions, such as the following: Are the play esti-
mates of some province geologists more uncertain than the esti-
mates of others? Can we define quantitative measures that
capture uncertainty? Can we rank plays in an assessment based
on their relative uncertainty? Can we identify the relative
degree of uncertainty in plays with specific geologic and pro-
duction characteristics?

The purpose of this report is to analyze uncertainty in esti-
mates for undiscovered natural gas resources for the 61 conven-
tional nonassociated gas-bearing plays of the Gulf Coast Region
in the U.S. Geological Survey 1995 National Petroleum Assess-
ment. The results of our analysis will help us to better under-
stand the assessment process and to prioritize those Gulf Coast
Region gas plays that may need to be reevaluated or reassessed
based on new data and perceptions since the completion of the
1995 assessment.

The Gulf Coast Region was important to the U.S. Geologi-
cal Survey in 1995 because it contains a significant undiscov-
ered conventional gas resource. The region contains a mean
estimated resource of 97.6 Tcf (trillion cubic feet) of recover-
able conventional gas, which represents nearly 38 percent of the
gas resource for U.S. onshore regions and State offshore waters.
Only one continuous-type (unconventional) gas play, the Cotton
Valley Blanket Sandstones Play of the Louisiana-Mississippi
Salt Basins Province (No. 4923) was assessed contributing a
mean estimated resource of 6 Tcf of gas (U.S. Geological Sur-
vey National Oil and Gas Resource Assessment Team, 1995;
Gautier and others, 1996).

Many nonassociated gas plays in the Gulf Coast Region
are also deep. Dyman and others (1996) identified 44 of 61
total Gulf Coast Region plays as deep (all or portion of play
equal to or exceeding 15,000 feet/4,572 m in depth). These
deep plays account for a mean resource of 27.4 Tcf of undis-
covered conventional technically recoverable nonassociated
gas. This estimate is about 10 percent of the entire estimated
undiscovered nonassociated gas resource for the U.S. (258.6
Tcf of gas) (U.S. Geological Survey National Oil and Gas
Resource Assessment Team, 1995). A better understanding of



the geologic characteristics and resource potential of these Gulf
Coast Region deep gas plays may lead to a better understanding
of deep natural gas resources in general.
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Methodology

We introduce a dimensionless uncertainty coefficient (UC)
to compare the relative uncertainty of undiscovered resource
volumes of plays. The uncertainty coefficient is defined as

UcC = (F5—F95) /IMEAN

where F5 and Fgs are fractiles of a probability distribution repre-
senting the estimate of undiscovered nonassociated gas for each

gas-bearing play, and MEAN represents the mean estimate. Fgs
represents a 19-in-20 chance and Fs represents a 1-in-20 chance
of the occurrence of at least the resource amount identified. Use
of the uncertainty coefficient is based on the assumption that the
fractile range of the undiscovered resource for each play proba-
bility distribution (Fs—Fgs) incorporates all areas of uncertainty
that may be introduced into the assessment process. A large
range in probability represents a relatively high level of uncer-
tainty, whereas a small range represents a relatively low level of
uncertainty. Two cumulative probability distributions are identi-
fied in figure 1. They represent a large and a small range of
probabilities (Fs-Fgs), curves A and B respectively, for estimates
of undiscovered technically recoverable conventional resources
for two example plays. In order to eliminate the effects of mag-
nitude of the resource for each example play, the range is
divided by the mean of the probability distribution to define a
dimensionless uncertainty coefficient. A similar coefficient is
defined by (Fs—Fg5)/Fs, but was not used in this report because
for many plays in the USGS 1995 assessment, F5q=0. Thus, a
ranking of uncertainty coefficients for plays represents a relative
ranking of play uncertainty based on use of undiscovered gas
resource volumes which can be used for establishing priorities
for play reevaluation and for assessment planning activities.
The play ranking and uncertainty are based on an interpretation
of factual data by geologists and engineers using their best
interpretive skills and experience.
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Figure 1. Estimated cumulative probability distributions for undiscovered conventional nonassociated gas resources for two hypothetical

plays (A and B) having the same mean and illustrating the difference in range of Fg5 and Fs fractiles. Uncertainty coefficients (UC) are

calculated for each.
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Gulf Coast Region Gas Plays

Uncertainty is introduced into the assessment process
through the five factors discussed in the Introduction, and it can
be compared among plays through the use of uncertainty coeffi-
cients. Estimates of undiscovered resource volumes of plays
with the highest uncertainty coefficients are relatively more
uncertain because we know less about these plays than we do
about plays with low uncertainty coefficients. Our lack of
knowledge may be due to a lack or quality of data and (or) the
experience level and perceptions of province geologists respon-
sible for the play assessments. Differences in perception by dif-
ferent province geologists are not an issue for the Gulf Coast
Region because all 61 plays were assessed by the same person.
(See Schenk and Viger, 1996a, 1996bh.)

Natural gas estimates for the 61 gas-bearing conventional
plays in the Gulf Coast Region are included in three assessment
provinces: Western Gulf (province 47), Louisiana-Mississippi
Salt Basins (province 49), and East Texas Basin (province 48).
Because many of the plays in provinces 48 and 49 continued
across political boundaries with no geologic significance, these
provinces were combined for the 1995 National Petroleum
Assessment, and plays in both provinces are designated by prov-
ince 49. Table 1 contains identification, geologic, and resource
information for each nonassociated gas-bearing play sorted from
high to low uncertainty coefficient. For comparison, table 2
contains summary information for the 20 gas plays with the
highest uncertainty coefficient (most uncertain) and the 20 plays
with the lowest uncertainty coefficient (most certain) of the 61
Gulf Coast plays presented in table 1.

The 20 plays with the highest uncertainty coefficients (UC
mean=2.81; tables 1 and 2) were analyzed for their geologic
characteristics and resource potential. These plays are evenly
distributed between the two provinces (47 and combined 49).
By contrast, the 20 plays with the lowest uncertainty coefficients
(UC mean=1.85; tables 1 and 2) are concentrated in the Western
Gulf Province suggesting that our data and knowledge are
greater there than for the combined Louisiana-Mississippi Salt
Basins and East Texas Basin.

Three hypothetical conventional gas plays were assessed
for the Gulf Coast Region. These plays (two Norphlet Forma-
tion plays in the Louisiana-Mississippi Salt Basins and East
Texas Basin Province (plays 4904 and 4907), and the Jackson
Downdip Gas Play in the Western Gulf Province (play 4729))
have high uncertainty coefficients when compared to other Gulf
Coast Region gas plays (table 1). As expected, estimates of the
undiscovered resource volumes of hypothetical plays are more
uncertain because these plays lack known production, and ana-
logs must be used to establish a hypothetical production history.

No relationship was recognized between the dominant res-
ervoir lithology of plays and level of uncertainty. Both the 20
plays with the highest uncertainty coefficients and the 20 plays
with the lowest uncertainty coefficients in the Gulf Coast Region
are primarily clastic plays. Carbonate plays occur in about
equal frequency in both groups.

A relationship exists between the dominant trap type of a
play and play uncertainty coefficient. The 20 plays with the
highest uncertainty coefficients contain undiscovered

accumulations with primarily structurally controlled traps (17
plays; table 2), whereas for the 20 plays with the lowest uncer-
tainty coefficients, only 11 plays are structurally controlled.
This contrast is more apparent when all 261 conventional gas-
bearing plays in the U.S. are compared (Gautier and others,
1996). For all nonassociated gas-bearing plays in the U.S. as a
whole, of the 25 plays with the highest uncertainty coefficients,
12 are structurally controlled, only 2 are stratigraphically con-
trolled, and 11 are mixed structurally and stratigraphically con-
trolled. For the 25 nonassociated gas-bearing plays with the
lowest uncertainty coefficients in the U.S., only 3 are structur-
ally controlled, 8 are stratigraphically controlled, and an addi-
tional 14 are mixed structurally and stratigraphically controlled
plays. A lower uncertainty coefficient may be associated with
stratigraphically controlled plays because (1) these plays may be
perceived as simpler to understand by province geologists than
structurally controlled plays (perceptions), and (or) (2) the dif-
ference in uncertainty is simply a reflection of differences in the
field-size distribution data used for stratigraphically trapped ver-
sus structurally trapped accumulations (data).

The play uncertainty coefficient is also related to volume
of undiscovered nonassociated gas in each play (play size).
The estimate of the mean undiscovered play size (total mean
undiscovered gas resources) for the 20 plays with the lowest
uncertainty coefficients is more than twice the mean play size
of the 20 plays with the highest uncertainty coefficient (1,356
Bcf versus 641 Bcf). When the middle and bottom third of
ranked plays are combined (N=41; table 1), the average play
size is 1,294 Bcf, indicating that on the average, large plays are
more certain than small plays based on the use of the
uncertainty coefficient.

Possible Criteria for Reevaluation of Gulf
Coast Gas Plays

A procedure is identified for prioritizing Gulf Coast Region
plays for reevaluation from the 1995 U.S. Geological Survey
National Petroleum Assessment. The procedure is based on the
assumption that plays with the highest uncertainty coefficients
and the largest undiscovered nonassociated gas resource esti-
mates (play size) should be reviewed first. The procedure
involves selecting plays based on a combination of uncertainty
coefficient and mean estimate of undiscovered conventional
nonassociated gas. Figure 2 is a plot of uncertainty coefficient
versus mean undiscovered nonassociated gas for the 61 gas-
bearing plays of the Gulf Coast Region. A minimum uncer-
tainty coefficient of 2.00 and a minimum undiscovered resource
of 1 Tcf were arbitrarily chosen for the initial selection process,
although other values could also be chosen. An uncertainty
coefficient cutoff of 2.00 effectively eliminates the 20 plays with
the lowest uncertainty coefficients.

Table 3 contains summary information for the 14 plays
meeting these criteria. Together, these plays contain 38 percent
of the mean estimated conventional gas resource (37.4 out of
97.6 Tcf) for the entire Gulf Coast Region (U.S. Geological
Survey National Oil and Gas Resource Assessment Team,

Relative Uncertainty of Conventional Natural Gas Plays in the Gulf Coast Region 3
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Table 1. Geologic characteristics and estimated undiscovered nonassociated gas resources for 61 gas-bearing plays in the Gulf Coast Region from the U.S. Geological Survey
1995 National Petroleum Assessment.

[Size, estimated mean size of individual undiscovered accumulations for each play in Bcf (billions of cubic feet); Lith, lithology of dominant reservoir rocks in play; Trap, dominant trap type in play—
structure, structural traps; stratigraphic, stratigraphic traps; mixed, mixed structure and stratigraphic traps; Depth, median depth of play in feet; Status, status of play with respect to known production—
confirmed, play has at least one known accumulation with production of at least 6 Bcf of nonassociated gas; hypothetical, no known production of 6 Bef; NA mean, mean estimate of nonassociated gas
in play in Bcf; Fgj res., 95th fractile of the probability distribution for undiscovered conventional resources in play or a 19-in-20 chance of the occurrence of at least the resource amount identified in
Bcf; F5 res., 5th fractile of probability distribution for undiscovered conventional resources in play or a 1-in-20 chance of the occurrence of at least the resource amount identified in Bef; UC,
dimensionless uncertainty coefficient defined by F5—Fg5/Mean. Data taken directly from Schenk and Viger (1996a; 1996b)]

No. Play name Size Lith. Trap Depth Status NA mean Fgg res. Fg res. Fgg res. uc
4907 Norphlet SE Margin Jackson Dome Flank Deep Gas 4278 clastic structure 22000 hypothetical 111.1 0 411.7 7.4 3.71
4904 Norphlet Wiggins - Hancock Arch Gas 35.62 clastic structure 17000 hypothetical 287 0 961.8 164.6 3.35
4910 Smackover Alabama/Florida Peripheral Fault Zone Oil and Gas 57.48 carbonate structure 15000 confirmed 639.7 33.7 2107.8 405.1 3.24
4729 Jackson Downdip Gas 66.05 clastic structure 14000 hypothetical 3053.7 0 9730.4 49.7 3.19
4744 Upper Miocene Fluvial Sandstone Gas and Oil 12.24 clastic structure 8000 confirmed 99.8 8.3 315.7 46.9 3.08
4721 Upper Wilcox Updip Fluvial Gas 9.17 clastic structure 5000 confirmed 103.9 9.1 3129 52.6 2.92
4725 Middle Eocene Sandstones Updip Fluvial Oil and Gas 24.04 clastic structure 8000 confirmed 303 20.7 888.3 189.7 2.86
4938 Tuscaloosa Stratigraphic Oil and Gas 14.79 clastic stratigraphic 12000 confirmed 90 9.3 260.7 53.3 2.79
4916 Smackover East Texas - Southern Arkansas Fault Zone Oil and Gas 22.96 carbonate structure 10000 confirmed 424.4 33.7 1205.6 266.2 2.76
4915 Smackover North Louisiana Gray Sandstone Gas 26.29 clastic structure 10000 confirmed 245.1 20.7 691.7 151.3 2.74
4931 James Limestone Gas 48.42 carbonate structure 11000 confirmed 1017 52.4 2832.7 480.5 2.73
4739 Lower Miocene Fluvial Sandstone Oil and Gas 12.24 clastic structure 8000 confirmed 224.5 229 627.2 134.3 2.69
4745 Upper Miocene Deltaic Sandstone Gas and Oil 21.97 clastic structure 14000 confirmed 253.5 24.2 681.4 172 2.59
4941 Eutaw Southern Salt Basins Gas 46.73 clastic structure 7000 confirmed 459 443 1226.4 314.7 2.58
4924 Cotton Valley Sabine Uplift Gas 55 clastic structure 10000 confirmed 1080.5 104.6 2863.6 727 2.55
4946 Wilcox N. Louisiana Salt Basin Gas 11.9 clastic mixed 3000 confirmed 60.1 8.1 161.5 41.1 2.55
4720 Lower Wilcox Downdip Overpressured Gas 46.16 clastic structure 16000 confirmed 3024 280 7959.8 1931.9 2.54
4730 Vicksburg Updip Gas 9 clastic structure 7000 confirmed 88.5 11 235 56.7 2.53
4738 Anahuac Sandstone Gas and Oil 30.79 clastic structure 15000 confirmed 473.2 43.8 1224.8 338.7 2.50
4710 Woodbine South Angelina Flexure Oil and Gas 33.47 clastic stratigraphic 14000 confirmed 783.5 81.8 2036.1 543.1 2.49
4947 Mobile Bay Miocene Gas 10.3 clastic stratigraphic 2000 confirmed 180.2 21.9 448.3 129.7 2.37
4922 Cotton Valley Salt Basins Gas 13.16 clastic mixed 14000 confirmed 407.9 39.4 986.7 238.1 2.32
4929 Sligo/Pettet Salt Basins Gas 15.3 mixed mixed 11000 confirmed 270.4 29.2 654.6 183.6 2.31
4920 Gilmer Limestone Gas 42.01 carbonate structure 14000 confirmed 1119 92.7 2675.8 852.9 2.31
4926 Hosston/Travis Peak Salt Basins Gas 35.62 clastic structure 9000 confirmed 1280.7 118.1 3068.4 892.9 2.30
4937 Tuscaloosa/Woodbine Structural Oil and Gas 16.68 clastic mixed 9000 confirmed 40.6 75 99.9 32.6 2.28
4703 Smackover South Texas Gas 30.79 carbonate structure 16000 confirmed 1029 120 2448.2 815.3 2.26
4913 Smackover Jackson Dome Deep Gas 52.07 clastic structure 21000 confirmed 259.8 327 613.2 219.7 223
4935 Paluxy Downdip Gas 16.68 clastic structure 10000 confirmed 257.7 32.6 605 211.1 222
4705 Lower Cretaceous Carbonate Shelf/Shelf-Edge Gas and Oil 62.99 carbonate mixed 14000 confirmed 2307.5 227.3 5276.4 1886 2.19
4901 Piercement Salt Dome Flanks Oil and Gas 35.62 mixed structure 10000 confirmed 651.6 75.4 1493.8 546.7 2.18
4724 Middle Eocene Sandstones Downdip Gas 35.62 clastic structure 12000 confirmed 1125.3 123 2559.7 902.5 2.17
4709 Tuscaloosa Deep Sandstone Gas 162.18 clastic mixed 17000 confirmed 6315.3 637.2 14310.3 4782.3 2.17
4927 Travis Peak Sabine Uplift Gas 24.04 clastic mixed 8000 confirmed 511.6 53.1 1142.3 411.4 2.13
4905 Norphlet Salt Basin Oil and Gas 4278 clastic structure 17000 confirmed 240.1 30.1 540.2 213.3 2.12
4912 Smackover Salt Basins Gas and Oil 30.79 carbonate structure 12000 confirmed 960 106.1 2145.2 713.3 2.12
4727 Yegua Downdip Gas 65.98 clastic structure 14000 confirmed 5164.2 483.9 11359.7 3713.8 2.11
4736 Frio SE Texas/S. Louisiana Downdip Gas 25.07 clastic mixed 14000 confirmed 1462.7 159.6 32159 1069.7 2.09
4722 Upper Wilcox Shelf-Edge Gas and Oil 48.01 clastic structure 9000 confirmed 3795.9 313.7 8104.4 2524.8 2.05
4909 Smackover Wiggins - Baldwin Flanks Gas 30.79 carbonate mixed 16000 confirmed 530.5 71 1155.3 478.1 2.04
4918 Haynesville Salt Basins Gas and Oil 40.65 clastic structure 14000 confirmed 994.5 126.7 2157 800 2.04
4726 Yegua Updip Fluvial-Deltaic Oil and Gas 24.04 clastic structure 7000 confirmed 539.6 56.8 1153.4 456.4 2.03

4723 Upper Wilcox Downdip Overpressured Gas 56.71 clastic structure 16000 confirmed 5709.8 649.1 12061.8 4141.9 2.00
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Table 1—Continued. Geologic characteristics and estimated undiscovered nonassociated gas resources for 61 gas-bearing plays in the Gulf Coast Region from the U.S. Geological
Survey 1995 National Petroleum Assessment.

[Size, estimated mean size of individual undiscovered accumulations for each play in Bcef (billions of cubic feet); Lith, lithology of dominant reservoir rocks in play; Trap, dominant trap type in play—
structure, structural traps; stratigraphic, stratigraphic traps; mixed, mixed structure and stratigraphic traps; Depth, median depth of play in feet; Status, status of play with respect to known production—
confirmed, play has at least one known accumulation with production of at least 6 Bcf of nonassociated gas; hypothetical, no known production of 6 Bcf; NA mean, mean estimate of nonassociated gas
in play in Bcf; Fgs res., 95th fractile of the probability distribution for undiscovered conventional resources in play or a 19-in-20 chance of the occurrence of at least the resource amount identified in
Bcf; Fj res., Sth fractile of probability distribution for undiscovered conventional resources in play or a 1-in-20 chance of the occurrence of at least the resource amount identified in Bef; UC,
dimensionless uncertainty coefficient defined by Fs—Fgs/Mean. Data taken directly from Schenk and Viger (1996a; 1996b)]

No. Play name Size Lith. Trap Depth Status NA mean Fgg res. Fg res. Fgg res. uc
4742 Middle Miocene Fluvial Sandstone Gas and Oil 25.07 clastic structure 10000 confirmed 744.4 86.5 1563 593.1 1.98
4734 Frio Updip Fluvial Gas and Oil 10.3 clastic mixed 7000 confirmed 219.3 33.8 414.6 194.8 1.98
4704 Cotton Valley Western Gulf Gas and Oil 18.74 clastic mixed 12000 confirmed 326.6 39.3 681.9 270.9 1.97
4718 Lower Wilcox Lobo Gas 49.16 clastic structure 9000 confirmed 3187.1 404.8 6576.1 2687.1 1.94
4719 Lower Wilcox Fluvial Oil and Gas 19.1 clastic mixed 8000 confirmed 563.7 76 1154.2 449.1 1.91
4743 Middle Miocene Deltaic Sandstone Gas and Oil 19.89 clastic structure 14000 confirmed 345.4 49.2 705.3 285.9 1.90
4732 Frio South Texas Downdip Gas 27.52 clastic mixed 12000 confirmed 820.9 101 1650.6 618 1.89
4731 Vicksburg Downdip Gas 30.79 clastic mixed 14000 confirmed 1559.4 144.6 2967.6 948.7 1.81
4930 Pettet Southern Sabine Uplift Gas and Oil 9.62 carbonate structure 7000 confirmed 151.2 23 295.9 125.5 1.80
4735 Frio SE Texas/S. Louisiana Mid-Dip Gas and Oil 24.04 clastic structure 12000 confirmed 794.3 83 1515.6 624.6 1.80
4717 Upper Cretaceous Sandstones Downdip Gas 12.05 clastic mixed 8000 confirmed 242.4 384 475.4 234.6 1.80
4933 Glen Rose/Rodessa Salt Basins Gas 23.74 clastic mixed 10000 confirmed 1068.1 136.9 2049.6 861.4 1.79
4701 Houston Salt Dome Flank Oil and Gas 55 clastic structure 9000 confirmed 833.5 134.1 1606.8 802.1 1.77
4903 Norphlet Mobile Bay Deep Gas 207.05 clastic structure 20000 confirmed 5259.6 753.7 9881.4 4889.2 1.74
4737 Hackberry Sandstone Gas and Oil 23.41 clastic mixed 10000 confirmed 395.8 59.6 744.8 353 1.73
4733 Frio South Texas Mid-Dip Oil and Gas 14.52 clastic structure 12000 confirmed 517.4 54.8 944.1 345.9 1.72
4741 Lower Miocene Slope and Fan Sandstone Gas 73.3 clastic mixed 14000 confirmed 2940.4 484.9 5489.4 2895.3 1.70
4740 Lower Miocene Deltaic Sandstone Gas and Oil 27.26 clastic structure 10000 confirmed 899.4 119.9 1648.1 716.5 1.70




Table 2. Summary data for the 20 nonassociated conventional gas-bearing plays in the Gulf Coast
Region with the highest (1) and lowest (2) uncertainty coefficients from the plays in table 1.

(1) 20 playswith highest uncertainty coefficients

Mean UC= 2.82

Province composition: Western Gulf= 10 plays; East Texas Basin and Louisiana-Miss.

Salt Basins= 10 plays

Hypothetical plays= 3; confirmed plays= 17

Average median depth= 11,300 ft

Dominant lithology: carbonate plays= 3; clastic plays= 17

Trap type: structure= 17 plays; stratigraphic= 2 plays; mixed trap type= 1 play
Total mean undiscovered nonassociated gas= 12,822 Bcf

Mean undiscovered nonassociated gas/play (N=20 plays)= 641 Bcf

Mean undiscovered nonassociated accumulation size= 31.2 Bcf

(2) 20 playswith lowest uncertainty coefficients

Mean UC= 1.85

Province composition: Western Gulf= 17 plays; East Texas Basin and Louisiana-Miss.

Salt Basins= 3 plays

Hypothetical plays= 0; confirmed plays= 20

Average median depth= 11,050 ft

Dominant lithology: carbonate plays= 2; clastic plays= 17

Trap type: structure= 11 plays; mixed=9 plays

Total mean undiscovered nonassociated gas (N=20 plays)= 27,118 Bcf
Mean undiscovered nonassociated gas/play (N=20 plays)= 1,356 Bcf
Mean undiscovered nonassociated accumulation size= 37.3 Bcf

1995). These plays are primarily clastic plays, are structurally
trapped, and are associated with a wide range of stratigraphic
reservoir units. Only 4 of these 14 plays are part of the 20 plays
with the highest uncertainty, suggesting that the volume of
undiscovered nonassociated gas resource rather than the uncer-
tainty coefficient may be the most important factor to consider
when reevaluating plays.

Ten of the fourteen plays reside in the Western Gulf Prov-
ince and have a total estimated mean conventional nonassociated
gas resource of nearly 33 Tcf, about 33 percent of the resource
for the Gulf Coast Region. The mean undiscovered field size for
nonassociated gas in these 14 gas-bearing plays is nearly 56 Bcf,
which is far more than the mean undiscovered field size for non-
associated gas for all 61 Gulf Coast Region gas-bearing plays
together (mean=36.3 Bcf).

These high-priority nonassociated gas plays are also deep.
The 10 Western Gulf Province gas-bearing plays have an aver-
age median depth of 14,200 feet and an average maximum depth
of 20,400 feet (Schenk and Viger, 1996). Only one of the plays,
the Upper Wilcox Shelf-Edge Gas and Oil Play (play 4722), has
a median depth of less than 10,000 feet (table 3).

Causes of Uncertainty: Examples of
Uncertain Plays

Three of the sixty-one Gulf Coast Region nonassociated
gas-bearing plays are discussed here as examples to illustrate
more clearly the actual causes of uncertainty for each. Detailed
play descriptions in Gautier and others (1996) provide informa-
tion about the geology, production history, and risking process
associated with assessing plays in the U.S. Geological Survey

6 Geologic Studies of Deep Natural Gas Resources

1995 National Petroleum Assessment. Data for the following
discussion were taken from Schenk and Viger (1996a, 1996b).

Norphlet Southeast Margin Jackson Dome-Flank Deep
Gas (play 4907), East Texas Basin and Louisiana-Mississippi
Salt Basins Play (table 1). This hypothetical play occurs in
both the East Texas Basin and Louisiana-Mississippi Salt Basins
and contains only minor undiscovered nonassociated gas
resources (mean undiscovered gas equals 111.1 Bcf), but it has
the highest uncertainty coefficient of all nonassociated gas-bear-
ing plays in the Gulf Coast Region (UC=3.71). The volume of
undiscovered gas ranges from 0.0 Bcf (F95) to 412 (F5). This
play is also one of the deepest plays in the Gulf Coast Region
(median depth=22,000 feet). The play was defined on the basis
of deep eolian gas reservoirs in the Upper Jurassic Norphlet For-
mation. Trapping mechanisms are faults associated with deep
salt structures. The play was risked for the presence and quality
of eolian sandstones (probability equals 0.5; Schenk and Viger,
1996b), particularly in the deeper portions of the play. Ade-
quate reservoir quality is associated with the thermal and diage-
netic history of Jackson Dome. Also, the play boundary was
poorly understood but drawn where the Norphlet reaches 25,000
feet along the southeast margin of Jackson Dome. The Smack-
over Jackson Dome Deep Gas Play (play 4913; table 1) was
used as a production analog for this play.

Norphlet Wiggins—Hancock Arch Gas (play 4904; table
1). This hypothetical play (UC=3.35) ranges in volume of
undiscovered nonassociated gas from 0.0 (F5) to 0.9 Tcf (F95).
It was defined on the basis of deep eolian and fluvial gas and
condensate reservoirs in the Upper Jurassic Norphlet Forma-
tion. Trapping mechanisms are basement faults along the
flanks of the Wiggins Arch. The play was risked for the pres-
ence and quality of eolian and fluvial sandstone reservoirs
forming an apron around the flanks of the arch. The Smackover
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Figure2. Plotof play uncertainty coefficient (UC, dimensionless) versus mean undiscovered nonassociated gas resource for 61 conventional gas
plays in the Gulf Coast Region. Area of possible high-priority plays for reevaluation (in blue) is based on minimum reevaluation criteria of UC=2.00
and mean estimated undiscovered nonassociated gas resource = 1 Tcf. Unnamed plays in high-priority area are: 4703, Smackover South Texas
Gas; 4920, Gilmer Limestone Gas; 4926, Hosston/Travis Peak Salt Basins Gas; 4724, Middle Eocene Sandstones Downdip Gas; 4736, Frio Southeast

Texas/South Louisiana Downdip Gas.

Wiggins—Baldwin Flanks Gas Play (4909) was used as a pro-
duction analog for this play.

Tuscaloosa Deep Sandstone Gas Play (play 4709; table
1). This confirmed play has an intermediate uncertainty coeffi-
cient (UC=2.17). The volume of undiscovered nonassociated
gas ranges from 0.6 Tcf (Fgg) to 14.3 Tcf (F5). The play defini-
tion was based on the presence of Upper Cretaceous Tuscaloosa
Group deltaic sandstone reservoirs in both structural and strati-
graphic traps downdip from the Lower Cretaceous shelf margin
of southern Louisiana. The updip play boundary was defined by
the shelf edge, but the downdip boundary was arbitrarily chosen
at 25,000 feet. Although 18 discovered reservoirs were defined
for this play in 1995, less was known about the more lightly
drilled deeper parts of the play, and uncertainty was based in
part on the lack of data on ranges of undiscovered field sizes
deeper than about 17,000 feet.

Discussion

New and useful information from the U.S. Geological Sur-
vey 1995 National Petroleum Assessment is revealed when data
on uncertainty are analyzed.

Play size. Sixteen of the twenty plays with the highest
uncertainty coefficients are small with respect to undiscovered
play size (<1 Tcf of mean undiscovered gas) (table 1). In the
Gulf Coast Region, large uncertainty coefficients are character-
istic of small plays. One important constraint in the U.S. Geo-
logical Survey 1995 National Petroleum Assessment was that
plays could only be defined to the State-Federal water boundary.
If play outlines had included Federal Offshore waters in 1995,
many geographically small plays such as Norphlet Mobile Bay
Deep Gas (4903), Frio South Texas Downdip Gas (4732), Lower

Relative Uncertainty of Conventional Natural Gas Plays in the Gulf Coast Region 1
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Table 3. Geologic characteristics and estimated undiscovered nonassociated gas resources for 14 gas-bearing plays in the Gulf Coast Region that form a priority list for reevaluation.

[See table 1 for explanation of data]

Play No. Play name uc Estimates of undisc. NA conv. gas Lithology Trap Median Play status Undiscovered
Mean res. Fgs res. Fg res. Fgq res. depth accum. size
4729 Jackson Downdip Gas 3.19 3053.7 0 9730.4 49.7  clastic structure 14000  hypothetical 66
4931 James Limestone Gas 2.73 1017 524 2832.7 480.5  carbonate  structure 11000  confirmed 48.3
4924 Cotton Valley Sabine Uplift Gas 2.55 1080.5 104.6 2863.6 727 clastic structure 10000 confirmed 54.8
4720 Lower Wilcox Downdip Overpressured Gas 2.54 3024 280 7959.8 1931.9  clastic structure 16000  confirmed 46.1
4920 Gilmer Limestone Gas 2.31 1119 92.7 2675.8 852.9  carbonate  structure 14000  confirmed 42
4926 Hosston/Travis Peak Salt Basins Gas 2.30 1280.7 118.1 3068.4 892.9  clastic structure 12000 confirmed 355
4703 Smackover South Texas Gas 2.26 1029 120 2448.2 815.3  carbonate  structure 16000  confirmed 30.7
4705 L. Cretaceous Carbonate Shelf/Shelf-Edge Gas and Oil 2.19 2307.5 227.3 5276.4 1886 carbonate  mixed 14000  confirmed 62.9
4724 Middle Eocene Sandstones Downdip Gas 2.17 1125.3 123 2559.7 902.5  clastic structure 12000 confirmed 355
4709 Tuscaloosa Deep Sandstone Gas 2.17 6315.3 637.2 14310.3 4782.3  clastic mixed 17000  confirmed 162.1
4727 Yegua Downdip Gas 2.11 5164.2 483.9 11359.7 3713.8  clastic structure 14000  confirmed 65.9
4736 Frio SE Texas/S. Louisiana Downdip Gas 2.09 1462.7 159.6 3215.9 1069.7  clastic mixed 14000  confirmed 25
4722 Upper Wilcox Shelf-Edge Gas and Oil 2.05 3795.9 313.7 8104.4 2524.8  clastic structure 9000  confirmed 47.9
4723 Upper Wilcox Downdip Overpressured Gas 2.00 5709.8 649.1 12061.8 41419  clastic structure 16000  confirmed 56.6
Mean value 2677.5 55.7




Cretaceous Carbonate Shelf/Shelf-Edge Gas and Qil (4705), and
possibly others would have increased in size and also in undis-
covered resource. Potentially larger plays would undoubtedly
have attained a higher uncertainty coefficient due to a lack of
data for the more lightly drilled Federal Offshore areas. The
same point can be made for lumping and splitting plays within
the onshore and State waters of the region. A different province
geologist might have defined fewer plays by combining the geo-
logic and production characteristics of some of the 61 plays
already defined. These fewer, larger plays would have different
uncertainty characteristics.

The size of the undiscovered resource is clearly a more
important play parameter for play reevaluation than the level of
uncertainty as demonstrated by the data in figure 2. Only 4 of
the 14 plays suggested for review in figure 2 reside within the
list of 20 plays with the highest uncertainty coefficient. Alterna-
tively, for the Gulf Coast Region as a whole, plays with large
uncertainty coefficients tend to be small plays with respect to
undiscovered nonassociated gas resource and are considered rel-
atively less important for reevaluation.

Use of analogs for uncertain plays with little or no pro-
duction. In 1995, the lack of play analogs directly impacted the
assessment of hypothetical plays. If the U.S. Geological Survey
had access to better exploration/production analogs to identify
the sizes and numbers of undiscovered accumulations, uncer-
tainty coefficients could have been reduced, and the magnitude
of the play resource might have changed. For future assess-
ments, a procedure to identify and document analogs would
benefit the assessment process.

Exploration intensity. Data from this study support the
view that uncertainty is directly related to the level of petroleum
exploration in a play. The Western Gulf Province contains many
large, well-explored and well-understood plays. Even though
these plays have low uncertainty coefficients for conventional
nonassociated gas (tables 1 and 2), they deserve reevaluation
because of their large size and greater impact on the future gas
resources of the Nation.

Conventional and Continuous-type plays. In 1995 the
U.S. Geological Survey assessed only one continuous-type
(unconventional) gas play in the Gulf Coast Region, the Cotton
Valley Blanket Sandstones Play (play 4923) of the Louisiana-
Mississippi Salt Basins Province and three Austin Chalk contin-
uous oil plays (Austin Chalk Pearsall (play 4747), Austin Chalk
Giddings (play 4748), and Austin Chalk Outlying (play 4749))
of the Western Gulf Province, which were estimated to contain
some associated gas.

Continuous-type plays contain accumulations that are geo-
graphically widespread and generally lack well-defined oil- or
gas-water contacts (Schmoker and others, 1995; Schmoker,
1996; U.S. Geological Survey National Oil and Gas Resource
Assessment Team, 1995). Continuous-type plays were assessed

using geologic criteria but a different quantitative method.
Hence, the Cotton Valley Blanket Sandstones Play was not com-
pared to conventional plays in this report based on uncertainty.
An unresolved issue from the 1995 assessment is the potential
continuous nature of some plays previously assessed as conven-
tional. For example, the Cotton Valley Sabine Uplift Gas play
(4924) in the Louisiana-Mississippi Salt Basins and East Texas
Basin Province is being reevaluated because of its geologic and
production characteristics. The Cotton Valley Sabine Uplift Gas
Play was identified as one of the 20 nonassociated gas-bearing
plays with high uncertainty coefficients in this study (table 1). A
reassessment of plays using new data, changing perceptions, and
different methods may likely result in substantially different
resource estimates.
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A Possible Deep-Basin High-Rank Gas Machine
Via Water—Organic-Matter Redox Reactions

By Leigh C. Price

Abstract

Petroleum geochemistry is often portrayed as being well
understood and capable of providing accurate predictions
reflecting the reality of Nature. Nonetheless, important control-
ling parameters of organic metamorphism, including oil and gas
generation, still go unrecognized. One such parameter is water,
which plays especially pivotal roles in HC-generation reactions.
Another is the origin of hydrocarbon gases and gas deposits,
including deep-basin, high-rank, methane-rich gas deposits.
The traditional view for the origin of HC gases—in-situ thermal
cracking of oil deposits—has flaws which have been pointed out
by different investigators. Consequently, alternate mechanisms
for the origin of natural gas have independently been proposed.
One such mechanism which is evaluated in this report is the
hydrogenation of deep, high-rank spent kerogen by water, with
subsequent generation of methane-rich HC gas.

Different investigators have presented data, from both the
laboratory and Nature, which demonstrate that water, organic
matter, and mineral phases take part in aqueous-based redox
reactions in attempting to achieve or maintain a metastable equi-
librium among themselves. This process has been termed “the
hydrolytic disproportionation of organic matter.” Data sets pre-
sented and discussed herein support a previous proposal that
water and high-rank, deeply buried, post-mature kerogen possi-
bly undergo hydrolytic-disproportionation reactions with one
another, resulting in the generation of a high-rank methane-rich
gas. The most important implication of this reaction occurring
in Nature is the possible creation of very large, basin-centered,
deep-basin, methane-rich gas reserves in continuous reservoirs.

Introduction

Organic metamorphism in Nature, including hydrocarbon
(HC) generation, is traditionally portrayed (Tissot and Welte,
1984; Hunt, 1996) as being well understood and utilitarian in a
predictive sense. HC-generation reactions are classically
thought to occur by first-order reactions. Thus, geologic time
and temperature are held as the only important controlling
parameters of organic metamorphism, parameters which can be
substituted for one another in first-order Arrhenius equations,
which are thought to faithfully describe organic metamorphism
in Nature. By these models, generation of HC gases is thought
to occur mainly at elevated burial temperatures from a thermal
destruction of oil, and perhaps C; 5+ hydrocarbons (HCS) resid-
ing in shales. Such thermal destruction is held to commence at a
vitrinite reflectance (R,) value of 0.9 percent (150°-200°C,
depending on the geologic time of burial, and the model being

used). Complete C;5+ HC thermal destruction is depicted as
occurring by R =1.35 percent, with the C,—C, HC gases com-
pletely being converted to methane by R,=2.0 percent, and
methane being thermally destroyed by R =4.0 percent.

A minority opinion exists among different investigators
that the traditional models of HC generation are far too
simplistic, and have trivialized the complexity and ignored other
important controlling parameters of organic metamorphism.
Much of this alternate viewpoint is discussed in Price (1997a)
and will not be detailed here with two exceptions: the mechan-
ics of natural gas generation and the role of water, via redox
reactions, in organic metamorphism. These topics are pivotal to
this report because of their control on a possible unrecognized
source of high-rank natural gas, generated at great depths
(>15,000-20,000 ft; 4,572—6,096 m) in petroleum basins. As
such, I first review these two topics and then discuss evidence,
from both the laboratory and the natural system, which appears
to strongly support the possible operation in Nature of processes
which could result in generation of a late-stage, high-rank,
methane-rich HC gas.

Natural Gas Generation Mechanisms

To repeat, thermogenic natural gas, especially methane-
rich “dry gas,” has traditionally been thought to originate
largely, or solely, from thermal destruction of oil at relatively
low maturation ranks. Although this viewpoint is staunchly
held by many petroleum geoscientists, there are major problems
with the hypothesis: First, C;5+ HCS exhibit remarkable ther-
mal stability in fine-grained sedimentary rocks, persisting to
maturation ranks of at least R ,=7-8 percent (Price, 1993, and
references therein). Moreover, biogenically derived saturated
HCS, with sediment-like characteristics, including sediment-
like biomarkers, persist to high temperature in metamorphic and
other crystalline rocks in moderate to low concentrations (Price
and others, 1998) and even in mantle-derived rocks in low con-
centrations (Sugisaki and Mimura, 1994; Mimura and others,
1999). Numerous other investigators, including Kontorovich
and Trofimuk (1976), Sagjo (1980), Guthrie and others (1986),
Shock (1990), Mango (1990, 1991), Helgeson (1991), and
McNeil and BeMent (1996) have either rejected the traditional
view of the thermal instability of C;5+ HCS or have provided
telling evidence that this generally accepted hypothesis is
unrealistic.

A second problem with the hypothesis of C;5+ HC thermal
instability is that the carbon-isotopic values of methane in dry-
gas deposits are far too light (negative) to have originated from
the thermal destruction of Cy5+ HCS (Price, 1995). Other



problems with the hypothesis of a pronounced thermal instabil-
ity of C;5+ HCS, and an exclusive, or even predominant, origin
of HC gas from C;5+ HC thermal destruction are presented in
Price (1983, 1993, 1995, and 1997a and b) and will not be
reviewed here. Whereas some thermal cracking of oil may take
place in certain deeply buried oil reservoirs, it is now clear to
some investigators that the thermal instability of oil has been
greatly overstated. As such, alternate mechanisms for gas gener-
ation, and for the origins of methane-rich dry gas, have been pro-
posed by different researchers.

For example, Price (1989a) pointed out that data from both
the natural system and laboratory HC-generation experiments
in closed water-wet systems demonstrate that C;—C, HCS are
cogenerated in large quantities with C;5+ HCS. Moreover,
these same data demonstrate that the C;—C4 HC gases are even
generated in measurable amounts before mainstage C;5+ HC
generation commences. Price (1989a, b) also pointed out that,
based on data from these laboratory experiments, the C;—C4
HC gas absolute and relative (to the sum of all generated prod-
ucts) concentrations continuously increase, with increasing
experimental temperature, throughout mainstage C;5+ HC
generation.

Price and Schoell (1995) sampled oils and gases produced
from the source rocks for the HCS (the Upper Devonian—Lower
Mississippian Bakken Formation shales) in the North Dakota
portion of the Williston Basin. Oils from this self-contained
source-reservoir HC system, which had not migrated far from
their generation sites (not more than 10 ft, 3 m), had gas-oil
ratios averaging 1,100 standard cubic feet (SCF) of gas per bar-
rel of oil. This observation conclusively demonstrated that large
amounts of natural gas are cogenerated with oil in source rocks,
thus corroborating the results of various laboratory experiments.
In fact, I have calculated that 18.5 weight percent of the HC-
generation potential of Bakken shale kerogen went toward C—
C4 HC gases (unpub. data, 2000). Thus, cogeneration of C{—C4
HC gases with oil probably represents the most significant
source of wet (C;—C,4) HC gases in the natural system.

The origin of significant deposits of methane-rich (“dry”)
gas, with >98 percent C; and 8'13C ratios of =39 to —50, is prob-
lematic. As Price (1995) pointed out, if such gases originated
from the thermal destruction of C;5+ or C,+ HCS, the methanes
should have isotopic values of —38 to —5. Although dry gases
exist in Nature with such values, they are usually associated with
plutonic or volcanic intrusions or have been sourced from coals
(resulting in the more positive 813C ratios). This observation
suggests that C,+ HC thermal destruction is not a common
occurrence in Nature. Moreover, Mango (1997) established that
ethane is extremely thermally stable in Nature, with a half-life of
billions of years at elevated temperatures. As an aside, dry gases
with 8'3C values of —45 to =50 reflect significant admixture of
biogenic and thermogenic methanes (Price, 1995).

In light of the preceding considerations, different investiga-
tors have proposed alternate origins for these dry gases with
light-isotopic values. For example, Mango and others (1994)
were able to produce impressive exact examples of these gases
in the laboratory using transition metals as catalytic agents dur-
ing the thermal decomposition of longer-chained HCS. They
thus proposed HC cracking, via transition-metal catalysis, to
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explain the origin of deposits of isotopically light dry gas. In
contrast, McNeil and BeMent (1996) strongly criticized the
hypothesis advanced by Mango and others (1994), and proposed
instead demethylation reactions in deep post-mature kerogens,
which had gone completely through mainstage C;5+ HC gener-
ation, to explain these methane-rich gas deposits.

Price (1995) and Price and Schoell (1995) proposed a
migration and fractionation of C;—C, wet HC gases generated
by source rocks, to isotopically light methane-rich gases. Their
mechanism centers on the fact that at significant burial depths,
and therefore elevated fluid pressures, the C,—C4 HC gases con-
dense into a liquid phase (Salisbury, 1968; Mark Beeunas,
Chevron USA, oral communs., June 8, 9, 1999). Thus, Price
(1995) and Price and Schoell (1995) proposed that in Nature,
the C,—C,4 HC gases in gas caps over deeply buried oil deposits
condense into the oil phase, leaving a methane-rich gas cap
riding over the oil deposit from buoyancy differences. As fluids
continue to migrate into the trap, eventually the gas cap fills the
trap to spill point, displacing the oil phase containing condensed
C,—C,4 HC gases updip to another trap or to commence long-lat-
eral secondary migration (Gussow’s (1954) principle of differ-
ential entrapment). This process eventually would leave all
deep-basin traps filled with dry gas, wherein the methanes
would have isotopic signatures characteristic of cogeneration
with oil, for example, 813C values of =39 to —50. Price (1995)
termed this process “migration-fractionation.”

It is possible that all three of these mechanisms contribute
to the formation of dry-gas deposits, or that other yet-unidenti-
fied processes are responsible. However, in my opinion, the
thermal destruction of Cy+ HCS, including C,5+ HCS, plays
only a minor role, if any, in the creation of dry-gas deposits. As
an aside, some investigators have been reticent to accept the
possibility of dry-gas formation via transition-metal catalysis,
because it has not yet been demonstrated that the laboratory
conditions that have resulted in such impressive experimental
results are applicable to Nature.

Another possible origin for deep-basin HC gases (proposed
by Seewald, 1994) is generation of high-rank methane-rich gas
via oxidation-reduction (redox) reactions between water, spent
kerogen, and mineral phases. Seewald’s (1994) proposal cen-
ters on the hydrolytic disproportionation of kerogen. An assess-
ment of the feasibility of this generation path for high-rank
natural gases from existing data from both the laboratory and
the natural system is the purpose of this report. However, at the
outset, we must define, characterize, and provide evidence for
the hydrolytic disproportionation of organic matter (OM).

The Hydrolytic Disproportionation of
Organic Matter

In traditional oil and gas generation models, water and
most forms of organic matter (OM), especially kerogen and nat-
urally occurring HCS, traditionally are viewed as being com-
pletely unreactive. However, Shock (1988) and Helgeson and
Shock (1988) proposed the existence of a metastable equilib-
rium between rocks, water, and reservoired oil in petroleum



basins, based on thermodynamic considerations. The different
phases are linked by the reaction,

2C02 (aq) + 2H20 <> CH3COOH (aq) + 202 g

Helgeson and others (1993) termed the process, “the hydrolytic
disproportionation of OM.” The overall reaction is thought to be
irreversible; however, both reversible and irreversible intermedi-
ate reactions occur during the process. The end products are
CO, and CHy. A strong theoretical foundation also exists for the
formation of intermediate-step compounds, including low-
molecular weight HCS and various species of oxygen-bearing
(oxidized) HCS. Where the process has proceeded extensively,
high concentrations of low-molecular weight (C;—Cq to C;—Cy)
HCS would result. The term “hydrolytic disproportionation of
OM?” results from the premise that water disproportionates into
charged ions which then react with OM, which also dispropor-
tionates, to form an oxidized carbon species and a lower-molec-
ular weight HC, compared to the molecular weight of the
starting OM. Helgeson and others (1993) noted that when all
phases (water, OM, and minerals) of a geologic system are in
equilibrium with one another, hydrolytic disproportionation of
OM would not occur. However, when these phases are out of
equilibrium with one another, such reactions would proceed.

Evidence for the Hydrolytic
Disproportionation of Organic Matter

The hypothesis of the hydrolytic disproportionation of OM
has strong supporting evidence from both the natural system and
the laboratory. French (1964) carried out experimental siderite
synthesis and stability studies, and inadvertently produced mea-
surable amounts of oxidized HCS (alcohols, organic acids,
ketones, among others), and most probably HCS themselves,
starting only with water and FeCO5. Palmer and Drummond
(1986) and Bell and others (1994) also inadvertently produced
HCS from water and acetic acid, while experimentally examin-
ing aqueous acetic-acid thermal stability. Hoering (1968, 1984)
deuterated both shale kerogen and HCS with deuterated water,
demonstrating that kerogen and HCS exchange hydrogen with
water, a pivotal observation.

Seewald (1994) conducted experiments in gold bags con-
taining water, ethane, ethene, and the naturally occurring min-
eral buffer of pyrite-pyrrhotite-magnetite, which set the oxygen
(hydrogen) fugacity of the system. When experimental condi-
tions were modified by injecting ethane, ethene, or water into
the system, or by changing the experimental temperature, the
ethane:ethene ratio in the system would gradually change
towards the equilibrium ratio expected from thermodynamic cal-
culations, given the experimental conditions. The concentra-
tions of CHy, CO,, H,S, and H, would also change accordingly,
demonstrating that carbon-carbon bonds were being broken.
Seewald (1994) concluded that ethane, ethene, water, the min-
eral buffer, and the other dissolved species were all in reversible
equilibrium by exchanging hydrogen and (or) oxygen with one
another, and thus provided convincing evidence of the existence

of the hydrolytic disproportionation of OM under laboratory
conditions. Of pivotal interest to our discussion, considering his
experimental results, Seewald (1994) proposed that water might
hydrogenate spent, deeply buried, high-rank, post-mature kero-
gens, which could then generate significant amounts of deep-
basin high-rank methane-rich HC gas. We will return to See-
wald’s (1994) proposal after reviewing evidence that the hydro-
Iytic disproportionation of OM is widespread throughout the
natural system.

Price and others (1998) extracted low to moderate concen-
trations (0.5-200 ppm) of highly modified bitumens, compared
to the bitumens found in sedimentary rocks, from crystalline
metamorphic and ore-deposit rocks, with maximum “burial”
temperatures of 500°C. These bitumens had high relative con-
centrations of oxidized HCS (ketones, esters, and aldehydes),
and especially of 1,2-benzene dicarboxylic acid esters, and the
aromatic-HC and resin fractions of the bitumens had been fun-
damentally chemically transformed to compositions never
before reported in the literature. Pivotally, the results of Price
and others (1999) confirmed predictions previously made by
Helgeson (1991) and Helgeson and others (1993) regarding the
consequences of the hydrolytic disproportionation of OM: (1)
high concentrations of oxygen-bearing (oxidized) HCS, (2) the
presence of dicarboxylic acids, (3) high concentrations of light
HCS, and (4) highly extended HC thermal stabilities. Price and
others (1998) concluded that the hydrolytic disproportionation
of OM was a previously unrecognized geologic agent of the first
magnitude.

Price and others (1998) also concluded that the principal
control of the hydrolytic disproportionation of OM is an open-
fluid system, wherein water or OM flow past one another, result-
ing in the different phases of a given system being out of equi-
librium with each other. In closed-fluid systems, the different
phases would reach a metastable equilibrium with one another,
and the process would halt. Price and others (1998) also pro-
vided a large body of evidence demonstrating the widespread
existence of the process in, as well as results of the process
from, many different geologic regimes, including petroleum
basins. One of these lines of evidence specifically concerns us
here: the hydrogen-enrichment of kerogen by water, via the
hydrolytic disproportionation of kerogen, during HC generation,
including gas generation, reactions. Price and others (1998)
found strong evidence for this reaction between kerogen and
water in the closed-system, water-wet, aqueous-pyrolysis exper-
iments of Price (1989a, b), Wenger and Price (1991), and Price
and Wenger (1992). The results of these experiments also have
strong implications for the possible previously unrecognized
high-rank, deep-basin, late generation of HC gases under
discussion.

Key data in this report are derived from both ROCK-EVAL
analysis and aqueous-pyrolysis experiments. Thus, perceived
weaknesses of ROCK-EVAL, the experimental procedures of
aqueous pyrolysis, and the validity of HC generation experi-
ments carried out in the laboratory as a representation of HC
generation in Nature are all discussed at length in an appendix.
Suffice it to say that, as discussed in the appendix, the aqueous-
pyrolysis experiments of Wenger and Price (1991) and Price and
Wenger (1992) have a proven record of closely replicating
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numerous aspects of HC generation in Nature, including impor-
tant aspects which previously were unrecognized. As also dis-
cussed in the appendix, cross plots of ROCK-EVAL hydrogen
indices to kerogen hydrogen to carbon ratios for our different
sample bases demonstrate very good correlations.

Hydrogenation of Kerogen by Water
in the Laboratory

Excess CO, Production

In the aqueous-pyrolysis experiments carried out with six
different rocks at variable temperatures (Price, 1989a, b; Wenger
and Price, 1991; Price and Wenger, 1992), much more CO, was
generated than possibly could be accounted for, considering the
original oxygen content of the kerogens. Moreover, the same
effect occurs in hydrous-pyrolysis experiments (Lundegard and
Senftle, 1987; Barth and others, 1989; Lewan, 1992). This effect

appears to be present in all HC-generation experiments carried
out in closed, water-wet systems. Examples of this excess CO,
from the HC-generation experiments of Wenger and Price
(1991) are shown in figures 1 and 2.

In figure 1, the amounts of CO, generated from three dif-
ferent OM types (Type-I, Eocene Green River Formation shale;
Type-II-S, Lower Permian Phosphoria Formation shale; and
Type-1I/I11, Middle Pennsylvanian Anna Shale Member of Paw-
nee Limestone) are shown. In all three cases, 100 percent
equals the maximum amount of CO, possible, given the original
oxygen content of the kerogen. Kerogen oxygen contents were
determined by ROCK-EVAL oxygen indices. However, kero-
gen elemental analyses performed on these same samples yield
the same results (L.C. Price and L.M. Wenger, unpub. data,
1991). For all experiments, carbonate-carbon determinations on
the reacted shales were carried out by Huffman Laboratories,
Golden, Colo., by acid dissolution of the carbonate minerals
and measurement of the liberated CO, These analyses were
accurate to 0.5 percent of the reported value. Thus, we were
able to subtract any CO, contributions from reactions of carbon-
ate minerals during the experiments from the total CO, values,

I I I I I I [T [T [T [T [T I [T [T [T [T [T [T [T
150 - -
200 - -
o L i
=2
= 250 _
[NN]
oc
2 | i
<
oc
a
= 300 -
[NN]
|_
— - -
=
& 350 -
=
o
L
L L i
>
[NN)
400 - —
450 -
T A B C T
| 1 | 1 |1 | 1 | 1 | 1 | Y I T I T N M I A | Y [ T T Y I TR N T
0 200 400 600 800 1000 0 200 400 600 800 1000 O 200 400 600 800 1000 1200
PERCENT OF POSSIBLE CO2 GENERATED
Figure1. Percentof CO,generated over whatis possible, based on the original oxygen content of the kerogens, for three rocks (Eocene

Green River Formation shale, Type-l OM (fig. 1A); Lower Permian Phosphoria Formation shale, Type-II-S OM (fig. 1B); and Middle Penn-
sylvanian Anna Shale Member of Pawnee Limestone, Type-Il/Ill OM (fig. 1C)) on which 30-day, variable-temperature aqueous-pyrolysis

HC-generation experiments were performed.
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to obtain the figure 1 values. In the figure 1 rocks, mainstage
pyrolytic HC generation commences at 250°C (275°C for the
Green River shale) and is complete by 320°-333°C. Experi-
mental temperatures of 350°C and higher represent mainstage
Cg+ HC thermal destruction. From figure 1, excess CO, is gen-
erated from all three rocks before mainstage HC generation
commences and also during both the mainstage HC-generation
and the HC-destruction phases.

In figure 2, the same type of data is shown for the other
three rocks on which variable temperature experiments were
also performed: the Upper Devonian—Lower Mississippian
Bakken Formation shale (fig. 24, Type-1I/I OM), the Eocene
Rattlesnake Butte lignite (fig. 2B, Type-IV OM), and a compos-
ite of mid-Miocene Monterey Formation time-equivalent Los
Angeles Basin shales (fig. 2C, Type-II OM). In all three cases,
excess CO, is generated before, during, and after mainstage
C;5+ HC generation, which occurs from between 250°C and
275°C, to 333°C.

Excess HC Production

Not only is excess CO, generated in these experiments, but
also excess HCS are generated, based on the starting values of

the ROCK-EVAL S, peaks of all six rocks. At the temperatures
exceeding 150°, 175°, and 200°C in figure 3A, the S, peak
increases from a starting value of 96.6 mg/g, to values of 97.6 to
104.9 mg/g. The hydrogen index also increases from 451 to
between 478 and 507. In other words, over the lower tempera-
ture (150°-200°C) experiments, the HC-generation potential of
the rock is being increased.

In figure 3A, the HC-generation products (C;—C, HC gases,
Cs+ saturated and aromatic HCS (Cs+ HCS), and resins plus
asphaltenes, NSO+ASP) are plotted, along with the value of the
S, peak measured for the Soxhlet-extracted shale for each
experimental run, all in mg/g rock, for the aqueous-pyrolysis 30-
day, variable-temperature experiments carried out with the
Phosphoria shale. As is apparent from figure 3A, in the 150°,
175°, and 200°C experimental runs, the sums of the generated
products, plus the S, value for the extracted shale of the particu-
lar experiment, all exceed the starting (and theoretically the
maximum) value, which is 118.5 mg/g, of the extractable bitu-
men plus the HC-generation potential of the Phosphoria shale
(dashed line, fig. 3A). In other words, at first glance, it appears
that something is being made from nothing. Moreover, above
200°C, the sum of the S, peak and the generated products
exceeds the theoretical limit of 118.5 mg/g by even greater
amounts, reaching maximum values of between 162 and 169
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Figure 2. Percentof CO, generated over what is possible, based on the original oxygen content of the kerogens, for three rocks (Upper
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mg/g at 275°-333°C. I attribute the creation of excess genera-
tion potential in figure 3A to water undergoing redox reactions
with kerogen, with the oxygen from the water being given off as
excess CO,, and the hydrogen from the water hydrogenating the
kerogen, thus increasing its generation potential.

Mainstage C;5+ HC generation commences at 250°C in the
Phosphoria shale experiments (fig. 34). However, significant
generation of resins and asphaltenes commences at lower tem-
peratures, somewhere between 200° and 250°C. Between 333°
and 350°C, mainstage C;5+ HC thermal destruction commences
and largely proceeds to completion. However, from 350° to
450°C, the amount of generated HC gases increases from 33.5
mg/g rock to 76.5 mg/g rock, a difference of 43.0 mg/g rock (fig.
3A), whereas the sum of the Cs+ products and the S, peak
decreases from 29.0 mg/g rock at 350°C to 8.5 mg/g rock at

450°C, a difference of only 20.5 mg/g rock. This leaves an
increase in generated products of 22.5 mg/g, and again it
appears that something is being made from nothing. We are
most concerned with the data from the 350° to 450°C experi-
ments, data we discuss in the section, “A Deep High-Rank Gas-
Generation Machine?.”

In figure 3A, in proceeding from 333°C to 350°C during the
wholesale destruction of Cy5+ HCS, significant charring
occurred and carbon was added back into the Phosphoria shale
sample. Thus the total organic carbon (TOC) content of the shale
increased from 12.70 percent at 333°C to 15.54 percent at 350°C.
However, charred carbon was also deposited on the stainless-steel
walls of the reaction vessels, from where it could not be quanti-
tatively recovered. The TOC values for the Phosphoria shale
from experiments above 333°C are thus all minimal values.
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Figure 3. Plot of generated products: HC gases, C5+ saturated and aromatic HCS (Cs+ HCS), and resins and asphaltenes (NSO+ASP),
plus the S, peak (S,), all in milligrams per gram of rock (mg/g), for the starting rock (“RAW") and for rock samples after 30-day aqueous-
pyrolysis experiments on the Phosphoria Formation shale (fig. 34) and the Rattlesnake Butte lignite (fig. 3B). The light-dashed vertical
lines trace the theoretical maximum of HC-generation capacity and generated products for both rocks.
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Figure 3B is a plot of all the HC generation products (C;—
C4 HC gases, Cs+ saturated and aromatic HCS, and resins plus
asphaltenes) plus the S, value measured for the Soxhlet-
extracted rock for each experimental run, all in mg/g of rock, for
the 30-day, variable-temperature, aqueous-pyrolysis experi-
ments carried out with the Eocene Rattlesnake Butte lignite.
The lignite has a starting ROCK-EVAL hydrogen index of 48.8
(Type-IV OM), with a low capacity for C;5+ bitumen genera-
tion. At all experimental temperatures above 150°C, the sum of
both the products and the HC-generation potential in the lignite
exceeds the sum of the original products and the original HC-
generation potential (the S, peak), as traced by the light-dashed
vertical line, albeit only slightly for some temperatures. Thus,
as with the Phosphoria shale, mass appears to be added to the
OM. The same results (excess generation products given the
original organic richness of the shales) were also obtained for
the 30-day aqueous-pyrolysis experiments performed on the
other four rocks of figures 1 and 2.

Comparison of figure 3A with 3B reveals some differences.
Relatively small amounts of C;5+ HCS are generated by the lig-
nite compared to Phosphoria shale, and the HC gases make up a
much greater normalized percentage of the total products in the
lignite. Mainstage HC thermal destruction commences in the lig-
nite between 333° and 350°C. However, the significant decrease
in Cs+ generated products, so apparent over this temperature
interval in the Phosphoria shale (fig. 34), is much less apparent in
the lignite (fig. 3B). This observation is largely valid because of
a much smaller amount of C5+ generated products in the lignite
experiments compared to those with the Phosphoria shale.

Another difference between the lignite and Phosphoria
results is that in the lignite experiments, at temperatures above
150°C, there is an excess of generated products and HC-genera-
tion capacity over all experimental temperatures, including the
highest experimental temperatures (fig. 3B). In contrast, in the
Phosphoria experiments, excess products and HC-generation
capacity appear to be present only between over 150° and 333°C
(fig. 3A). Both rocks have a maximum in their excess products
at 275°C (fig. 3A, 3B). However, the lignite has its greatest
maximum in excess generated products at 450°C (fig. 3B), with
a 40.0 percent excess, a number which is equivalent to the 42.5
percent excess of generated products and HC-generation capac-
ity at 275°C in the Phosphoria experiments (fig. 3A).

The differences between the two rocks are almost certainly
due in part to the vastly different OM types in the two rocks.
The Phosphoria shale has hydrogen-rich Type-II-S OM, with a
starting ROCK-EVAL hydrogen index of 451, a value which
increases to a maximum of 507 in the 175°C experiment. In
contrast, the lignite has hydrogen-poor Type-IV OM with a
starting ROCK-EVAL hydrogen index of only 48.8, a value
which increases to a maximum of 77.9 to 78.6 in the 175°-
250°C experiments. These two different OM types no doubt
followed different reaction paths in the aqueous-pyrolysis
experiments.

Note in figure 3B that, as with the Phosphoria shale, there is
a steady increase in the amount of HC gases generated by the
lignite above 350°C. This observation has significant implica-
tions for the possible unrecognized deep-basin, high-rank gas-
generation mechanism we are concerned with.

The lignite had the most hydrogen-poor OM of the six
rocks on which aqueous-pyrolysis experiments were performed
(Wenger and Price, 1991). Yet the lignite generated the highest
percentages of methane and C,—C,4 HC gases, as normalized to
the total generated products. The HC gases, especially meth-
ane, are the most hydrogen-rich products generated by source
rocks. That the most hydrogen-poor OM generates the highest
relative amounts of hydrogen-rich product suggests that Cs+
side chains are minimized, and C; to C side chains are maxi-
mized, on hydrogen-poor kerogens, compared to hydrogen-rich
kerogens. Although the lignite generates higher percentages of
HC gases as normalized to total products, all five of the other
rocks we studied generated far higher absolute amounts of HC
gases as normalized to the TOC content in the starting rock.
Thus, hydrogen-poor OM should not necessarily be considered
as a prolific gas source.

The data from figures 1-3 are best explained, in my opin-
ion, by water in the closed water-wet aqueous-pyrolysis experi-
ments reacting with kerogen, and producing far more CO,
before and during HC generation (figs. 1, 2) than can be
accounted for given the original oxygen content of the kerogen.
Moreover, many other experimentalists have noted this same
feature, including Lundegard and others (1984), Lewan (1992),
and Stalker and others (1994). However, the aqueous-pyrolysis
experiments of Wenger and Price (1991) also clearly demon-
strate that the hydrogen from this water is being chemically
incorporated into kerogen and coal, to increase their HC-genera-
tion capacity significantly beyond their starting values (fig. 34,
3B). Hoering (1984) and Lewan (1991) have called upon free-
radical mechanisms to account for the excess CO, from water
hydrogenating kerogen. In contrast, Siskin and Katritzky
(1991), Ross (1992), Price and others (1998), and Larson (1999)
have advocated ionic pathways. Price and others (1998) pointed
out that the products of hydrolytic disproportionation reactions
with OM were identical to those from classic organic-chemical
ionic-based redox reactions, thus indicating that the reactions in
Nature responsible for these products largely proceeded via
ionic reaction pathways. The actual mechanism for this reaction
is not important for our discussion, rather the critical observa-
tion is that the reaction clearly occurs in laboratory experiments.
Moreover, this reaction is an oxidation-reduction reaction of the
type envisioned by Shock (1988), Helgeson and Shock (1988),
and Helgeson and others (1993)—in other words, the hydrolytic
disproportionation of kerogen. Lastly, large data bases from the
natural system demonstrate that the hydrogenation of kerogen
by water occurs in Nature.

Evidence for Kerogen Hydrogenation
in Nature

Coals

ROCK-EVAL analyses for Paleozoic to Tertiary coals from
worldwide locations from Teichmiiller and Durand (1983) are
shown in figure 4. Note that between R =0.2 and 0.7 percent, a
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Figure 4. The ROCK-EVAL TOC-normalized S; and S, (hydrogen index) pyrolysis peaks plotted versus vitrinite reflectance (R,)
and the ROCK-EVAL T, for Paleozoic to Tertiary coals worldwide. Feathered arrow indicates the maximum in hydrogen-index
data. Bracketed vertical arrows indicate maximum loss in the hydrogen index from HC generation. Data from Teichmiiller and
Durand (1983), whose original vitrinite reflectance data were given in R, values; Ry, was converted to R, by R;,=1.066 R,.

dramatic increase in the hydrogen indices of the coals occurs, increases to 220 at R ;=0.7 percent. The decrease in hydrogen
regarding minimum, maximum, and mean values. For example,  indices at R values in excess of 0.7 percent is due to the com-
the mean hydrogen-index value of 150 for the least mature coals =~ mencement of intense HC generation. This is evidenced by the
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increase in the S; pyrolysis peak, which is equivalent to Soxhlet-
extractable HCS (Price and others, 1984), at these same ranks.
A plot of the ROCK-EVAL hydrogen index versus mean
vitrinite reflectance (R,,) is shown in figure 5 for an entirely dif-
ferent set of worldwide coals from Bertrand (1984). We see the
same dramatic increase in ROCK-EVAL hydrogen indices over
R,=0.2-0.7 percent in Bertrand’s (1984) data set as occurred in
figure 4. The hydrogen-index increase in figure 5 appears to be
more pronounced than that of figure 4; however, this is largely
due to the compressed vertical scale in figure 5 as compared to
figure 4. In actuality, the two data sets are very similar; for
example, in figure 5 the mean hydrogen-index values at R =0.2

and 0.7 percent are 150 and 230 (an increase of 53 percent) ver-
sus 150 and 220 (an increase of 47 percent) in the figure 4 data.
One may attribute the increases in the hydrogen indices of
the coals of figures 4 and 5 to a loss of the original oxygen in the
coals via CO, loss. Such aloss of oxygen does occur from coals
and kerogens at low ranks (R,=0.2-0.8 percent), and this CO,
loss would slightly increase hydrogen indices. However, given
the range of original and final atomic oxygen to carbon ratios of
coals, mass-balance calculations demonstrate that this oxygen
loss could account for only a fraction of the increase in hydro-
gen indices in figures 4 and 5. No recognized mechanism can
explain the hydrogen-index increases in figures 4 and 5. Thus, 1
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Figure5. Mean vitrinite reflectance (R,,) versus the ROCK-EVAL hydrogen index for coals worldwide and all geologic ages. Modified

from Bertrand (1984).
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attribute these increases as evidence from the natural system
that the hydrogenation of coal by water, which occurs in closed,
water-wet HC-generation experiments, also occurs in Nature.

Los Angeles Basin Upper Miocene Shales

The increase in hydrogen indices at lo w ranks before HC
generation occurs is not limited to coals. Figure 6 shows a large
number of ROCK-EVAL analyses versus burial temperature for
upper Miocene siltstones and shales with Type-III OM (ROCK-
EVAL hydrogen indices <300) from the Los Angeles Basin,
Calif. Commencement of intense HC generation (CIHG) is evi-
dent from the increase in the TOC-normalized S| peak at a
burial temperature of 100°C. In gure 6, before HC generation
commences, as with both gures 4 and 5, minimum, maximum,
and mean hydrogen-inde x values all dramatically increase. For
example, in gure 6 at 80°C, the mean hydrogen-inde x value is
around 150, and at 140°C, where the maximum hydrogen-inde x
values occur, the mean value is about 225 (an increase of 50
percent).

As discussed in Price and others (1999), part of the increase
in hydrogen indices in gure 6 at shallow depths of burial (corre-
sponding to burial temperatures of 40°-80°C) is from vertical
facies variations in the rocks that lead to signicant decreases in
organic richness in the shallo west rocks. Therefore, to best

gauge the extent of the contribution of kerogen hydrogenation to
the increase in kerogen hydrogen indices, samples with burial
temperatures less than 80°C in gure 6 are ¢ xcluded from
consideration.

The gure 6 data also demonstrate that kerogen hydroge -
nation is occurring in these rocks not only before, but also dur-
ing, HC generation, as was the case in the laboratory
experiments (gs. 1-3).  Thus, in gure 6, HC generation com-
mences at 100°C, but hydrogen indices continue to increase in
spite of the loss in the hydrogen indices which must occur
because of HC generation. Therefore from 100° to 140°C, kero-
gen hydrogenation is proceeding more rapidly than HC genera-
tion. At 140°C, HC generation nally  overtakes kerogen
hydrogenation, and hydrogen indices be gin to decrease. The
hydrogen-index trend of gure 6 is not due to changing deposi-
tional conditions, because visual-kerogen and extractable bitu-
men analyses demonstrate that the OM of gure 6 beyond 80°C
is uniform. I have observed the same trend of increasing hydro-
gen-index values over lower maturation ranks in se veral large
data sets from different sites in the U.S. onshore Gulf Coast, and
this same trend has been observ ed in large data sets of rocks
with Type-III OM in basins worldwide (Barry Katz, Texaco,
oral commun., 8/99). All of the preceding e xamples of kerogen
or coal hydrogenation are for hydrogen-poor Type-III OM.
However, hydrogenation of kerogen by water also occurs with
hydrogen-rich OM in the natural system .

0w = . l\
! af ¥ L
ﬁl]; . _. o o .
Fm H o s _ws
i s D
i IRt
& i, S - St L
= 100 .-#J:ﬁl‘_ - -:' e
UI I b 1 '_'"I
cc 120} .'!"_I‘I"H g O e
= ! ooe
é | s i He © T
oo 14 ofs " oo
I e i
o 160 * .'i- Sated & ad
L 5 W
| - ®
| - .
E'{II}E A ;I- -t
I " " T
m- LA T
.E. =i | A L | W | ges | 1 T 1Lt I Tl | USSR b e S N IR
(1] 1.0 21 30 40 0 0 50 100 %0 200 250 300
TOC S1mg/g OC HYDROGEN INDEX (HI)

Figure 6. Plotof TOC (total organic carbon), and the TOC-normalized (milligrams per gram, mg/g 0C) ROCK-EVAL S; and S, (HYDROGEN
INDEX) peaks, all versus burial temperature in °C, for siltstones and shales with hydrogen-poor OM (hydrogen-index values <300) from
theLosAngeles Basin. Solid lines in the S; and hydrogen-index plots define principal trends of the data. Circles represent samples with
hydrogen-index values below 200; squares represent samples with hydrogen-index values of 200 to 300. CIHG in the TOC-normalized S,
plotis commencement of intense HC generation by that measurement. Modified from Price and others (1999).
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Bakken Formation Shales

I have collected a very large sample base of Upper Devo-
nian-Lower Mississippian Bakken Formation shales, including
all available samples on the far eastern flank of the Williston
Basin, where the Bakken shales are immature (see fig. 5 of Price
and others, 1984). ROCK-EVAL analyses were performed on
some 1,300 of these samples by Dow Geochemical Services Inc.
(DGSI), Houston, Tex. The analyses significantly enlarged a pre-
existing ROCK-EVAL data base of more than 400 Bakken shales,
previously run at the U.S. Geological Survey laboratories. The
Bakken shales are an ideal candidate to check if water also hydro-
genates hydrogen-rich OM, therefore increasing its hydrogen
content, and thus ROCK-EVAL hydrogen-indices. This is
because a large amount of work has already been carried out, and
published, on the Bakken Source System (Price and Le Fever,
1992). Moreover, no other source rock worldwide, with high
TOC contents and hydrogen-rich OM, has a rock-sample base
equivalent to that of the Bakken shales, regarding both geographic
coverage (complete coverage of North Dakota and Montana) and
range of shale maturity (extremely immature (3,300 ft (1,006 m)
of burial) to post-mature). The resulting data for both immature
Bakken shales, and Bakken shales which have just commenced
HC generation, are shown in figure 7.

Numerous investigators (including Webster, 1982, 1984;
Price and others, 1984; Martiniuk, 1988; Le Fever and others,
1991; and Muscio, 1995) have documented that throughout
almost all of the depositional area of the Bakken shales, both
lithology and OM type of the shales are invariant. In other
words, no detectable organic lateral-facies variations occur in
the Bakken shales. However, concurrently, Price and others
(1984) noted that as the depositional edge of the Bakken Forma-
tion is approached, facies variations do occur in the OM, pre-
sumably from variations in depositional conditions. Thus, both
the initial TOC and hydrogen-index values decrease as the depo-
sitional edge of the Bakken shales is approached. Moreover, the
extractable OM also changes, taking on slightly more Type-III
OM characteristics. The extensive Bakken shale ROCK-EVAL
data base I have compiled corroborates the previous conclusions
of Price and others (1984) regarding OM variations as the
Bakken Formation depositional edge is approached. To avoid
these OM variations in the present considerations, only ROCK-
EVAL data from Bakken shales whose thickness equals or
exceeds 17 ft (5.2 m) were plotted in figure 7.

Three features are immediately apparent in figure 7: (1) the
steep increase in hydrogen-index values versus depth from
4,000 to 8,300 ft (1,219 to 2,579 m), (2) the steep decline in
hydrogen-index values deeper than about 8,300 ft (2,579 m),
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Figure 7. Plot of the ROCK-EVAL hydrogen index versus burial depth in feet and kilometers, for immature upper and lower Bakken

Formation shales, Williston Basin, and for Bakken shales which have just commenced HC generation where total shale thickness is 17 ft

(5.3 m) or greater.
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and (3) the wide range in hydrogen-index values at any given
depth. Concerning this last observation, although lateral-facies
variations do not occur within Bakken shales removed from the
depositional edge, significant random variations in TOC and
hydrogen-index values do occur both vertically in the shales at
any given site, and from site to site. For example, in figure 7,
from 7,500 to 8,300 ft (2,286 to 2,579 m), hydrogen indices vary
from 475 (Type-1I/II1 OM) to 803 (Type-1 OM), although most
values fall between 500 and 775. TOC values (not shown in fig-
ure 7) also exhibit large variations, ranging from 15 to 40 per-
cent. Close-spaced (3 to 6 in., 7.6 to 15.2 cm), continuous-core
samples of Bakken shale from single wells also demonstrate sig-
nificant vertical variation in both TOC and hydrogen-index val-
ues. Price and others (1984) reported the same observation.
Thus, the large range of hydrogen-index values in figure 7 at any
given depth is due to random organic-richness variations within
the Bakken shales themselves.

Because of the significant range of variation of organic
richness vertically through the Bakken shales, analyses of core
samples of this rock are not reliable for determining mean
organic-richness values. Instead, cuttings chips of Bakken shale
which have been cleaned, sieved to less than 100 mesh, and
picked under a microscope to a 100 percent Bakken shale sam-
ple, are much more desirable. Such samples represent a homog-
enized cross section of the entire Bakken shale interval, thus best
reproducing mean organic-richness values. Such cuttings chips
samples made up the sample base for figure 7. Neither the
trends in the figure 7 data nor the wide ranges in hydrogen-index
values at any given depth can be attributed to lack of reproduc-
ibility or precision in either sampling or analysis. Seventeen
random samples were inadvertently taken, cleaned, picked, and
analyzed twice. The resulting ROCK-EVAL values from the
paired analyses varied no more than 10 percent, and most were
within 5 percent. Thus, the trends in the figure 7 data, including
the large range of hydrogen-index values at any given depth, are
indigenous to the shales themselves.

The strong increase in Bakken shale hydrogen-index values
versus depth from 4,000 to 8,300 ft (1,219 to 2,579 m) in figure
7 is equivalent to the same trends shown in figures 4 and 5, ver-
sus R, and in figure 6, versus burial temperature. The only
obvious cause of the hydrogen-index increase in figure 7 is from
water hydrogenating Bakken shale kerogen, thus increasing both
its hydrogen richness and its hydrogen indices. Lateral-facies
variations are not responsible for the hydrogen-index increases
of figure 7.

The significant decrease in hydrogen-index values deeper
than about 8,300 ft (2,579 m) shown in figure 7 is due to the first
detectable onset of intense HC generation, which commences at
around that depth. Also note that at the onset of HC generation,
the Bakken shales have mean hydrogen indices of 625, making
this an extremely rich source rock. As shown in figure 7, a mean
hydrogen-index value of 475 at shallow depths increases to a
maximum mean value of 625 at 8,300 ft (2,579 m). This is an
increase of 31.5 percent, somewhat less than the mean hydro-
gen-index increases in the coals of figures 4 and 5 (47 and 53
percent, respectively) and in the Los Angeles Basin shales of fig-
ure 6 (50 percent). However, all these hydrogen-index increases
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from the natural system (31.5 to 53 percent) are in the same
range as was observed for the excess products generated in the
30-day, variable-temperature, aqueous-pyrolysis experiments
with the Phosphoria shale and the lignite (figs. 3A, 3B; 42.0 and
40.0 percent, respectively).

Data for the Los Angeles Basin mid-Miocene shales (fig. 6)
provide evidence that kerogen hydrogenation was taking place
not only before, but also during, HC generation. Other evidence
of kerogen hydrogenation by water during HC generation exists
in figures 4, 5, and 7. In the coals of figure 4, HC generation
commences at R =0.6 percent increase, yet minimum hydrogen-
index values continue to increase, presumably from kerogen
hydrogenation, until R =1.0 percent, where they begin to
decrease. In figure 5, minimum hydrogen-index values for the
other coal suite also continue to increase past R,=0.6 percent,
again presumably from kerogen hydrogenation, up to R,=1.0
percent, where they again begin to decrease. In the Bakken
shales of figure 7, maximum hydrogen-index values demon-
strate that HC generation commences at 8,300 ft (2,579 m), yet
minimal hydrogen indices continue increasing in value to at
least 8,900 ft (2,765.7 m).

Conclusions and Implications from the Natural Data

An abundance of data from the natural system regarding
kerogen hydrogenation by water confirms that our aqueous-
pyrolysis experiments are replicating Nature. Moreover, the
natural data also demonstrate that, as in the laboratory experi-
ments, this kerogen hydrogenation occurs both before and
during HC generation, and also occurs with all OM types.
Because: (1) the lower temperature (150°-333°C) aqueous-
pyrolysis experiments are replicating Nature in this regard, and
(2) as discussed previously, these experiments have also
replicated other formerly unrecognized characteristics of HC
generation in Nature, it seems reasonable to assume that, with
qualifications, possibly the higher temperature (>350°C)
experiments may also be replicating natural HC generation
processes.

In my opinion, the hydrogenation of kerogen by water can
only be explained by redox reactions between water and OM, or
in other words, the hydrolytic disproportionation of kerogen.
The occurrence of this kerogen-hydrogenation reaction has pro-
found implications for HC exploration and for both source-yield
and resource-base assessments: To estimate the amount of oil a
source rock can generate, typically ROCK-EVAL derived
organic-richness values are used from immature samples of that
rock. However, the preceding discussions demonstrate that
those richness values could increase by a minimum of 30
percent before HC generation even commences, and most prob-
ably continue to increase by similar amounts during HC genera-
tion. Of even more interest to us in this discussion, is that the
very low hydrogen indices of “spent” kerogen may not preclude
the possibility that deeply buried kerogen could still generate
significant amounts of HC gas.



A Deep High-Rank Gas-Generation
Machine?

Seewald (1994, p. 287), in his definitive paper which
clearly demonstrated the existence of the hydrolytic dispropor-
tionation of OM in the laboratory, made the following state-
ments and speculations:

That water may contribute hydrogen directly to hydrocarbon for-
mation has important implications for oil and natural-gas generation
because water is abundant in most sedimentary environments. Thus the
initial atomic H/C composition of sedimentary organic matter may not
limit the availability of requisite hydrogen for petroleum and natural-
gas formation, especially at high temperatures in the deepest parts of
sedimentary basins. Water may be particularly important during natu-
ral-gas generation owing to the substantial increase in the H/C ratio of
CHy, relative to the source organic material. Consequently, models that
do not include water as a source of hydrogen during hydrocarbon for-
mation may significantly underestimate the gas generation potential of
organic matter.

Seewald’s (1994) hypothesis about water possibly hydroge-
nating deeply buried, high-rank, spent kerogen, with low hydro-
gen to carbon ratios to manufacture a very late-stage HC gas is
strongly supported by the same aqueous-pyrolysis experiments
which have also indicated that hydrogenation of kerogen was
occurring at lower ranks before and during mainstage C5+ HC
generation.

Lignite High-Temperature Experiments

Returning to figure 3B, at 350°C and higher, there is an
excess of generated products (mainly HC gases) over what is
possible, given the original organic richness (ROCK-EVAL S,
peak plus extractable bitumen) of the lignite. Moreover, above
350°C, there is a continuous increase in these excess generated
gases, versus increasing experimental temperatures. Further-
more, the most significant increases occur at the highest experi-
mental temperatures where very little Cs+ product remains in
the system to thermally crack to gas, and also, very little HC
generation potential is left in the lignite: the 425°C lignite sam-
ple had a hydrogen index of 0.39, and the 450°C sample had a
value of 0.29. Clearly in these high-temperature lignite experi-
ments, hydrogen from water must have been added to the lignite
to manufacture the high-rank gases. However, from the CO,
plot for the lignite in figure 2B, the oxygen from the water
apparently was not being assimilated into the lignite between
333°C and 425°C, because CO, production is largely invariant
over these temperatures. This hypothesis is supported by the
fact that the ROCK-EVAL oxygen indices of the lignite are low,
and are either constant or decrease between 350° and 450°C.
However, at 450°C, where the largest jump in generated-HC
gases occurs, a significant increase in the amount of excess gen-
erated CO, also occurs. Thus, from 333° to 425°C, the oxygen
from the water which hydrogenated the lignite had to be seques-
tered in the inorganic (mineral) phase in these experiments. If
mineral species are reacting with the excess oxygen from the

water hydrogenating the kerogen, the reaction paths would have
to be ionic.

Seewald (1994) noted that a host of minerals with reduced
iron, which would consume oxygen during oxidation of OM by
water, exist in Nature. To reinforce the point, hydrolytic dispro-
portion of OM as envisioned by Shock (1988), Helgeson and
Shock (1988), and Helgeson and others (1993) involves a meta-
stable equilibrium between water, OM, and the minerals in a
system—an equilibrium that is maintained via redox reactions
between the different species. Such a metastable equilibrium
affected the mineralogy of all six rocks used in our aqueous-
pyrolysis experiments, because obvious mineral deposits were
present in the upper reaches on the walls of our reaction, above
the rock-water mixtures, for all our higher temperature experi-
ments. Thus, mineral species in our experiments appear to be
partly responsible for sequestering the oxygen from the dispro-
portionated water.

One last line of evidence further supports the conclusion
that water was being consumed not only by the lignite to make
HC gas in the 400°C and higher temperature experiments, but
also by all five of the other rocks. In the 375°C and lower tem-
perature experiments, excess water always was present in the
reaction vessels after the experimental runs were completed.
However, in the 400°C and higher temperature experiments, no
visible excess water was present after the experimental runs
were completed for all six rocks.

Phosphoria Formation Shale High-Temperature
Experiments

In the case of the Phosphoria Formation shale, as previ-
ously discussed, pronounced C;5+ HC thermal destruction
occurred between 333° and 350°C, accompanied by significant
charring (fig. 3A). Thus, to ascertain whether or not the HC
gases being generated at the experimental temperatures of
375°C and higher are exceeding the remnant HC generation
capacity of the system inherited from the 350°C experiment, I
plotted the amount of generated products, plus the ROCK-
EVAL S, peak, all in mg/g rock, for the high-temperature Phos-
phoria shale experiments (fig. 84). From figure 8A, the total
HC-generation capacity of the system at 350.5°C is 66.5 mg/g
rock. At all experimental temperatures above 350.5°C, this
number is exceeded, reaching a maximum of 79.2 mg/g rock in
the 450°C experiment. Thus, even at these extreme experimen-
tal temperatures, excess HC generation capacity is being created
by water hydrogenating the spent Phosphoria kerogen. This
observation is corroborated by other data in figure 8.

Note that the percentage that methane makes up of the total
generated product increases from 38 percent at 350.5°C to 90
percent at 450.3°C (fig. 8C, solid line). Methane (CHy) is the
most hydrogen-rich organic compound in both Nature and in
these laboratory experiments. Given the ROCK-EVAL hydro-
gen indices (and elemental kerogen analyses) of these high-
temperature rocks, mass-balance calculations demonstrate that
insufficient hydrogen is present in the organic moieties (includ-
ing the kerogen) of the Phosphoria shale experiments to allow
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Figure 8. Plot of generated products (in milligrams/gram (mg/g) of rock) for 30-day, variable-temperature aqueous-pyrolysis experiments
at 350.5°C and higher for the Phosphoria Formation shale (fig. 84). C; is methane; C, is ethane; C3—C, are the C5to C4 HC gases; C5—Cg are
the Cs to Cg gasoline-range HCS; AROS are the Cg+ aromatic HCS; the Cg+ saturated HCS are unlabeled and are between “C5—Cg” and
“AROS"; RES are resins and asphaltenes; and S, is the ROCK-EVAL S, pyrolysis peak. Amount of generated CO, (in milligrams/gram of rock;
C0, mg/g ROCK) versus experimental temperature shown by dashed line (fig. 8B). The weight percent methane makes up of the total
generated product (PERCENT METHANE) is shown by solid line (fig. 8C).

absolute concentrations of the HCS and the relative concentra-
tions of methane both to increase with increasing experimental
temperature. Clearly, as was the case with the high-temperature
lignite experiments, the water-driven, high-rank deep-basin gas
machine envisioned by Seewald (1994) also appears to be simu-
lated in our high-temperature aqueous-pyrolysis experiments
with the Phosphoria shale.

Note also that the amount of CO, production in figure 8B is
not keeping pace with the excess HC generation. This observa-
tion dictates that, as with the lignite, the oxygen from the water
hydrogenating the kerogen is also being sequestered in the inor-
ganic phase in the Phosphoria experiments. Whatever that agent
was, it appears to have been largely satiated by the 424.3°C
experiment, given the significant jump in CO, production from
424.3° to 450.3°C (fig. 8B). Lastly, in figure 8A, note that at
424.3°C a second charring event occurs, besides the 350.5°C
charring event of figure 3A, wherein significant amounts of the
C5—Cg gasoline range HCS and the C3-C4 gaseous HCS are
thermally destroyed.

Anna Shale Member of Pawnee Limestone
High-Temperature Experiments

Figure 94 is a mass-balance plot for the high-temperature
experiments with the Anna Shale Member of Pawnee Limestone.
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As in the case of the Phosphoria shale (fig. 3A), a massive char-
ring event occurs between the 333° and 350.5°C Anna shale
experiments (not shown), with a huge loss of Cg+ saturated and
aromatic HCS and resins and asphaltenes. The Anna charring
event continues in the 377.3°C experiment, with a continuing
loss of Cg+ saturated and aromatic HCS (fig. 94). In the 398°C
Anna shale experiment, the amount of generated products (69.0
mg/g rock) exceeds the possible generation capacity of the sys-
tem at 350.0°C (65.5 mg/g rock). As in the Phosphoria shale
experiments, a second charring event also occurs in the Anna
shale experiments at 425°C, wherein the C;—Cg HCS are signif-
icantly reduced in concentration. With increasing experimental
temperature to 500.5°C, the amount of generated products con-
tinuously exceeds the possible generation capacity of the system
at 350.3°C (65.5 mg/g rock), reaching a maximum of 79.7 mg/g
rock at 500.3°C.

Unlike the case with the Phosphoria shale high-tempera-
ture experiments (fig. 8B), CO, generation continuously
increases in the equivalent Anna shale experiments (fig. 9B),
even over temperature intervals where charring is occurring.
This observation has several implications. First, the oxygen-
sequestering moiety present in the Phosphoria shale experi-
ments was not present at equivalent concentrations, or if
present, was not active, in the Anna shale experiments. Because
the experimental vessels were equivalent in both cases, the
difference must be due to different mineralogies between the
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The resins plus asphaltenes are not labeled and are between “AR0S” and “S,”. Amount of generated CO, (in milligrams per gram of rock;
€0, mg/g ROCK) versus experimental temperature is shown by dashed line (fig. 9B). The weight percent methane makes up of the total
generated product (PERCENT METHANE) is shown by solid line (fig. 9C).

Phosphoria and Anna shales. Second, in the 425°C (charring)
experiment with the Anna shale, thermal conversion of higher
molecular weight material (with lower H/C ratios) to lower
molecular weight materials (with higher H/C ratios) occurred,
with an overall loss of mass in the system. Because excess CO,
was produced in the 425°C experiment, hydrogen enrichment of
the organic system took place by water hydrogenating the OM.
Thus, not enough hydrogen was available from the charred OM
to supply the hydrogen requirements for the lower molecular
weight HC gases with higher H/C ratios. This observation dem-
onstrates that even during the C,5+ HC thermal destructive
phase, hydrogen from water must be added to organic phases to
create lower molecular weight HC gases. Lastly, not only do
mineral phases help govern the reaction kinetics of these high-
rank gas machines in laboratory situations, but also the starting
kerogen type plays a role. This is because the high-temperature
(>350°C) mass-balance plots (figs. 34, 3B, 84, and 94) and CO,
curves (figs. 1, 2, 8B, and 9B) for all three kerogen types are
distinctly different from one another.

A Possible Deep-Basin High-Rank Gas Machine Via Water-Organic-Matter Redox Reactions

Anna Shale Member 425°C Variable Water

Another set of experiments further corroborates that water
hydrogenates spent kerogen to “manufacture” high-rank gases in
water-wet, closed-system laboratory experiments. In figure
10A, the only generation products quantitatively analyzed, meth-
ane, ethane, the C3—C4 HC gases, and the C;3+ maltene fraction
(aromatic HCS and resins), are plotted versus the rock/water
ratios (grams to grams) for four different 30-day experiments
carried out at 425°C with the Anna shale, versus increasing
water content. On the vertical scale of figure 10, the sample at
the infinity (eo) ratio was prebaked at 100°C for 2 days to
remove loosely bound water from the sample before the 425°C
experiment was performed. However, more tightly bound water
(inner-layer clay water, water of hydration, for example) would
have still remained.

As the amount of water in the experiments increases, the
amounts of all the products increase, especially methane (fig.
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Figure 10. Plot of generated products (in milligrams per gram (mg/g) of rock) for 30-day constant-temperature (425°C) aqueous-
pyrolysis experiments with the Anna Shale Member of Pawnee Limestone as a function of variable rock to water ratios (fig. 104). Cyis
methane; C, is ethane; C5is the C5to C4 HC gases; and MALTENES is the sum of the C;3+ aromatic HCS, resins and asphaltenes. Amount
of generated CO, (in milligrams per gram of rock; CO, mg/g ROCK) versus the rock/water ratio is shown by dashed line (fig. 10B). The
weight percent methane makes up of the total product (PERCENT METHANE) is shown by solid line (fig. 10C). The sample at infinity (co)
on the rock/water ratio axis had no added water and was prebaked at 100°C for 2 days before the 425°C run was performed on it.

10C). Also, the amount of CO, dramatically increases from 17.5
mg/g rock in the dry experiment to 53 mg/g rock in the wettest
experiment (rock/water equals 1.221; fig. 10B). The figure 10
data clearly demonstrate that water is hydrogenating spent kero-

gen to produce a methane-rich generation product, with the oxy-
gen from the water being given off as CO,.

CO0, Carbon-Isotopic Values

Figure 11 presents 813C values for the generated CO,,
versus experimental temperatures, for the Anna and Phosphoria
shales and the lignite. The negative 813C values of figure 11
(=30.01 to —12.71) could only have been derived from substan-
tial contributions of the biogenically derived carbon from the
kerogen in these three rocks. Moreover, a cross plot of percent
CaCOj; for the starting rock versus the median and range of d13¢
values for the generated CO, from all the experiments with a

given rock demonstrates that the carbonate minerals in all six
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rocks used in the aqueous-pyrolysis experiments were taking
part in the reaction between water and the kerogens (fig. 12).
Figure 12 shows a pronounced relationship between
heavier isotopic carbon in the generated CO, (less negative val-
ues) and increasing CaCOj content in the rocks. The data from
the Los Angeles Basin shales seem to fall off the trend, but in
reality this is probably not the case, because the carbon-isotopic
value of the kerogen from this composite shale is —21.97, which
is about 10 per mil heavier than that of the kerogens from the
other marine shales. If this isotopic variance is taken into
account by shifting the Los Angeles Basin shale data 10 per mil
to the left, then the Los Angeles data lie directly on the trend.
As previously stated, quantitative carbonate-carbon analy-
ses were run on all samples of all six rocks after each experi-
ment, and these values for a given rock between the different
experimental runs changed little, if any. Thus, any CO, contrib-
uted from the decrepitation of carbonate minerals would have
been too small to materially affect the isotopic values in figures
11 and 12. Therefore, the pronounced trend in figure 12 can
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Plot of carbon-isotopic values of CO, generated in 30-day variable-temperature aqueous-pyrolysis experiments, versus

experimental temperature, for three different rocks: Anna Shale Member of Pawnee Limestone (fig. 114), Rattlesnake Butte lignite (fig.

11B), and Phosphoria Formation shale (fig. 11C).

only be due to the carbon in the CO, generated from the kero-
gen-water reaction isotopically equilibrating with the carbonate
carbon in the minerals. In other words, the water, OM, and min-
erals were either in a metastable equilibrium with each other or
were attempting to reach such an equilibrium.

Reservations and Ramifications of a Deep-Basin
Gas Machine

The data from the various high-temperature experiments
heretofore discussed conclusively demonstrate that water hydro-
genates spent kerogen to produce a methane-rich isotopically
light gas in laboratory situations. Can it be demonstrated that
this same reaction is occurring in Nature? With the existing data
from the natural system that I am familiar with, it can be neither
proven, nor disproven, that this reaction occurs in Nature. How-
ever, kerogen hydrogenation by water occurs both in Nature and
in our aqueous-pyrolysis experiments, both before and during
mainstage C; 5+ HC generation. From this observation, it is rea-
sonable to assume that hydrogenation of spent kerogen by water
to produce a deep-basin methane-rich gas might also occur in

Nature, because this reaction occurs in our high-temperature
aqueous-pyrolysis experiments. Moreover, the widespread
occurrence of late-stage isotopically light carbonate cements
(demonstrating the carbon was derived from OM) in deep-basin
sediments (Price and others, 1998), shows that some form of
OM redox reactions with water is occurring.

If it is assumed for discussion that such a reaction does
occur in Nature, what would be some of the qualifications and
implications of its occurrence? As proposed by Shock (1988),
Helgeson and Shock (1988), Helgeson and others (1993), and
Seewald (1994), water, OM, and minerals can reach a redox-
buffered metastable equilibrium. When this metastable equilib-
rium is reached, the hydrolytic disproportionation of OM ceases
until system conditions are further changed. The possible con-
trolling parameters that could vary during deep-basin methane
generation via hydrolytic disproportionation reactions with ker-
ogen are temperature, pressure, and fluid flow (open-fluid sys-
tems). Continuously increasing sediment burial results in
continuously increasing burial temperatures and pressures
(burial diagenesis). However, the pressure and temperature
changes over geologic time would be slight, and theoretically,
OM, water, and mineral phases would never be far from equilib-
rium in closed-fluid systems. As opposed to burial diagenesis,
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left to take into account its isotopically heavy kerogen.

punctuated diagenesis is caused by a sudden abnormally high
heat flow, which can be due to any number of geologic events
(Price, 1983; Morton, 1985). As discussed in Price (1983),
punctuated diagenesis is rather common in sedimentary basins.
In cases of punctuated diagenesis, sudden dramatic increases in
burial temperatures in the deep basin could throw the system
water, OM, and minerals far out of equilibrium. This would
result in kerogen, pore water, and mineral phases entering into
strong redox reactions with one another, thus theoretically pro-
ducing methane-rich HC gases, and CO,.

Price and others (1998) concluded that the principal drive
for the hydrolytic disproportionation of OM was an open-fluid
system (such as is found in heavy-metal ore deposition or rock
metamorphism), where many volumes of pore water flow past a
given site. In such cases, OM, water, and the mineral phases can
never attain equilibrium with one another, and the hydrolytic dis-
proportionation of OM achieves significant reaction extents.
Thus, if the hydrogenation of spent kerogen to produce signifi-
cant amounts of high-rank deep-basin methane occurs at all in
Nature, it would have to take place in open or semi-open fluid
systems in the deep basin.
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As discussed in Price (1997b), petroleum basin depo-
centers traditionally have been considered to be open-fluid
systems, because source-rock HC expulsion is considered to be
an efficient process, which requires an open-fluid system. Thus,
we may expect that deep-basin hydrogenation of spent kerogen
by water could readily proceed. However, as discussed in Price
and LeFever (1992), and Price (1994b, 1995, and 1997b), the
position that the deep basin is an open-fluid system with
efficient source-rock HC expulsion occurring from basin
depocenters appears to have been significantly overstated.
Additionally, the presence of abnormal fluid pressures and com-
partmentalization in petroleum basin depocenters worldwide
(Powley, 1990; Ortoleva, 1994; Price, 1997b) clearly dictates
that petroleum basin depocenters are semi-closed to closed-fluid
systems. When basins are young and evolving, substantial
cross-strata fluid flow does occur in basin depocenters. How-
ever, even in these cases, the depocenters may hardly be consid-
ered open-fluid systems. Otherwise, the high abnormal fluid
pressures therein would not exist. Moreover, when fluid flow
does occur in these young dynamic basins, it occurs in periodic
bursts over geologic time, as opposed to continuous flow.



Meaningful expulsion of oil and (or) gas from source rocks
or source systems appears to depend greatly on significant phys-
ical disruption of source rocks. Such disruption occurs from
intense structural activity, faulting, or salt or shale diapirism,
and thus results in a much more open-fluid system. As basin
evolution proceeds to the mature stage, with the inevitable ces-
sation of structuring and decline of heat flows, basin depocenters
become semi-closed to near perfectly closed fluid systems. At
that time, all fluid flow in the basin depocenter ceases, basin
compartmentalization occurs, and the resulting fluid compart-
ments can remain sealed for extremely long periods of geologic
time. The Anadarko Basin depocenter serves as the type exam-
ple of a mature “dead” deep basin. However, rejuvenation of
high heat flows, and (or) significant structuring, would accom-
pany resurgent basin evolution.

Almost all basin evolution and fluid flow, especially in
basin depocenters, occur when basins are young and dynamic.
Thus, this is the time when the most significant extents of hydro-
Iytic disproportionation reactions involved with OM would cor-
respondingly occur. This is also the time when the most HC gas
would be generated by hydration of deep high-rank kerogen by
water, if the reaction occurs at all. Such reactions cannot con-
ceivably occur in stagnant mature basins, such as the Anadarko
Basin depocenter, with near perfectly closed fluid systems,
wherein pore fluids long ago achieved metastable equilibrium
with their surrounding OM and mineral phases.

There is an important caveat to the preceding discussion.
The hydration of spent kerogen by water and resulting genera-
tion of methane-rich HC gas and CO, is a volume-expansive
reaction, wherein the products (gases) take up a much greater
volume than the reactants. If this reaction did occur in Nature, it
would be occurring in a semi-closed fluid system. Volume
expansion in a constant volume system generates abnormally
high fluid pressures. Thus, the kerogen hydration reaction might
be self-driving, because the fracturing resulting from the
reaction could expand the semi-closed fluid system, allowing an
even greater localized volume of rock to take part in the
reaction.

The reaction we have proposed herein for a high-rank late-
stage generation of an isotopically light methane-rich gas from
ultra-mature kerogen is similar to the reaction scheme proposed
by McNeil and BeMent (1996). In their scheme, short-chained
alkyl groups on the aromatic rings of ultra-mature kerogens
preferentially cleave between the first and second carbon atoms
next to the aromatic ring. This results in two free radicals: (1)
the cleaved alkyl group, and (2) the CH, group remaining on the
aromatic ring. McNeil and BeMent (1996) called for hydrogen
to be shuttled between the kerogen and alkyl groups to satisfy
the two free-radical sites, one of which is thus converted to a
methyl group. The resulting methyl group still attached to the
aromatic ring then preferentially cleaves off the ring if the car-
bon-carbon bond is a C;,—Cj, bond, rather than a C;,—C;3
bond, producing isotopically light methane. The significant dif-
ference between our reaction scheme and that of McNeil and
BeMent’s (1996) is that our hydrogen, which satisfies the open
bonds, is derived from an external source (pore water) and not
from the kerogen. Because of the limited amount of hydrogen
available in high-rank kerogen, only limited amounts of meth-
ane can be generated by McNeil and BeMent’s (1996) scheme.

However, if water is supplying the needed hydrogen, much
greater amounts of methane could be generated. Other than the
hydrogen source, the two schemes are similar, especially when
compared to other mechanisms proposed to account for isotopi-
cally light high-rank methane-rich natural gas.

As previously discussed in the section, “Natural Gas Gen-
eration Mechanisms,” much confusion exists concerning natu-
ral gas generation. However, let us assume that deep-basin
hydrogenation of spent kerogen significantly contributes to the
natural-gas volumes generated by other likely, or possible,
mechanisms (cogeneration of HC gas with mainstage C;5+ HC
generation with migration-fractionation, late-stage HC genera-
tion rich in HC gases, transition-metal catalysis, and demethy-
lation reactions). In that case, what would be some of the
consequences? One consequence would be that significantly
more HC gas would be generated than expected, given the
original kerogen hydrogen to carbon ratio or the original
ROCK-EVAL hydrogen indices of the rock. In fact, one may
expect to commonly find high-rank, basin-centered, continu-
ous-reservoir gas deposits in the depocenters of deep
petroleum basins.

To review a point hereforeto discussed in the section, ‘“Nat-
ural Gas Generation Mechanisms,” at the fluid pressures in the
depocenters of deep basins, almost all C,+ HC gases will con-
dense into a liquid phase which may be under a methane-rich
gas cap. According to Gussow’s (1954) principle of differential
entrapment, if the trap becomes filled to spill point, continued
migration of methane-rich gas into the trap would cause all Co+
liquids to be displaced updip. If the trap continues filling, even-
tually methane would also be displaced from the spill point. At
the elevated pressures and temperatures in basin depocenters,
water has substantial solubilities in methane gas (Price and
others, 1983). Thus, significant amounts of deep-basin pore
water would go into gaseous solution in deep-basin methane-
rich gas deposits. Therefore, with continued migration of meth-
ane into deep traps, and displacement of water-bearing methane
out of the trap at the spill point, the deep basin could become
partially, or even largely, dewatered. Moreover, of all the possi-
ble methane-generating mechanisms discussed herein, both
hydration of deep-basin spent kerogen and hydration of kerogen
during late-stage HC generation would consume significant
amounts of pore water. In fact, it is possible that around very
rich source rocks and (or) coals, all the pore water from the adja-
cent rocks could be consumed by the organic-rich rocks as they
generate HCS, as was the case in our high-temperature aqueous-
pyrolysis experiments.

Several important implications follow if parts, or even the
entire depocenters, of deep petroleum basins are water-free.
For example, a gas-only phase would exist in deep-basin gas-
bearing reservoirs. All drilling fluids, even oil-based drilling
fluids, contain water. Thus, drilling through gas-only reser-
voirs with water-based, or mixed water- and oil-based, drilling
fluids would most likely create severe permeability blocks
around the wellbore. These permeability blocks could signifi-
cantly damage, or totally destroy, the productive capacity of
the formation around the wellbore. Such permeability blocks
would arise from the presence of two or more fluid phases
around the wellbore (gas, oil, and water) and the Jamin effect.
(See Price, 1995, p. 345-346, and 1997b, p. 193-194, for
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further discussion.) If such permeability blocks were estab-
lished around the wellbore during drilling, then drilling or
completion techniques would have to be designed which would
effectively eliminate the formation damage. Moreover,
propped fracture treatments would not be the cure, they would
only add to the problem.

The last consequence of deep-basin water-free gas reser-
voirs would be the possible absence of the permeability-block-
ing authigenic mineral phases which plague tight-gas sands.
Tight-gas sands either are water- and gas-bearing now, or if only
gas-bearing now, they contained water and gas when they were
at maximal burial temperatures. Basins cool as they mature dur-
ing progressive basin evolution. As a result of such cooling, a
host of authigenic minerals precipitate from solution in the pore
waters of coarse-grained rocks, slightly decreasing porosity, but
dramatically decreasing permeability. If deep-basin reservoirs
are now water-free, and were water-free when maximal burial
temperatures existed, such late-stage deposition of authigenic
minerals could not occur. Thus, water-free deep-basin gas reser-
voirs may not have the very low permeabilities which afflict
tight-gas sands.

Even if hydrogenation of deep-basin spent kerogen by
water does not occur in Nature, as discussed in Price (1995,
1997b), very deep, water-free, basin-centered, continuous-reser-
voir methane-rich gas accumulations of monstrous size could
still exist in deep-basin depocenters. In my opinion, it is of
utmost importance to determine the gas/water ratios for the few
producing gas wells that have tapped these ultra-deep (>18,000
ft, 5,486 m) gas deposits. Accurate knowledge of such gas/water
ratios may allow us to: (1) better assess the origin of the gas in
these deposits, (2) design appropriate drilling and completion
practices for such gas-resource bases, and (3) possibly better
assess the size of the in-place reserves of such gas-resource
bases.

Lastly, given the possibility that very large gas deposits
exist in deep-basin, basin-centered continuous-reservoirs, as has
been previously advocated (Price, 1995, 1997b), it is paramount
to avoid the conclusion that the resource base does not exist, or
cannot be commercially produced, because of disappointing
results obtained from drilling and completion techniques which
are inappropriate for the unique characteristics of the resource
base. All unconventional resource bases, including energy-
resource bases, before they become commercial, go through a
time period when they are either not recognized, or if recog-
nized, cannot be commercially produced because inappropriate
production methods are being applied to them. Moreover,
unconventional resource bases, when they become commercial,
always do so because of a change in, or innovation of, technol-
ogy. Historical retrospection of the development of any given
unconventional resource base reveals that a new technological
approach always addressed a then-unrecognized problem which
was prohibiting efficient production of the resource base. If very
large in-place deep-basin gas-resource bases do exist in most
petroleum basins, which, based on firm scientific analysis, [ have
concluded is most likely the case (Price, 1995, 1997b), then the
characteristics of these resource bases must be delineated. In
this manner, appropriate drilling and completion techniques may
be designed for these resource bases.
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Further Research

Certain laboratory and field research could add significant
insight into whether or not water is hydrogenating deep-basin,
high-rank, spent kerogen to generate methane-rich HC gas in
the natural system:

1. Further high-temperature (>350°C) aqueous-pyrolysis
experiments should be performed using variable-water con-
tents with larger rock sample sizes (15-20 grams), compared to
previous experiments with 4-5 gram sample sizes. In this way,
changes in mineralogy versus experimental temperature could
be examined. Moreover, post-experimental residual water con-
tents (if any) should be determined. Deuterated water should
be used in some experiments, with deuterium analyses per-
formed on the HC products. Carbon-isotopic analyses should
be performed on all products, including CaCOj in the mineral
phase. Rocks with different OM types should also be used.
Lastly, ultra high-temperature (550°-650°C) experiments
should be carried out.

2. Some of the same experiments in (1) should be carried
out using high-rank (R,>5 percent) rocks with high TOC con-
tents (>4 percent TOC) and low (<50) hydrogen indices.

3. Gas/water ratios should be determined for ultra-deep
(>18,000 ft; 5,486 m) high-rank (R,=2.5 percent) gas wells.

4. Carbon-isotopic analyses should be carried out on deep,
late-stage, crosscutting CaCOj veins, to ascertain the contribu-
tion of organic carbon in such calcite cements.

5. Analysis of the gases in inclusions of late-stage isotopi-
cally light carbonate cements should be undertaken.

Conclusions

1. The traditional view that organic metamorphism in
Nature is well understood, with burial temperature and geologic
time as the only two controlling parameters, is unrealistic.
Other important controlling parameters have gone unrecog-
nized. One such unrecognized parameter—water—plays key
roles in organic metamorphic reactions, especially in HC-
generation reactions.

2. Recent research by different investigators strongly sug-
gests that water, minerals in rocks, and all forms of OM take
part in a metastable equilibrium with each other, via aqueous-
based redox reactions. This process has been termed the hydro-
lytic-disproportionation of OM.

3. Different investigators have compiled large bodies of
data both from Nature and the laboratory, data which support
the conclusion that the hydrolytic disproportionation of OM
takes place in many different geologic environments and
appears to play key roles in many different geologic and
geochemical processes.

4. Historically, Co+ rich natural gas (“wet gas”) has been
thought to result primarily from the thermal destruction of the
C5+ HCS in reservoired oil. Moreover, high-rank, deeply bur-
ied, methane-rich “dry” gas has been held to result exclusively
from thermal destruction of C,+ HCS, and especially of
reservoired oil. The thermal cracking of C;5+ HCS has been



portrayed as occurring over fairly moderate burial temperatures,
150°-200°C, depending on the model being used and sediment-
burial time.

5. Large data bases from Nature, including but not limited
to isotopically light methane-rich (“dry”) gases and extreme
thermal stabilities of C;5+ HCS, demonstrate that the hypothesis
of a pronounced thermal instability of C;5+ HCS for the origin
of wet and (or) methane-rich gases is unrealistic.

6. As such, different investigators have proposed other
generation mechanisms for both wet and methane-rich HC
gases: transition-metal catalysis; late-stage demethylation of
post-mature kerogens in shales; cogeneration of HC gases with
C5+ HCS; late-stage generation of increasingly rich Cg- HCS,
including the C4- HC gases during the evolution of mainstage
C5+ HC generation; C; to C4 HC-gas fractionation during
migration; and late-stage hydrogenation of spent kerogen by
water, via the hydrolytic disproportionation of kerogen.

7. In Nature, HC generation occurs in closed, or semi-
closed, water-wet, pressurized systems, where product escape is
difficult and oxygen fugacities are low. Thus, dry, open-system
pyrolysis techniques, such as ROCK-EVAL pyrolysis, with
moderate oxygen fugacities, low pressures and where product
escape is immediate, are not good replications of HC generation
in Nature. This conclusion is corroborated by the fact that prod-
ucts from these types of pyrolysis are not found in Nature.

8. Different water-wet, closed-system, pressurized, experi-
mental pyrolysis approaches to HC generation replicate Nature
much better than dry open-system pyrolysis. However, even the
water-wet pyrolysis approaches do not completely replicate
Nature. Thus, results from water-wet closed-system pyrolysis
experiments must always be compared to data from Nature to
verify that the experimental result applies to the natural system.

9. Amounts of carbon dioxide far in excess of what are
possible, given the original oxygen contents of kerogens or
coals, are generated in water-wet closed-system HC-generation
pyrolysis experiments.

10. Mass-balance calculations of 30-day, variable-temper-
ature aqueous-pyrolysis HC-generation experiments demon-
strate that in addition to excess CO,, generation potential plus
generation products significantly in excess of what is possible,
given the starting organic richness of the rocks, also result in
these experiments. Moreover, hydrogen indices from post-
experimental rock samples, for 150°-200°C pre-HC-generation
aqueous-pyrolysis experiments for six different rocks, signifi-
cantly increase over the starting values of the rocks. Thus, in
addition to excess CO,, the coals and kerogens in these experi-
ments are also becoming more hydrogen-rich and are acquiring
excess HC-generation capacity.

11. The excess generation products observed in our aque-
ous-pyrolysis experiments and the increases in the hydrogen
indices of our rocks are both due to water hydrogenating our
coals and kerogens via aqueous-based redox reactions, that is to
say the hydrolytic disproportionation of kerogen (and coal). The
oxygen from the water is given off as excess CO,.

12. Carbon-isotopic values of the CO, from these aqueous-
pyrolysis experiments conclusively demonstrate that the excess
CO, in these experiments is derived from the organic carbon in
the coals or kerogens.

13. Large ROCK-EVAL data bases from Nature (two coal
suites, and Los Angeles Basin upper Miocene and Williston
Basin Bakken shales) all demonstrate strongly increasing hydro-
gen indices with increasing burial depth, before, and during,
mainstage Cy5+ HC generation.

14. The strong increases in hydrogen indices in these rocks
with increasing burial can only be due to water hydrogenating
kerogen in the natural system, thus corroborating the results of
our aqueous-pyrolysis experiments.

15. Mass-balance calculations for 30-day, variable-temper-
ature, aqueous-pyrolysis, high-temperature (>350°C) experi-
ments demonstrate that water is hydrogenating the kerogens of
all six experimental rocks to make a progressively more meth-
ane-rich gas. Moreover, the amounts of generated products in
all cases exceed that which is possible, given the starting organic
richness of the systems at 350°C.

16. In some experiments, spanning certain temperature
ranges, the oxygen from the water hydrogenating the kerogen
was sequestered by mineral phases in the rock samples, instead
of being produced as CO,. Thus, in these experiments, the min-
eral phases, water, and OM were all reacting with one another in
an attempt to reach metastable equilibrium in the system.

17. A cross plot of CO, isotopic-carbon values versus
CaCOj content in the starting rock also demonstrates that the
carbon from the OM in the CO, was being isotopically
exchanged with the carbon in the CaCOj5 of the rocks. This
observation corroborates that the OM, water, and mineral phases
in these experiments were all reacting with one another.

18. Constant-temperature (425°C), 30-day, aqueous-pyrol-
ysis Anna shale experiments with varying water content also
demonstrated that water hydrogenates spent kerogen to make a
methane-rich HC gas.

19. Ascertaining whether or not hydrogenation of spent
kerogen by water occurs in Nature is presently not possible.
However, based on the concurrence of our experimental data
with comparable data from Nature regarding kerogen hydroge-
nation at lower ranks, it is reasonable to assume that hydrogena-
tion of high-rank kerogen by water may possibly occur in
Nature. This assumption is supported by the widespread occur-
rence of late-stage carbonate cements with isotopically light car-
bon in the depocenters of deep basins.

20. If the late-stage kerogen hydrogenation reaction does
occur in Nature, certain qualifications and ramifications follow:

A. Open, or semi-open, fluid systems are the key prerequi-
site for significant reaction extents in hydrolytic disproportion-
ation reactions with OM, including reactions involving
hydrogenation of spent kerogen by water.

B. In basins whose depocenters are closed-fluid systems
and which are maturing by burial diagenesis, it is unlikely that
the extent of the reaction producing high-rank methane by kero-
gen hydrogenation would be large.

C. The hydrogenation of deep, high-rank spent kerogen,
with consequent methane production, could likely be signifi-
cant in basins maturing via punctuated, rather than burial,
diagenesis.

D. This reaction would primarily occur during the youthful
stages of basin evolution, such as the present-day (Neogene)
U.S. Gulf Coast, when maximum cross-basin fluid flow occurs.
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E. The reaction should not occur during the mature stages
of basin evolution when deep-basin depocenters are closed-fluid
systems, with pronounced and unchanging compartmentaliza-
tion over geologic time, the Anardarko Basin being an excellent
example.

F. Because the reaction kerogen + water—> CH,4 + CO, is
volume-expansive, in some situations this reaction may be self-
driving by creating high fluid pressures that cause fracturing in
the containing rocks, resulting in a more localized open-fluid
system.

G. If the preceding reaction does occur, then significantly
more deep-basin gas may be generated in certain situations than
would be the case given the original hydrogen-richness of the
OM in deep-basin rocks.

H. Thus, the depocenters of certain deep petroleum basins
may contain continuous-reservoir, basin-centered, high-rank,
methane-rich gas deposits.

I. Such deep-basin gas deposits may be water-free, because
of both solution of water into gas volumes migrating out of the
deep basin and deep-basin spent kerogen consuming water to
make a methane-rich gas.

J. If gas-only phases exist in deep-basin reservoirs, it is
probable that significant formation damage would occur to these
reservoirs during drilling through them. Thus, the existence of
these reservoirs may not be apparent.

K. If deep-basin gas reservoirs exist and are water-free,
they could possibly contain minimal amounts of authigenic
minerals. Thus, the low permeabilities typical of tight-gas sands
may not be present in these reservoirs.
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Appendix. Replication of HC Generation in
the Laboratory

Open versus Closed-System Methods

HC generation in Nature occurs over abbreviated or long
geologic time periods, in water-wet, pressurized, closed or
semi-closed fluid systems, where product escape is difficult, or
at least retarded, and oxygen fugacities are low. In the last 10
years, HC generation, and organic metamorphism in general,
have been primarily mathematically modeled from the results of
open-system pyrolysis, particularly ROCK-EVAL analyses.
This pyrolysis approach occurs instantly in open, dry, low-pres-
sure systems, where product escape is immediate, and oxygen
fugacities are moderate. Although ROCK-EVAL is a powerful
screening tool to determine source-rock organic richness and
maturity, a more inappropriate instrument with which to model
natural HC generation could hardly be designed (Price, 1994a).
Moreover, predictions concerning organic metamorphism, made
on the basis of ROCK-EVAL derived kinetics, contradict large
data bases from Nature (Price, 1993; 1997a). Lastly, as noted
by Price and McNeil (1997), dry open-system pyrolysis, includ-
ing ROCK-EVAL pyrolysis, yields generation products not
found in Nature. These observations demonstrate that dry,
open-system pyrolysis is not an acceptable replication of HC
generation in Nature.

In contrast, results from closed-system water-wet pyrolysis
experiments have been demonstrated to mimic aspects of natu-
ral HC generation. For example, Lewan and others (1979) and
Lewan (1997) have simulated natural source-rock expulsion in
their hydrous-pyrolysis experiments. Based on aqueous-pyroly-
sis experiments (Wenger and Price, 1991; and Price and
Wenger, 1992), Price (1989a) reported that small concentrations
of HC gas were generated before mainstage C;5+ HC genera-
tion commenced in their experiments. Moreover, large quanti-
ties of C;—C4 HC gases were cogenerated with C;5+ HCS
during mainstage C;s5+ HC generation in these same experi-
ments. Price (1989a) presented evidence that these same events
occurred in Nature, an observation since corroborated by
numerous other investigators, including Price and Schoell
(1995). Lastly, Price and Wenger (1992) demonstrated, again
from aqueous-pyrolysis experiments, that fluid pressure was an
unrecognized controlling parameter in organic metamorphism,
with increasing fluid pressure retarding all aspects of organic
metamorphism, including HC generation. Their results have
been replicated in the laboratory by other studies, including
Michels and others (1992), and have also been demonstrated to
occur in Nature (Hao Fang and others, 1995, 1996; McTavish,
1998).

Many variants of closed-system pyrolysis experimental
techniques are available with which to study HC generation.
Such experiments may be carried out on a micro-scale in sealed



glass tubes (Horsfield and others, 1989), or in sealed gold bags
(Monthioux and others, 1985) using only milligram amounts of
source rocks, or on a much larger scale by submerging several
hundred grams of rock under a water phase (“hydrous pyroly-
sis”’) to simulate natural source-rock expulsion (Lewan and oth-
ers, 1979; Lewan, 1997). In contrast, in aqueous-pyrolysis
experiments, 4 to 25 grams (g) of source rock are reacted with
added water, usually equivalent to 11 weight percent of the rock
(Price, 1989a; Wenger and Price, 1991). Proponents of each of
the different closed-system experimental approaches may claim
that theirs is superior to others, and each has certain advantages,
and deficiencies, with respect to the others. Be that as it may, all
share significant common strengths over dry, open-system
pyrolysis. Thus, compared to open-system pyrolysis, closed-
system experiments: (1) occur over much longer time periods,
tens of hours to months, (2) are all water-wet, with either added
water or water indigenous to the sample, (3) have much lower
oxygen fugacities (higher-hydrogen fugacities), and (4) retain
all their generation products.

However, none of these closed-system approaches replicate
natural HC generation exactly, one on one. For example, in all
water-wet, closed-system pyrolysis experiments, much higher
relative concentrations of resins and asphaltenes are generated
with respect to the saturated and aromatic HCS, as compared to
the case with natural HC generation. Thus, it is paramount in
assessing the possible validity of a newly recognized facet of
HC generation from such closed-system experiments that one
compare the experimental results to similar data from Nature. In
this manner, one may gauge if the experimental result in ques-
tion is actually replicating the natural system, or instead is
merely an experimental artifact. Aspects of HC generation, or
organic metamorphism in general, hypothesized on the basis of
experimental results but not corroborated by supporting data
from Nature, are simply unsubstantiated hypotheses.

Rock-Eval Pyrolysis

For those unfamiliar with the details of the ROCK-EVAL
analysis, the S, peak measures the milligrams (mg) of HCS,
from the HC gases to heavy HCS, which can be generated from
a gram (g) of shale (the analysis is normalized to mg/g values).
For example, the Phosphoria shale used in the figure 3A experi-
ments has an S, value of 96.6 mg/g rock for starting Soxhlet-
extracted rock. The ROCK-EVAL hydrogen index (HI) is equal
to the ROCK-EVAL S, peak divided by total organic carbon in
weight percent (S,/TOC). The starting Soxhlet-extracted Phos-
phoria shale of figure 3 has a hydrogen index of 451.

As stated, the ROCK-EVAL analysis is held by many
investigators, including Braun and Burnham (1991), as an
acceptable replication of HC generation and source rock expul-
sion in Nature, an unrealistic viewpoint in my opinion. Concur-
rently, ROCK-EVAL has come under significant criticism as not
even being able to fulfill the purpose for which it is best suited:
providing reasonable estimates of organic richnesses of source

rocks. As an aside, these two viewpoints could not be more dia-
metrically opposed to one another. Some investigators (Baskin,
1997) advise pronounced caution in using ROCK-EVAL hydro-
gen indices as a measure of kerogen HC-generation potential, or
at the very least a good correlation between ROCK-EVAL
hydrogen indices and kerogen hydrogen to carbon ratios should
be demonstrated, which is a point well taken. Because much of
the data from this study is derived from ROCK-EVAL analysis,
some discussion is warranted of its analytical strengths, weak-
nesses, and limitations.

Significant problems do exist with the ROCK-EVAL
instrument regarding accuracy and reproducibility of analyses.
Moreover, I have repeatedly voiced concerns on this subject
(Price and others, 1984, 1999), and still consider the variance in
the reproducibility of T,,,, unacceptable, except in the case of
coals where T, is more reproducible and has an excellent cor-
relation with R, (Tissot, 1984). Poor correlations of kerogen H/
C ratios with ROCK-EVAL hydrogen indices do exist, as
pointed out by Baskin (1997). The reasons for this lack of corre-
lation have been discussed by Horsfield and Douglas (1980),
Peters (1986), and Larter (1988), and largely are attributed to
erroneous ROCK-EVAL analyses. The lack of correlation
between kerogen H/C and hydrogen indices thus far is limited to
two cases. One of these involves very immature source rocks
with hydrogen-rich OM from the California petroleum basins,
where ROCK-EVAL hydrogen indices vary between 200 and
700, whereas kerogen H/C ratios for the same samples vary
between 1.00 and 1.40 in cross plots of these two parameters,
which thus are little more than scatter plots. This problem was
discussed by Price and others (1999), and was largely attributed
to the fact that these California immature mid-Miocene shales
can, but do not always, have very high bitumen coefficients
(200-400), most of this bitumen being composed of resins and
asphaltenes, entities which are lost during kerogen isolation pro-
cedures. However, this material is present during the ROCK-
EVAL analysis, which records this material as the S, peak—and
rightfully so, because it is HC-generation potential. Thus, the
lack of correlation in this instance is due to the fact in some
cases, kerogen maceration decreases the HC-generation capacity
of the rock, which is what the ROCK-EVAL instrument is mea-
suring. As such, Price and others (1999) made the point that the
lack of correlation between the two parameters in this instance is
actually more due to the kerogen maceration procedure than to
the ROCK-EVAL instrument. Price and others (1999) pre-
sented a cross plot of kerogen H/C ratios versus ROCK-EVAL
hydrogen indices for California source rocks, a plot which had
an excellent correlation between the two parameters.

The other case of a lack of correlation between kerogen H/
C ratios and the hydrogen index involves rich (TOC>7.0 per-
cent) source rocks, with hydrogen indices >450, where hydro-
gen-index values flatten out versus H/C ratios which thus
become almost invariant versus hydrogen-index values (Baskin,
1997, his figs. 1, 2, not shown here). The lack of correlation in
this case is due to faulty calibration of the ROCK-EVAL instru-
ment with inappropriate standards. Flame-ionization detectors,
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which are the HC detectors on the Rock-Eval instument, are
notoriously nonlinear for large sample sizes, which is demon-
strated in plots of response (millivolts) versus sample size.
ROCK-EVAL is typically calibrated using standards with S,
peak values of 5-10. However, in a large yet-unpublished
costudy with Dow Geochemical Services Inc. (DGSI), we found
with very rich source rocks, specifically the Upper Devonian—
Lower Mississippian Bakken Formation shales, which have S,
values of 100-200, that standards with such low S, values (5—
10) resulted in abnormally low TOC and S, values being
reported for the sample being analyzed. We obtained appropri-
ate values only after calibrating the instrument with a rock with
similar organic richness to that of the rock being analyzed. As
part of the study with DGSI, we also examined other variables
affecting the ROCK-EVAL analysis, including grain size of the
powdered rock and the sample size for analysis. We found that
the optimum sample size varied as a function of the rock’s
organic richness, and that rocks had to be ground and sieved to
100 mesh or less to optimize the analysis.

I present large ROCK-EVAL data bases in this report
from analyses of samples from both Nature and from labora-
tory experiments. The hydrogen indices from the ROCK-
EVAL data bases in this study all exhibited excellent correla-
tions in cross plots with kerogen H/C ratios. Moreover, all
samples were properly calibrated, ground and sieved, with
optimum sample sizes employed. Within all sample sets, the
operating parameters of the ROCK-EVAL instrument, includ-
ing heating rates, were held constant. Thus, the results reported
here are due entirely to variances within the samples them-
selves, and in no manner should be considered as analytical
artifacts. In my opinion, the argument that ROCK-EVAL
cannot adequately measure source-rock HC generation poten-
tial is as overstated as the argument that ROCK-EVAL closely
mimics HC generation in Nature.

Aqueous Pyrolysis

In aqueous-pyrolysis HC-generation experiments, between
4 and 25 g of finely powdered source rock are reacted with vari-
able amounts of added water. In most experiments, the added
water makes up 11 weight percent of the rock, which is esti-
mated to be the maximum amount of water available to a source
rock in Nature. The samples are reacted for variable times, 30
days for most experiments, in stainless-steel “pipe bombs,”
sealed by a high-pressure, high-temperature valve. With the
sealing valve inside the heating furnace, the experimental
vessels may be taken to maximum temperatures of 500°C.
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However, much higher temperatures are possible if the sealing
valve extends out of the furnace, and is thus not heated. Maxi-
mum pressures of 60,000 psi (4,136.8 bars) may be obtained
with these vessels; however, most experiments are carried out in
the range of 2,000-5,000 psi (137.8-344.7 bars). When the
desired reaction time has been reached, the vessels are cooled
and the sealing valve on the pressure vessel is opened allowing
the generated gases to be vented into a glass round-bottom flask,
of known volume. This flask is sealed by a compressed half-
hole septum (Alltech Assoc.) in a Swagelok fitting which is
attached to the metal tube of a glass-metal Kovar seal. Quantita-
tive and qualitative analyses, including carbon-isotopic analy-
ses, can be carried out on the trapped gases. The high-
temperature sealing valve is then removed and quickly replaced
by another high-pressure fitting terminating in another com-
pressed half-hole septum in a Swagelok fitting, which once
again seals the reaction vessel. The vessel is heated to 80°C in a
convection oven, and a head-space sample is removed from the
reaction vessel by a gas-tight syringe with a Minerett valve, via
the half-hole septum, for quantitative and qualitative C,—C; HC
analyses. After the reaction vessel is cooled from the 80°C heat-
ing, the vessel is opened, and its contents (reacted source rock
and generated products) are quantitatively transferred to a thim-
ble in a Soxhlet extractor for extraction using dichloromethane.

The resulting extracted bitumen is filtered and passively
evaporated (to preserve Cg+ HCS) to 1 milliliter (mL) and the
dichloromethane is replaced by hexane to precipitate asphalt-
enes, which are filtered from the sample. The remaining malt-
ene fraction of the bitumen is then separated into saturated and
aromatic HCS and resins by silica-gel/alumina column chroma-
tography. After passive evaporation of the saturated and aro-
matic HCS, they are transferred to 10 mL volumetric flasks, and
splits are taken of both fractions. One split is used for gravimet-
ric weight determination and C;3+ gas chromatography, and the
other split is used for Cg+ gas chromatography and isotopic
determinations. Electronic integration of the Cg+ and C;3+ sat-
urated- and aromatic-HC gas chromatograms allow quantitative
determination of Cg+ HCS for both fractions. Resin and
asphaltene weights are determined gravimetrically. ROCK-
EVAL analyses and kerogen maceration are carried out on the
reacted shales, with elemental analysis being carried out on the
recovered kerogen. In this manner, all products and reactants
from these experiments are qualitatively and quantitatively ana-
lyzed, and mass balance calculations between generated prod-
ucts and original and remaining source-rock generation
potential may be carried out. Experimental runs may be carried
out as a function of many different parameters, including reac-
tion temperature or pressure, water content, starting source rock,
reaction-headspace volumes, and so on.
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