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Abstract

The coalbed-methane (CBM) industry in Oklahoma has developed rapidly since
the first production of methane from the Hartshorne coal in 1988. The CBM play began
in the Hartshorne coal beds (Hartshorne, Lower Hartshorne, and Upper Hartshorne;
Middle Pennsylvanian) in the Arkoma basin. Completions in the Mulky and Rowe coal
beds (Middle Pennsylvanian) on the northeast Oklahoma shelf began in 1994. Through
1996, there were 312 CBM completions reported in Oklahoma, 203 in the basin and 109
on the shelf. The CBM completions, separated into the Arkoma basin and the
northeast Oklahoma shelf, are evaluated by coal bed, depth, initial potential gas rate,
and initial produced water rate.

introduction

Coalbed methane (CBM) was considered a hazard until the commercial
production of CBM began in the San Juan basin of Colorado and New Mexico in 1977
and the Black Warrior basin of Alabama in 1980. Gas explosions in underground coal
mines and underground-coal-mine safety studies by the U.S. Bureau of Mines have
demonstrated that Oklahoma coals contain large amounts of methane. Commercial
production of CBM in Oklahoma began in 1988 with methane production from the
Hartshorne coal (depth range of 611-716 ft; initial-potential gas rate of 41-45 thousand
cubic feet of gas per day, MCFGPD) from seven wells in the Kinta anticline (sec. 27,
T.8N., R.20E.) in Haskell County by Bear Production. Bear Production was the only
CBM operator in Oklahoma until 1991.

The following discussion of Oklahoma CBM completions from 1988 to 1996 is
based on information reported to the Oklahoma Corporation Commission. Since not all
of the wells are reported as CBM gas wells, some interpretation was necessary. Dual
completions, including coal beds, were perforated in some wells. Therefore, not all of
the wells are exclusively CBM completions. This summary is incomplete since some
wells may not have been known to be CBM wells or were not reported by the time of
this compilation. CBM completion data from Osage County was not available. The data
for this report were compiled in the coalbed-methane completions table of the
Oklahoma Coal Database and is available at the Oklahoma Geological Survey.

The coalfield in eastern Oklahoma is divided into the northeast Oklahoma shelf
(“shelf’) and the Arkoma basin (“basin”) (Fig. 1). The commercial coal belt contains coal
beds of minable thickness; coal beds in the noncommercial coal-bearing region are too
thin or too deep for mining. CBM exploration has occurred in both areas.

Through 1996, there were 312 CBM completions reported in Oklahoma, 203 in
the basin and 109 on the shelf. Figure 2 summarizes the history of CBM completions
by year and area. The CBM play began in the basin. There were 3 CBM completions
on the shelf in 1994. In 1996, there were 27 CBM completions in the basin and 70 CBM
completions on the shelf, signaling increased activity on the shelf. The peak years for
CBM completions in Oklahoma by area from 1988 to 1996 were 1992 in the basin (67
completions) and 1996 on the shelf (70 completions).

Figure 3 shows the main areas of CBM completions in 1988 to 1996. There are
several areas in the basin and one large area on the shelf.



Arkoma Basin

Figure 4 shows the locations of CBM completions in the basin to 1998. CBM
completions in the basin have been reported in Coal, Haskell, Latimer, Le Flore,
Mclintosh, and Pittsburg Counties. In ascending order, the coal beds producing
methane in the basin in 1988 to 1996 are the Lower Hartshorne (7 wells), Upper (and
Lower) Hartshorne (9 wells), Hartshorne (undivided; 181 wells), McAlester (a CBM
completion in Coal County reported to be in the “Lehigh” coal is equivalent to the
McAlester coal; 5 wells), and “Savanna” (Cavanal?; 1 well) of Desmoinesian (Middle
Pennsylvanian) age.

Figure 5 shows the depth range (in 200 ft increments) of CBM completions in the
basin. Coal was perforated at depths-to-top of coal of 598-3,026 ft (average of 1,270 ft
from 202 wells). Most of the wells produce methane from the Hartshorne coal beds at
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Initial-potential CBM rates range from 3-281 MCFGPD (average of 66 MCFGPD
from 164 wells). Most of the wells produce 10—120 MCFGPD, with the mode at 40-49
MCFGPD (Fig. 6). The highest initial-potential gas rates are from the Hartshorne coal.
Based on 164 completions with depth and initial potential pairs, Figure 7 shows that
there is no relationship between initial-potential gas rate and depth in the basin. Low
gas rates (< 50 MCFGPD) span the entire depth range. The highest gas rates (> 150
MCFGPD) are from depths of 1,000—-2,500 ft, not associated with the deepest
completions. Theoretically, gas content increases with increasing rank, depth, and
reservoir pressure (Kim, 1977; Scott and others, 1995; Rice, 1996). However, gas
production depends on many variables, including gas content, water volume, cleat
mineralogy, permeability, porosity, and stimulation method.

Initial produced water ranged from 0-90 barrels of water per day (BWPD;
average of 9 BWPD from 130 wells) in the basin. Most of the wells produced less than
20 BWPD (Fig. 8). Most Arkoma basin CBM completions are associated with anticlines
and have relatively little produced water. An undisclosed amount of initial water
production is frac water (introduced during fracture stimulation).

Northeast Oklahoma Shelf

Figure 9 shows the locations of CBM completions on the shelf to 1998. CBM
completions on the shelf have been reported in Craig, Nowata, Osage, Rogers, Tulsa,
and Washington Counties. In ascending order, the coal beds producing methane on the
shelf in 1988 to 1996 are the Riverton (2 wells), Rowe (35 wells), Bluejacket (1 well),
Croweburg (4 wells), and Mulky (67 wells) of Desmoinesian (Middle Pennsylvanian)
age.

Figure 10 shows the depth range (in 200 ft increments) of CBM completions on
the shelf. Coal was perforated at depths-to-top of coal of 346—1,388 ft (average of 829
ft from 109 wells). Most of the wells on the shelf are in the Mulky coal (mode at 600—
800 ft). The Mulky coal is the uppermost coal bed in the Senora Formation and occurs
at the base of the Excello Shale Member (Hemish, 1987). The Mulky coal is gradational
from coal to carbonaceous shale.



Initial-potential CBM rates range from 5—100 MCFGPD (average of 28 MCFGPD
from 107 wells; Figure 11). Figure 12 shows the relationship of depth and initial-
potential gas rate for the shelf; the Mulky coal occurs at depths of 346—924 ft (5—100
MCFGPD) and the Rowe coal occurs at depths of 916—1,388 ft (5-70 MCFGPD).

Initial produced water ranged from 0—200 BWPD (average of 75 BWPD from 102
wells). Produced water follows a Gaussian distribution, with a mode at 90-99 BWPD
(Figure 13). Most of the water is suspected to be formation water and not frac water.

Conclusions

The Oklahoma CBM industry began in the basin in 1988. The play spread to the
shelf in 1994. Through 1996, excluding Osage County, there were 312 CBM
completions reported in Oklahoma, 203 in the basin and 109 on the shelf. There were

nearly twice as many completions in the basin as on the shelf. The primary CBM
objectives were the Hartshorne coals (197 wells) in the basin and the Mulky (67 wells)
and Rowe (35 wells) coals on the shelf. There were nearly twice as many completions
in the Mulky coal as in the Rowe coal.

The range in depth of the CBM completions was 598-3,026 ft (average of 1,270
ft from 202 wells) in the basin, and 346—1,388 ft (average of 829 ft from 109 wells) on
the shelf. The maximum depth reported on the shelf is near the average for the basin.

Initial-potential gas rates range from 3-281 MCFGPD (average of 66 MCFGPD
from 164 wells) in the basin, and from 5—~100 MCFGPD (average of 28 MCFGPD from
107 wells) on the shelf. The average initial-potential gas rate in the basin is more than
twice the average on the shelf. .

Produced water ranged from 0-90 BWPD (average of 9 BWPD from 130 wells)
in the basin, and from 0—200 BWPD (average of 75 BWPD from 102 wells) on the shelf.
Clearly, produced water is a bigger problem on the shelf than in the basin.

References Cited

Hemish, L.A., 1987, Names of coal beds in the northeastern Oklahoma shelf area:
Oklahoma Geological Survey, Oklahoma Geology Notes, v. 47, p. 96-113.

Kim, A.G., 1977, Estimating methane content of bituminous coalbeds from adsorption
data: U.S. Bureau of Mines, Report of investigations 8245, 22 p.

Rice, D.D., 1996, Geologic framework and description of coalbed gas plays, in Gautier,
D.L.; and others (eds.), 1995 National assessment of United States oil and gas
resources — results, methodology, and supporting data: U.S. Geological Survey,
Digital Data Series DDS-30, release 2, CD-ROM.

Scott, A.R.; Zhou, N.: and Levine, J.R., 1995, A modified approach to estimating coal
and coal gas resources: example from the Sand Wash basin, Colorado:
American Association of Petroleum Geologists Bulletin, v. 79, p. 1320-1336.



E [2Northeast
Commercial coal belt E Olféaﬁlle?f'"a
Noncommercial coal-bearing region S

I H 4
A
\ P:‘Ko‘“a \Basin
0 50 Miles
Figure 1. Map of Oklahoma coalfield. 0 80 Kilometers

Number of Wells

120

: | Arkoma Basin
100 — Northeast Oklahoma Shelf
80 —

1988 198919901991 19921993 1994 19951996
Year
Figure 2. History of Oklahoma coalbed-methane completions, 1988 to 1996.



Number of Wells

60
- ‘:__\ _ OSAGE ! w B
Ez};msle o L 50 M “Savanna”
e N2 [] McAlester/Lehigh
1 pavE E - :TuLSA:I WA(;-ONIE_R_ i ’ ': Hartshorne
. i SRR & el 40— ULl Upper/Lower Hartshorne
_—'J: LINCOLN :1_ _____ oKMULGE‘E] MUSKOGEE ! - E .| Lower Harrtshorne
i _____ _I:OKFPSKEE 3T 30—
Sl B
y : E : § | nueHEs [ PITTSBURG 20
: :"ATIMER ll- LEFLORE 7
T o ' 10+
_:_-- :__-_I‘Tv : PUSHMATAHA 'I ]
___—“:‘I ' ATOKA | !
forg oyt 0- ,
"""" " o ' ! 0-200 800-1000 1600-1800 2400-2600
W 400-600  1200-1400 2000-2200 2800-3000
0 50 Miles Depth (feet)
_—
0 30 Kilometers Figure 5. Histogram of coalbed-methane
Figure 3. Map showing main areas of completions by depth and coal bed in the

coalbed-methane completions, 1988 to 1996. Arkoma basin

A T10N
O T9N
O

Q@ T8N
O
He 0 ©
= | ™

%O T6N

T5N

R1SE  R16E R17E R18E R19E R20E R21E R22E R23E R24E R25E R26E R27E

Coal-Bed Symbols

A Unnamed O Hartshorne
X "Savanna" B Upper/Lower Hartshorne
X McAlester ® Lower Hartshorne

Figure 4. Map showing coalbed-methane completions in the Arkoma basin by coal
bed (including completions from 1997-1998).



Number of Wells

40
1 . "Savanna"
[] McAlester/Lehigh
30
Hartshorne
- [0 Upper/Lower Hartshorne
".| Lower Hartshorne
20
10
0 _ 1= S

09 4049 80-89 120-129 160-169 200-209 240-249 280-289
Initial Gas Rate (MCFGPD)

Figure 6. Histogram of coalbed-methane
completions by initial potential gas rate and
coal bed in the Arkoma basin.

Number of Wells

80
Il 'savanna"
[C1 McAlester/LeHigh
60 7 Hartshorne
[ Upper/Lower Hartshorne
7] Lower Hartshorne
40

AR -

0-4 20-24  40-44  60-64 80-84

10-14 30-34 50-54  70-74 90-94
Produced Water (BWPD)

Figure 8. Histogram of coalbed-methane
completions by produced water and coal
bed in the Arkoma basin.

1000

Initial Potential MCFGPD)

l
EAN  ANNN 4E
1000 1500 2000 2500 3000 3500

:

Figure 7. Scatter plot of initial potential gas
rate and depth to top of coal in the Arkoma
basin.

O T28N
0O
s | ©
© T28N
5 T27N
T26N
<Y I T2EN
Od> OQO
© { g T24N
9o
T23N
Ql&
O—
8 ® e T22N
T21N

R11E R12E R13E R14E  R1BE R1SE R17E R18E

Coal-Bed Symbols

O Mulky @ Bluejacket
X Croweburg ® Rowe
A Weir Pittsburg ® Riverton

Figure 9. Map showing coalbed-methane
completions in the northeast Oklahoma
shelf by coal bed (including completions
from 1997-1998).



Number of Wells

70

60 7 Mulky

50 - [ croweburg
| Il Bluejacket

40 Rowe
l [ ] Riverton

30

20

10

0 - ' . —
0-200 800-1000 1600-1800
400-600 1200-1400

Depth (feet)

Figure 10. Histogram of coalbed-methane
completions by depth and coal bed in the
northeast Oklahoma shelf.

100 L
—»— * ®

———0———00’———0—!0—0———
(=] o0
o OE [
8 ] i' ) (1
Q °
= ome® (X .
g 10 —- 20—
c
2
o *——+ e ® L
a
S
5

1 f f f ; t ; 1

0 200 400 600 800 1000 1200 1400 1600

Depth (feet)

Figure 12. Scatter plot of initial potential gas
rate and depth to top of coal in the northeast
Oklahoma shelf.

Number of Wells
30

Mulky

[ Croweburg

[l Bluejacket
Rowe

] Riverton

25

I

20

15

10

0 - - | ! |
2020 40-49 60-69 80-89 100-109

10-19 30-39 50-59 70-79 90-99
Initial Gas Rate (MCFGPD)

Figure 11. Histogram of coalbed-methane
completions by initial potential gas rate and
coal bed in the northeast Oklahoma shelf.

Number of Wells

20
Mulky
15 7 [ Croweburg

B Bluejacket

Rowe
D Riverton

80-89 120-129 160-169 200-209

0-9 40-49
20-29 60-69 100-109 140-149 180-189
Produced Water (BWPD)

Figure 13. Histogram of CBM completions by
produced water and coal bed in the northeast
Oklahoma shelf.



revised October 1998
Coalbed Methane
(Selected References for Oklahoma)
by Brian J. Cardott

Ammosov, I.I., and I.V. Eremin, 1963, Fracturing in coal (translated from Russian):
IZDATlSuinshers, Office of Technical Services, Washington, D.C., 112 p. (cleat
vs. ran

Andrews, R.D., B.J. Cardott, and T. Storm, 1998, The Hartshorne play in southeastern
Oklahoma: regional and detailed sandstone reservoir analysis and coalbed-
methane resources: OGS Special Publication 98-7, 90 p.

Arri, L.E., D. Yee, W.D. Morgan, and M.W. Jeansonne, 1992, Modeling coalbed
methane production with binary gas sorption: Society of Petroleum Engineers,
Rocky Mountain Regional Meeting, SPE Paper 24363, p. 459-472. (use of
Nitrogen or CO; injection to desorb methane)

Avers, W.B_, Jr., W.R. Kaiser, and J.R. Levine, 1993, Coal as source rock and gas
reservoir: Birmingham, Alabama, 1993 Coalbed Methane Symposium, Short
Course 1, 257 p.

Ayers, W.B., Jr., 1993, Geologic characterization of coalbed methane occurrence and
producibility, in W.B. Ayers, Jr., W.R. Kaiser, and J.R. Levine, Coal as source
rock and gas reservoir: Birmingham, Alabama, 1993 Coalbed Methane
Symposium, Short Course 1, p. 121-187.

Barker, C.E., R.C. Johnson, B.L. Crysdale, and A.C. Clark, 1991, A field and laboratory
procedure for desorbing coal gases: USGS Open-File Report OF 91-0563, 14 p.

Boardman, E.L., and J.H. Rippon, 1997, Coalbed methane migration in and around
fault zones, in R. Gayer and J. Pesek, eds., European coal geology and
technology: London, Geological Society Special Publication 125, p. 391-408.

Bodden, W.R., 1ll, and R. Ehrlich, 1998, Permeability of coals and characteristics of
desorption tests: implications for coalbed methane production, in R.M. Flores,
ed., Coalbed methane: from coal-mine outbursts to a gas resource: International
Journal of Coal Geology, v. 35, p. 333-347.

Bostic, J., L. Brady, M. Howes, R.R. Burchett, and B.S. Pierce, 1993, Investigation of
the coal properties and the potential for coal-bed methane in the Forest City
basin: USGS Open-File Report OF 93-0576, 44 p.

Boyer, C.M., II, 1989, The coalbed methane resource and the mechanisms of gas
production: GRI Topical Report, GRI-89/0266, 115 p.

Brady, L.L., 1997, Kansas coal resources and their potential for coalbed methane, in G.
McMahan, ed., Transactions of the 1997 AAPG Mid-Continent Section Meeting:
Oklahoma City Geological Society, p. 150-163.

Bustin, R.M., 1997, Importance of fabric and composition on the stress sensitivity of
permeability in some coals, northern Sydney basin, Australia: relevance to
coalbed methane exploitation: AAPG Bulletin, v. 81, p. 1894-1908.

Byrer, C.W., T.H. Mroz, and G.L. Covatch, 1987, Coalbed methane production potential
in U.S. basins: Journal of Petroleum Technology, v. 39, no. 7, p. 821-834.
Cardott, ISJ ; 997, Oklahoma coalbed-methane completions: OGS Open-File Report

7-97, 12 p.

Clark, W.F., and T. Hemler, 1988, Completing, equipping, and operating Fruitland
Formation coal-bed methane wells in the San Juan basin, New Mexico and
Colorado, in J.E. Fassett, ed., Geology and coal-bed methane resources of the
northern San Juan basin, Colorado and New Mexico: Denver, Rocky Mountain
Association of Geologists Guidebook, p. 125-132.

Clayton, J.L., 1998, Geochemistry of coalbed gas — a review, in R.M. Flores, ed.,
Coalbed methane: from coal-mine outbursts to a gas resource: International
Journal of Coal Geology, v. 35, p. 169-173.



Close, J.C., 1993, Natural fractures in coal, in B.E. Law and D.D. Rice, eds.,
Hydrocarbons from coal: AAPG Studies in Geology 38, p. 119-132.

Crosdale, P.J., B.B. Beamish, and M. Valix, 1998, Coalbed methane sorption related to
coal composition, in R.M. Flores, ed., Coalbed methane: from coal-mine
?g%bursts to a gas resource: International Journal of Coal Geology, v. 35, p. 147-

Das, B.M., D.J. Nikols, Z.U. Das, and V.J. Hucka, 1991, Factors affecting rate and total
volume of methane desorption from coalbeds, in S.D. Schwochow, D.K. Murray,
and M.F. Fahy, eds., Coalbed methane of western North America: Denver,
Rocky Mountain Association of Geologists Guidebook, p. 69-76.

Davidson, R.M., L.L. Sloss, and L.B. Clarke, 1995, Coalbed methane extraction:
London, IEA Coal Research, IEACR/76, 67 p.

Deul, M., and A.G. Kim, 1988, Methane control research: summary of results, 1964-
1980: U.S. Bureau of Mines Bulletin 687, 174 p.

Diamond, W.P., 1979, Evaluation of the methane gas content of coalbeds: part of a

complete coal exploration program for health and safety and resource
evaluation, in G.O. Argall, Jr., ed., Coal exploration, v. 2: Denver, Proceedings of
the second International Coal Exploration Symposium, p. 211-227. (Hartshorne
coal, Howe mine)

Diamond, W.P., and J.R. Levine, 1981, Direct method determination of the gas content
of EI:oaI: procedures and results: U.S. Bureau of Mines Report of Investigations
8515, 36 p.

Diamond, W.P., 1982, Site-specific and regional geologic considerations for coalbed
gasldrainage: U.S. Bureau of Mines Information Circular 8898, 24 p. (Hartshorne
coal)

Diamond, W.P., J.C. LaScola, and D.M. Hyman, 1986, Resulits of direct-method
determination of the gas content of U.S. coalbeds: U.S. Bureau of Mines
Information Circular 9067, 95 p. (Lower Hartshorne coal)

Diamond, W.P., C.H. Elder, and P.W. Jeran, 1988, Influence of geology on methane
emission from coal, in M. Deul and A.G. Kim, Methane control research:
summary of results, 1964-80: U.S. Bureau of Mines Bulletin 687, p. 26-40.

Diamond, W.P_, A.T. lannacchione, D.G. Puglio, and P.F. Steidl, 1988, Geologic
studies of gassy coalbeds, in M. Deul and A.G. Kim, Methane control research:
summary of results, 1964-80: U.S. Bureau of Mines Bulletin 687, p. 41-78.
(Hartshorne coal, p. 65-72)

Diamond, W.P., and S.J. Schatzel, 1998, Measuring the gas content of coal: a review,
in R.M. Flores, ed., Coalbed methane: from coal-mine outbursts to a gas
resource; International Journal of Coal Geology, v. 35, p. 311-331.

Flores, R.M., 1998, Coalbed methane: from hazard to resource, in R.M. Flores, ed.,
Coalbed methane: from coal-mine outbursts to a gas resource: International
Journal of Coal Geology, v. 35, p. 3-26.

Forgotson, J.M., and S.A. Friedman, 1993, Arkoma basin (Oklahoma) coal-bed
methane resource base and development (abstract): AAPG Annual Convention
Official Program, p. 103.

Friedman, S.A., 1982, Determination of reserves of methane from coal beds for use in
rural communities in eastern Oklahoma: OGS Special Publication 82-3, 32 p.

Friedman, S.A., 1989, Coal-bed methane resources in Arkoma basin, southeastern
Oklahoma (abstract): AAPG Bulletin, v. 73, p. 1046.

Friedman, S.A., 1991, Fracture and structure of principal coal beds related to coal
mining and coalbed methane, Arkoma basin, eastern Oklahoma: AAPG EMD trip
2, AAPG Annual Convention, Dallas, Texas.

Friedman, S.A., 1997, Coal-bed methane resources and reserves of Osage County,
Oklahoma (abstract): AAPG Bulletin, v. 81, p. 1350.

Gamson, P., B. Beamish, and D. Johnson, 1996, Coal microstructure and secondary
mineralization: their effect on methane recovery, in R. Gayer and |. Harris, eds.,

10



Coalbed methane and coal geology: London, Geological Society Special
Publication 109, p. 165-179.

Gaschnitz, R., B.M. Krooss, and R. Littke, 1997, Coalbed methane: adsorptive gas
storage capacity of coal seams in the Upper Carboniferous of the Ruhr basin,
Germany (extended abstract): TSOP, Abstracts and Program, v. 14, p. 42-44.
(adsorption capacity dependence on pressure and temperature)

Gayer, R., and |. Harris, eds., 1996, Coalbed methane and coal geology: London,
Geological Society Special Publication 109, 344 p.

Gossling, J.M., 1994, Coalbed methane potential of the Hartshorne coals in parts of
Haskell, Latimer, LeFlore, Mclntosh, and Pittsburg Counties,Oklahoma: Norman,
University of Oklahoma, unpublished M.S. thesis, 155 p.

GRI, 1989, GRI publications on coalbed methane: GRI Quarterly Review of Methane
from Coal Seams Technology, v. 7, nos. 1-2, p. 13-19.

GRI, 1989, Coalbed methane information sources: GRI Quarterly Review of Methane
from Coal Seams Technology, v. 7, nos. 1-2, p. 20-26.

GRI, 1991, Cherokee basin, Kansas and Oklahoma: Quarterly Review of Methane from

Coal Seams echnnoiogy, V. 8, Nno. 2, p. 4.

GRI, 1992, Arkoma basin, Oklahoma and Arkansas: Quarterly Review of Methane from
Coal Seams Technology, v. 9, nos. 3-4, p. 2.

GRI, 1992, Cherokee basin, Kansas and Oklahoma: Quarterly Review of Methane from
Coal Seams Technology, v. 9, nos. 3-4, p. 5.

GRI, 1994, Open-hole cavity completions, fracturing, and restimulation: Quarterly
Review of Methane from Coal Seams Technology, v. 11, nos. 3-4, 55 p.

Hatch, J.R., 1992, Hydrocarbon source-rock evaluation of Desmoinesian (Middle
Pennsylvanian) coals from part of the Western Region of the Interior Coal
grovince, U.S.A. (abstract): AAPG 1992 Annual Convention Official Program, p.

3.

Hollub, V.A., and P.S. Schafer, 1992, A guide to coalbed methane operations: Gas
Research Institute, 366 p.

lannacchione, A.T., and D.G. Puglio, 1979, Methane content and geology of the
Hartshorne coalbed in Haskell and Le Flore Counties, Oklahoma: U.S. Bureau of
Mines Report of Investigations 8407, 14 p.

lannacchione, A.T., and D.G. Puglio, 1979, Geological association of coalbed gas and
natural gas from the Hartshorne Formation in Haskell and Le Flore Counties,
Oklahoma, in A.T. Cross, ed., Compte Rendu, v. 4, Economic geology: coal, oil,
and gas: IXICC, Carbondale, Southern lliinois University Press, p. 739-752.

lannacchione, A.T., C.A. Kertis, D.W. Houseknecht, and J.H. Perry, 1983, Problems
facing coal mining and gas production in the Hartshorne coalbeds of the western
égkoma basin, Oklahoma: U.S. Bureau of Mines Report of Investigations 8795,

p.

lannacchione, A.T., and D.W. Houseknecht, 1984, Methane production potential from
the Hartshorne coalbeds in the deep portions of Pittsburg, Coal, and Hughes
Counties, Oklahoma (abstract), in J.G. Borger, li, ed., Technical Proceedings of
the 1981 AAPG Mid-Continent Regional Meeting: Oklahoma City Geological
Society, p. 172.

ICF Resources, Inc., 1990, The United States coalbed methane resource: Quarterly
Review of Methane from Coal Seams Technology, v. 7, no. 3, p. 10-28. (Arkoma
basin, 4 tcf, p. 12)

Irani, M.C., E.D. Thimons, T.G. Bobick, M. Deul, and M.G. Zabetakis, 1972, Methane
emission from U.S. coal mines, a survey: U.S. Bureau of Mines Information
Circular 8558, 58 p. (Howe mine emissions)

Irani, M.C., P.W. Jeran, and M. Deul, 1974, Methane emission from U.S. coal mines in
1973, a survey. A supplement to IC 8558: U.S. Bureau of Mines Information
Circular 8659, 47 p. (Choctaw mine emissions)

Jones, A.H., G.J. Bell, and R.A. Schraufnagel, 1988, A review of the physical and
mechanical properties of coal with implications for coal-bed methane well

11



completion and production, in J.E. Fassett, ed., Geology and coal-bed methane
resources of the northern San Juan basin, Colorado and New Mexico: Denver,
Rocky Mountain Association of Geologists Guidebook, p. 169-181.

Jordan, G., 1990, Desorption, diffusion and coal testing for coalbed methane, in S.
Stuhec, compiler, Introduction to coal sampling techniques for the petroleum
ind?t’Js1try: Alberta Research Council, Coal-bed Methane Information Series 111,
p. 3-15.

Kaiser, W.R., 1993, Hydrogeology of coalbed reservoirs, in W.B. Ayers, Jr., W.R.
Kaiser, and J.R. Levine, Coal as source rock and gas reservoir: Birmingham,
Alabama, 1993 Coalbed Methane Symposium, Short Course 1, p. 188-257.

Kaiser, W.R., A.R. Scott, D.S. Hamilton, R. Tyler, R.G. McMurry, N. Zhou, and C.M.
Tremain, 1994, Geologic and hydrologic controls on coalbed methane: Sand
Wash basin, Colorado and Wyoming: Colorado Geological Survey Resource
Series 30, 151 p. (Bureau of Economic Geology, Report of Investigations 220)

Kaiser, W.R., A.R. Scott, and R. Tyler, 1995, Geology and hydrology of coalbed

methane producibility in the United States: analogs for the world: Tuscaloosa,

&
Alabama, Intergas ‘95 Short Course, 516 p.

p

Kemp, R.G., D.B. Nixon, N.A. Newman, and J.P. Seidle, 1993, Geologic controls on the
occurrence of methane in coal beds of the Pennsylvanian Hartshorne Formation,
Arkoma basin, Oklahoma (abstract): AAPG Mid-Continent Section meeting,
AAPG Bulletin, v. 77, p. 1574.

Kim, A.G., 1973, The composition of coalbed gas: U.S. Bureau of Mines Report of
Investigations 7762, 9 p. (Lower Hartshorne coal, Heavener)

Kim, A.G., 1977, Estimating methane content of bituminous coalbeds from adsorption
data: U.S. Bureau of Mines Report of Investigations 8245, 22 p.

Kim, A.G., 1978, Experimental studies on the origin and accumulation of coalbed gas:
U.S. Bureau of Mines Report of Investigations 8317, 18 p.

Kim, A.G., and F.N. Kissell, 1988, Methane formation and migration in coalbeds, in M.
Deul and A.G. Kim, Methane control research: summary of results, 1964-80:
U.S. Bureau of Mines Bulletin 687, p. 18-25.

Kissell, F.N., 1972, The methane migration and storage characteristics of the
Pittsburgh, Pocahontas no. 3, and Oklahoma Hartshorne coalbeds: U.S. Bureau
of Mines Report of Investigations 7667, 22 p.

Kissell, F.N., C.M. McCulloch, and C.H. Elder, 1973, The direct method of determining
methane content of coalbeds for ventilation design: U.S. Bureau of Mines Report
of Investigations 7767, 17p. (Hartshorne coal, p. 7-9, 12, 15)

Knechtel, M.M., 1949, Geology and coal and natural gas resources of northern Le Flore
County, Oklahoma: Oklahoma Geological Survey Bulletin 68, 76 p. (structure
map on Hartshorne sandstone).

Kuuskraa, V.A., and C.M. Boyer, Il, 1993, Economic and parametric analysis of coalbed
methane, in B.E. Law and D.D. Rice, eds., Hydrocarbons from coal: AAPG
Studies in Geology 38, p. 373-394.

Langenberg, W., W. Kalkreuth, J. Levine, R. Strobl, T. Demchuk, G. Hoffman, and T.
Jerzykiewicz, 1990, Coal geology and its application to coal-bed methane
reservoirs, lecture notes for short course: Alberta Research Council Information

Series 109, 159 p.

Laubach, S.E., C.M. Tremain, and W.B. Ayers, Jr., 1991, Coal fracture studies: guides
for coalbed methane exploration and development, in R.B. Finkelman and D.C.
I:gters, 1edss., Practical applications of coal geology: Journal of Coal Quality, v.

, p. 81-88.

Laubach, S.E., R.A. Marrett, J.E. Olson, and A.R. Scott, 1998, Characteristics and
origins of coal cleat: a review, in R.M. Flores, ed., Coalbed methane: from coal-
mine outbursts to a gas resource: International Journal of Coal Geology, v. 35, p.
175-207.

12



Law, B.E., 1988, Coal-bed methane, in L.B. Magoon, ed., Petroleum systems of the
United States: USGS Bulletin 1870, p. 52-53.

Law, B.E., 1993, The relationship between coal rank and cleat spacing: implications for
the prediction of permeability in coal: Proceedings of the 1993 International CBM
Symposium, paper 9341, p. 435-442.

Law, B.E., and D.D. Rice, 1993, Coalbed methane - new perspectives on an old source
of energy, in S.-H. Chiang, ed., Coal - energy and the environment: Tenth
Annual International Pittsburgh Coal Conference, Proceedings, p. 316-319.

Law, B.E., and D.D. Rice, eds., 1993, Hydrocarbons from coal: AAPG Studies in
Geology 38, 400 p.

Levine, J.R., 1987, Influence of coal composition on the generation and retention of
coalbed natural gas: Tuscaloosa, Alabama, Proceedings of the 1987 Coalbed
Methane Symposium, paper 8711, p. 15-18.

Levine, J.R., 1990, Generation, storage and migration of natural gas in coal bed
reservoirs, in W. Langenberg, W. Kalkreuth, J. Levine, R. Strobl, T. Demchuk, G.
Hoffman, and T. Jerzykiewicz, Coal geology and its application to coal-bed
methane reservoirs: Alberta Research Council, Information Series 109, p. 84-
130.

Levine, J.R., 1991, New methods for assessing gas resources in thin-bedded, high-ash
coals: Tuscaloosa, Alabama, Proceedings of the 1991 Coalbed Methane
Symposium, paper 9125, p. 115-125.

Levine, J.R., 1991, The impact of oil formed during coalification on generation and
storage of natural gas in coalbed reservoir systems: Tuscaloosa, Alabama,
Proceedings of the 1991 Coalbed Methane Symposium, paper 9126, p. 307-315.

Levine, J.R., 1992, Five common misconceptions regarding coalbed gas reservoir
:s‘}ydsftem:s,’é Quarterly Review of Methane from Coal Seams Technology, v. 9, nos.

-4, p. 36. :

Levine, J.R., 1992, Oversimplifications can lead to faulty coalbed gas reservoir analysis:
Oil & Gas Journal, v. 90, no. 47, p. 63-69.

Levine, J.R., 1993, Coalification: the evolution of coal as source rock and reservoir rock
for oil and gas, in B.E. Law and D.D. Rice, eds., Hydrocarbons from coal: AAPG
Studies in Geology 38, p. 39-77.

Levine, J.R., 1996, Model study of the influence of matrix shrinkage on absolute
permeability of coal bed reservoirs, in R. Gayer and |. Harris, eds., Coalbed
me1tgane and coal geology: London, Geological Society Special Publication 109,
p. 197-212.

Littke, R., and D. Leythaeuser, 1993, Migration of oil and gas in coals, in B.E. Law and
Dé[6). Rice, eds., Hydrocarbons from coal: AAPG Studies in Geology 38, p. 219-
236.

Logan, T.L., 1988, Horizontal drainhole drilling techniques used in Rocky Mountain coal
seams, in J.E. Fassett, ed., Geology and coal-bed methane resources of the
northern San Juan basin, Colorado and New Mexico: Denver, Rocky Mountain
Association of Geologists Guidebook, p. 133-141.

Logan, T.L., 1993, Drilling techniques for coalbed methane, in B.E. Law and D.D. Rice,
eds., Hydrocarbons from coal: AAPG Studies in Geology 38, p. 269-285.

Lyons, P.C., 1996, Coalbed methane potential in the Appalachian states of
Pennsylvania, West Virginia, Maryland, Ohio, Virginia, Kentucky, and Tennessee
— an overview: U.S. Geological Survey Open-File Report 96-735 (available on
the internet; discusses ownership of coalbed methane)

Mavor, M.J., and T.L. Logan, 1994, Recent advances in coal gas-well openhole well
completion technology: Journal of Petroleum Technology, v. 46, p. 587-593.

Mavor, M., and C.R. Nelson, 1997, Coalbed reservoir gas-in-place analysis: Gas
Research Institute, 148 p.

McCulloch, C.M., M. Deul, and P.W. Jeran, 1974, Cleat in bituminous coalbeds: U.S.
Bureau of Mines Report of Investigations 7910, 25 p.

13



McCulloch, C.M., J.R. Levine, F.N. Kissell, and M. Deul, 1975, Measuring the methane
content of bituminous coalbeds: U.S. Bureau of Mines Report of Investigations
8043, 22 p. (Hartshorne coal lost gas curve p. 19)

McCulloch, C.M., S.W. Lambert, and J.R. White, 1976, Determining cleat orientation of
deeper coalbeds from overlying coals: U.S. Bureau of Mines Report of
Investigations 8116, 19 p.

McCulloch, C.M., and M. Deul, 1977, Methane from coal, in D.K. Murray, ed., Geology
of Rocky Mountain coal, 1976 symposium: Colorado Geological Survey
Resources Series 1, p. 121-136.

McCulloch, C.M., and W.P. Diamond, 1979, Inexpensive method helps predict methane
content of coal beds, in Planbook of coal mining: New York, McGraw-Hill, Inc.,
Coal Age, p. 76-80.

McElhiney, J.E., G.W. Paul, G.B.C. Young, and J.A. McCartney, 1993, Reservoir
engineering aspects of coalbed methane, in B.E. Law and D.D. Rice, eds.,
Hydrocarbons from coal: AAPG Studies in Geology 38, p. 361-372.

McLennan, J.D., P.S. Schafer, and T.J. Pratt, 1994, A guide to determining coalbed gas

content: Gas Research Institute, variously pagenated.

Moffat, D.H., and K.E. Weale, 1955, Sorption by coal of methane at high pressure:
Fuel, v. 34, p. 449-462.

Mroz, T.H., J.G. Ryan, and C.W. Byrer, eds., 1983, Methane recovery from coalbeds -
a potential energy source: USDOE Morgantown Energy Technology Center
Report DOE/METC/83-76, 458 p. (Arkoma basin, p. 121-153).

Mullen, M.J., 1988, Log evaluation in wells drilled for coal-bed methane, in J.E. Fassett,
ed., Geology and coal-bed methane resources of the northern San Juan basin,
Colorado and New Mexico: Denver, Rocky Mountain Association of Geologists
Guidebook, p. 113-124.

Mullen, M.J., 1991, Cleat detection in coalbeds using the microlog, in S.D. Schwochow,
D.K. Murray, and M.F. Fahy, eds., Coalbed methane of western North America:
Denver, Rocky Mountain Association of Geologists, p. 137-147.

Murray, D.K., 1991, Coalbed methane: natural gas resources from coal seams, in D.C.
Pe:t)’ers, ed., Geology in coal resource utilization: Fairfax, VA, Techbooks, p. 97-
103.

Murrie, G.W., 1977, Coal and gas resources of the Lower Hartshorne coalbed in Le
Flore and Haskell Counties, Oklahoma (abstract): GSA Abstracts with Programs,
v. 9, no. 1, p. 65-66.

Nelson, C.R., 1997, Advances in coalbed reservoir gas-in-place analysis: GRI Gas Tips,
v.4,no. 1, p. 14-19.

Oakes, M.C., and M.M. Knechtel, 1948, Geology and mineral resources of Haskell
County, Oklahoma: Oklahoma Geological Survey Bulletin 67, 136 p. (structure
map on Hartshorne sandstone).

Palmer, |.D., S.W. Lambert, and J.L. Spitler, 1993, Coalbed methane well completions
and stimulations, in B.E. Law and D.D. Rice, eds., Hydrocarbons from coal:
AAPG Studies in Geology 38, p. 303-339.

Peterson, K., and L.M. Jacobs, 1997, Coalbed methane, a viable resource — Osage
Mineral Estate: OCGS Shale Shaker, v. 48, p. 67-78.

Petroleum Frontiers, 1986, Coalbed methane - an old hazard becomes a new resource:
Petroleum Frontiers, v. 3, no. 4, 65 p.

Picciano, L., 1994, Coalbed methane research: selected bibliography: Gas Research
Institute, Topical Report, GRI-94/0473, 49 p.

Rice, D.D., 1993, Composition and origins of coalbed gas, in B.E. Law and D.D. Rice,
eds., Hydrocarbons from coal: AAPG Studies in Geology 38, p. 159-184.

Rice, D.D., B.E. Law, and J.L. Clayton, 1993, Coalbed gas - an undeveloped resource,
in D.G. Howell, ed., The future of energy gases: USGS Professional Paper 1570,
p. 389-404.

Rice, D.D., 1996, Geologic framework and description of coalbed gas plays, in D.L.
Gautier and others, eds., 1995 National assessment of United States oil and gas

14



resources -- results, methodology, and supporting data: U.S. Geological Survey
Digital Data Series DDS-30, release 2, CD-ROM.

Rice, D.D., G.B.C. Young, and G.W. Paul, 1996, Methodology for assessment of
technically recoverable resources of coalbed gas, in D.L. Gautier and others,
eds., 1995 National assessment of United States oil and gas resources -- results,
methodology, and supporting data: U.S. Geological Survey Digital Data Series
DDS-30, release 2, CD-ROM.

Rieke, H.H., and J.N. Kirr, 1984, Geologic overview, coal, and coalbed methane
resources of the Arkoma basin - Arkansas and Oklahoma, in C.T. Rightmire,
G.E. Eddy, and J.N. Kirr, eds., Coalbed methane resources of the United States:
AAPG Studies in Geology 17, p. 135-161.

Rightmire, C.T., G.E. Eddy, and J.N. Kirr, eds., 1984, Coalbed methane resources of
the United States: AAPG Studies in Geology 17, 378 p.

Rogers, R.E., 1994, Coalbed methane: principles and practice: Englewood Cliffs, NJ,
Prentice Hall, 345 p.

Saulsberry, J.L., P.S. Schafer, and R.A. Schraufnagel, eds., 1996, A guide to coalbed

methane reservoir engineering: Chicago, Gas Research Institute, variously
pagenated. :

Scholes, P.L., and D. Johnston, 1993, Coalbed methane applications of wireline logs, in
B.E. Law and D.D. Rice, eds., Hydrocarbons from coal: AAPG Studies in
Geology 38, p. 287-302.

Schraufnagel, R.A., 1993, Coalbed methane production, in B.E. Law and D.D. Rice,
eds., Hydrocarbons from coal: AAPG Studies in Geology 38, p. 341-359.

Schwochow, S.D., and S.H. Stevens, eds., 1993, Coalbed methane -- state of the
industry: Quarterly Review of Methane from Coal Seams Technology, v. 11, no.
1, 52 p. (Western Interior coal region (Arkoma, Cherokee, and Forest City
basins, p. 43-48).

Schwochow, S.D., and S.H. Stevens, eds., 1993, Coal-seam water: production,
treatment, and disposal: Quarterly Review of Methane from Coal Seams
Technology, v. 11, no. 2, p. 1-31.

Scott, A.R., 1994, Composition of coalbed gases: In Situ, v. 18, p. 185-208.

Scott, A.R., N. Zhou, and J.R. Levine, 1995, A modified approach to estimating coal
and coal gas resources: example from the Sand Wash basin, Colorado: AAPG
Bulletin, v. 79, p. 1320-1336.

Scott, A.R., 1997, Timing of cleat development in coal beds (abstract): AAPG Annual
Convention Official Program, v. 6, p. A104.

Selden, R.F., 1934, The occurrence of gases in coals: U.S. Bureau of Mines Report of
Investigations 3233, 64 p.

Soeder, D.J., 1991, The effects of overburden stress on coalbed methane production,
in I13.20. 1aneters, ed., Geology in coal resource utilization: Fairfax, VA, Techbooks,
p. 125-135.

Soot, P.M., 1988, Non-conventional fuel tax credit, in J.E. Fassett, ed., Geology and
coal-bed methane resources of the northern San Juan basin, Colorado and New
g/lexico: Denver, Rocky Mountain Association of Geologists Guidebook, p. 253-

55.

Stoeckinger, B.T., 1989, Coal-bed methane production in eastern Kansas: its potential
and restraints (abstract): AAPG Bulletin, v. 73, p. 1051.

Stoeckinger, W.T., 1989, Methane from coal in southeast Kansas: the rebirth of an old
indusztry: Proceedings of the 1989 Coalbed Methane Symposium, paper 8964, p.
211-224.

Stoeckinger, B.T., 1990, Coalbed methane production in eastern Kansas, its potential
and restraints, in Transaction volume of the 1989 AAPG Mid-Continent Section
Meeting: Oklahoma City Geological Society, 13 p.

Stoeckinger, W.T., 1990, Kansas coalbed methane comes on stream: Oil & Gas
Journal, v. 88, no. 23, p. 88-90.

15



Stoeckinger, W.T., 1991, Methods to measure directly the gas content of coals, in
Midcontinent core workshop, integrated studies of petroleum reservoirs in the
Midcontinent: Kansas Geological Survey Open-File Report 91-52, p. 111-124.

Stoeckinger, W.T., 1992, Coalbed methane production base established in southeast
Kansas: Oil & Gas Journal, v. 90, no. 15, p. 90-91.

Stuhec, S., compiler, 1990, Introduction to coal sampling techniques for the petroleum
industry: Alberta Research Council, Coal Bed Methane Seminar Series,
information Series 111, 223 p.

Thimonzs, B.2,8and F.N. Kissell, 1973, Diffusion of methane through coal: Fuel, v. 52, p.

74-280.

Ting, F.T.C., 1977, Origin and spacing of cleats in coal beds: Journal of Pressure
Vessel Technology, v. 99, p. 624-626.

Ting, F.T.C., 1987, Optical anisotropism and its relationship with some physical and
chemical properties of coal: Organic Geochemistry, v. 11, p. 403-405.

Tremain, C.M., S.E. Laubach, and N.H. Whitehead, lIl, 1991, Coal fracture (cleat)
patterns in Upper Cretaceous Fruitiand Formation, San Juan basin, Colorado

ot HPURY LRy g f—\— PRy | AR | tharma avnlAaratinn and

and New Mexico - implications for coalbed methane exploration ana
development, in S.D. Schwochow, D.K. Murray, and M.F. Fahy, eds., Coalbed
methane of western North America: Denver, Rocky Mountain Association of
Geologists, p. 49-59.

Tremain, C.M., S.E. Laubach, and N.H. Whitehead, lll, 1994, Fracture (cleat) patterns
in Upper Cretaceous Fruitland Formation coal seams, San Juan basin, in W.B.
Ayers, Jr. and W.R. Kaiser, eds., Coalbed methane in the Upper Cretaceous
Fruitiand Formation, San Juan basin, New Mexico and Colorado: New Mexico
Bureau of Mines and Mineral Resources, Bulletin 146, p. 87-102.

Tyler, R., W.R. Kaiser, A.R. Scott, D.S. Hamilton, and W.A. Ambrose, 1995, Geologic
and hydrologic assessment of natural gas from coal: Greater Green River,
Piceance, Powder Rider, and Raton basins, western United States: Bureau of
Economic Geology, Report of Investigations 228, 219 p.

Tyler, R., A.R. Scott, W.R. Kaiser, and R.G. McMurry, 1997, The application of a
coalbed methane producibility model in defining coalbed methane exploration
fairways and sweet spots: examples from the San Juan, Sand Wash, and
Piceance basins: Austin, Texas, Bureau of Economic Geology, Report of
Investigations 244, 59 p.

Wicks, D.E., and M.D. Zuber, 1989, A strategy for coalbed methane production
development part Ii: reservoir characterization: Tuscaloosa, Alabama,
Proceedings of the 1989 Coalbed Methane Symposium, paper 8912, p. 11-18.

Yee, D., J.P. Seidle, and W.B. Hanson, 1993, Gas sorption on coal and measurement
of gas content, in B.E. Law and D.D. Rice, eds., Hydrocarbons from coal: AAPG
Studies in Geology 38, p. 203-218.

Zabetakis, M.G., T.D. Moore, Jr., A.E. Nagel, and J.E. Carpetta, 1972, Methane
emission in coal mines: effects of oil and gas wells: U.S. Bureau of Mines Report
of Investigations 7658, 9 p.

Zabetakis, M.G., M. Deul, and M.L. Skow, 1973, Methane control in United States coal
mines - 1972: U.S. Bureau of Mines Information Circular 8600, 22 p.

16



