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(Table 2), the total hydrocarbon H,,, mass of 29 x 10°
MT (Table 4) divided by 2.0 x 10-2 MT/bbl (equation 6)
gives the total amount of oil generated of 1,400 x 10° bbl
(Table 6). If 30% of this 0il (420 x 10° bbl) was expelled,
then 8.4 x 102 MT of hydrogen (420 x 102 bbl times
2% 102 MT/bbl) was removed from the Woodford in the
oil phase (equation 6). The value for H,s of 21 x 10° MT
(Table 5) is the difference between the total hydrocarbon
H,,, of 29 x 10° MT (Table 4) and the H,; of 8.4 x10° MT
(Ta%le 5). The volume of natural gas is calculated using
equations 6 and 7 where the mass of hydrogen retained
in the Woodford of 21 x 10° MT represents 1,000 x 10°
bbl of crude oil that cracked to 3,000 x 1012 ft3 of natu-
ral gas (Table 6). Expulsion of 80% of this gas would
leave 600 x 1012 ft3 in place (Table 6). The mass of natu-
ral gas of 60 x 109 MT (Table 5) results from dividing the
gas volume (3,000 x 102 ft3) (Table 6) by the volume
occupied by a metric ton of natural gas (5.0 x 10* ft3/MT)
(Barker, 1990).

For those regions where the Woodford Shale is in the
oil window, total generated oil is calculated using equa-
tion 6. For the area of probable success in the Anadarko
Basin region where the mean vitrinite reflectance is
0.55% R, (Table 2), the mass of hydrogen in oil (H;) of
2.0 x 10° MT (Table 5) converts to 100 x 10° bbl (Table
6). Expulsion of 30% of the 0il (30 x 10° bbl) would leave
70 x 10° bbl in place (Table 6).

This assessment suggests that the total in-place gas
resources in Woodford Shale are on the order of 830 x
1012 ft3 and the total in-place oil resources are on the
order of 250 x 10° bbl in those regions of the southern
Midcontinent evaluated in this study (Table 6). These
volumes include 600 x 1012 ft3 of gas-in-place and 130 x
10° bbl of oil-in-place in the Anadarko Basin region, and
230 x 1012 ft3 of gas-in-place and 120 x 10° bbl of oil-
in-place in the Permian Basin region. The Anadarko
Basin region contains significantly more gas-in-place
primarily because of the much greater area where
Woodford Shale is deeply buried and in the gas genera-
tion window.

CONCLUSIONS

The Woodford Shale is a major unconventional en-
ergy resource with the potential for producing signifi-
cant volumes of both oil and gas. Intuitively, its status
as a world-class oil source rock indicates that the forma-
tion would contain large residual concentrations of
hydrocarbons, and analytical data from numerous stud-
ies confirm this inference. The inherent inefficiency of
oil expulsion is the primary reason why oil-prone source
rocks like the Woodford retain large volumes of hydro-
carbons and are attractive targets for unconventional oil
and gas exploration.

Creating a regional exploration model for this uncon-
ventional resource requires a basic understanding of
both reservoir and source rock properties. Stratigraphic
analysis provided the depositional model that allowed
lithologic associations, facies distribution, and reservoir
properties to be understood and predicted, and organic
analysis contributed data on the spatial distribution
and levels of organic carbon, organic hydrogen, and

thermal maturity that allowed volumes of oil-in-place
and gas-in-place to be estimated. Optimum locations for
exploration are where organic-rich beds are currently in
the oil or gas generation window and are highly frac-
tured. Optimum reservoir facies are those comprising
brittle lithologies capable of maintaining open natural
fracture networks such as chert, siltstone, sandstone,
and dolostone. In the southern Midcontinent, these self-
sourcing reservoir conditions coincide where organic-
rich, thermally mature beds of brittle lithology lie along
fracture trends in orogenic belts, rift basins, and asso-
ciated uplifts. The most promising exploration targets
include intervals with chert, sandstone, and dolostone
on the Nemaha Uplift in Oklahoma; sections of inter-
bedded chert and black shale in the Marietta-Ardmore
Basin, Arbuckle Mountain Uplift, southern flank of the
Anadarko Basin, and frontal zone of the Quachita Tec-
tonic Belt in Oklahoma; and intervals of chert and silt-
stone on the Central Basin Platform and Pecos Arch in
Texas and New Mexico.

The volumes of oil-in-place and gas-in-place esti-
mated for Woodford Shale in the southern Midcontinent
are substantial. The total unconventional energy re-
source potential is estimated to be 830 x 1012 ft3 of natu-
ral gas and 250 x 10° bbl of crude oil. The oil potential
is 70 x 10° bbl in the area of probable success in the
Anadarko Basin region (Fig. 4A), an area that encom-
passes the Nemaha Uplift, Marietta-Ardmore Basin,
Arbuckle Mountain Uplift, southern flank of the
Anadarko Basin, and frontal zone of the Ouachita Tec-
tonic Belt in Oklahoma. In this same area Woodford
Shale is estimated to contain 0.24 x 1012 ft3 of gas-in-
place. Approximately 140 x 10° bbl of oil-in-place, 84 x
10° bbl in the Permian Basin region and 60 x 10° bbl in
the Anadarko Basin region, is estimated for the areas of
local success that encompass much of the shelf and plat-
form provinces and most of the Midland Basin (Fig. 4).
In these same areas Woodford Shale contains an esti-
mated 13 x 1012 ft3 of gas-in-place, approximately 9 x
1012 ft3 in the Permian Basin region and 4.4 x 102 ft3 in
the Anadarko Basin region. Significantly more in-place
gas and oil is estimated for areas of local success in the
Permian Basin region primarily because the thermal
maturity is much higher (Table 2). The area of probable
success in the Permian Basin region, an area that en-
compasses the Central Basin Platform and the Pecos
Arch, is estimated to contain 35 x 10° bbl of oil-in-place
and 0.11 x 102 ft3 of gas-in-place. The greatest gas
potential is 600 x 1012 ft3 in the area of possible success
in the Anadarko Basin region (Fig. 4A), an area that
includes the deepest parts of the Anadarko and Arkoma
Basins. The area of possible success in the Permian
Basin region, an area that includes the deep parts of the
Delaware and Val Verde Basins, is estimated to contain
220 x 1012 ft3 of gas-in-place.

Although estimates of the volume of undiscovered
hydrocarbons are inherently problematic because of the
assumptions that must be made in order to complete the
calculations, mass balance estimates offer reasonable
orders-of-magnitude for in-place oil and gas and provide
a consistent means to compare and rank different areas
of interest as to their hydrocarbon production potential.
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Although the in-place volumes are huge, technological
challenges must be overcome to achieve commercial
production. However, given the magnitude of estimates,
the local production from fractured reservoirs, recent
successes in unconventional resource recovery from
analogous formations, and current oil and gas prices,
Woodford Shale in the southern Midcontinent is a com-
pelling exploration target.
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Coalbed-Methane Development in Kansas

Timothy R. Carr, K. David Newell, Troy A. Johnson, W. Matthew Brown, and Jonathan P. Lange

Kansas Geological Survey
Lawrence, Kansas

ABSTRACT.—In eastern Kansas, coals and organic Eastern Kansas Middle Pennsylvanian Stratigraphic Column

shales in the Middle Pennsylvanian (Desmoinesian)

Cherokee and Marmaton Groups are increasingly impor- 7

tant commercial sources for unconventional gas (Fig. 1). Dawson coal

Over the past 3 years, almost 1,500 wells have been Holdenville

drilled or recompleted for coalbed and organic-shale gas Subgroup

(Fig. 2). Although current production of approximately 10 g

billion cubic feet is a relatively small percentage of total Mutberry coal 1]

Kansas production, coalbed-methane gas production is Pawnee &

rapidly increasing. Current development and production Limestone g

is concentrated in southeastern Kansas (Labette, Mont- 12‘6

gomery, Neosho, and Wilson Counties), but exploration Lexington coal pe Labette Shale

and production is expanding northward and westward, : »

particularly along pipelines (Fig. 3). Sumit coal Fon Scon w
Although individual coals are thin, numerous coals can SRy Goal Tz

be perforated and produced in an individual well. The dis- |

tribution, thickness, and quality of individual coals vary 2

both regionally and locally and is strongly influenced by <

depositional processes and paleotopography. As part of a Bevier coal z _>_1

regional study, Middle Pennsylvanian coals and organic @ >

shales were mapped in the subsurface, and a series of Croweburg coal Y= e Z|lw

cores were obtained. Coal samples from cores and cuttings ] fry Qi =z

: Fleming coai = prd

were analyzed for gas content and desorption rates, ash . %]

and sulfur contents, and other coal properties. Prelimi- Mineral coal N a g"_

nary analysis shows gas content of individual coals gener- Scammon coa H]

ally decreases north-northeast along regional strike, and 6

eastward where strata onlap onto the Ozark Dome. Gas § ﬂ

content of the better coals at depth has a maximum of Weir-Pittsburg coal i e a

250-300 standard cubic feet/ton (scf/ton) in southeast i S o

Kansas (Fig. 4). However, some shallow coals at less than Bluejacket coal %

700 ft in depth have unexpectedly large gas contents (>100

scf/ton) exceeding that of deeper coals. To the north across

the Bourbon Arch region, gas content of coals range from Dry Wood coal Krabs

50 to 175 scf/ton. Rowe codl Formation
Understanding the stratigraphic, structural, and depo- 010 5

sitional setting of individual coal-bearing successions can ¢ "Neu:ral cod

aid development of a better understanding of the lateral £ 5 Aw' coal -

variability of thickness, quality, and gas content, and bet- £ £ Ow” coal

ter focus coalbed-methane exploration and development in 4 Riverton coal =

eastern Kansas. 100 T ISSISSIPFIAN

Sandstone  [sisssisséiss| Underclay - Limestone
Shale name  Coal ~~~~ Unconformity
A

Chernt

Figure 1. Stratigraphic classification of the Pennsylvanian
(Desmoinesian Series) in Kansas showing major coals.
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sas, in Cardott, B. J. (ed.), Unconventional energy resources in the southern Midcontinent, 2004 symposium: Oklahoma
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Natural Gas Potential of Arkansas Coals

William L. Prior
Arkansas Geological Commission
Little Rock, Arkansas

ABSTRACT.—The coal-bearing formations of Pennsylvanian age in the Arkoma Basin
of western Arkansas are, in ascending order: Atoka, Hartshorne, McAlester, and
Savanna. These coal-bearing units cover more than 1,700 mi2. The coals range in rank
from low-volatile bituminous coal in the western part of the basin to semi-anthracite
(>86% fixed carbon) in the eastern portion of the coal basin. The total resource estimate
is >2 billion short tons.

The general east—west folded and faulted structure of the Arkoma Basin is a major
factor in the distribution and depth of the coal seams. There are some 25 coal seams
in the sequence but only four coal beds have been mapped and named. They are, in
ascending order: the Lower and Upper Hartshorne coals, both of which are in the lower
part of the McAlester Formation, and the Charleston and Paris coals in the Savanna
Formation.

The Lower Hartshorne coal is the thickest and most extensive of all the coal seams
with a reported thickness of as much as 8 ft in southern Sebastian County and covers
some 1,300 mi2 within the basin. More than 30 coalbed-methane wells (as of 2004) have
been drilled into the Lower Hartshorne coal near Hartford, Arkansas, and have
produced >2 billion cubic feet (Bef) of methane. These wells are both conventional
vertical wells and horizontal pinnate wells. These wells range in depth from 400 to
>2,000 ft.

A second coal-bearing region is present in southern and eastern Arkansas in the Gulf
Coastal Plain. Ongoing projects carried out in other states of the western Gulf Coast
seem to indicate that coals that are buried >1,500 ft may have a potential for produc-
ing methane. The Desha Basin in southeast Arkansas is the area in which coals within
the Wilcox Group (Eocene) are >1,500 ft deep. Other possible coals in the Lower Cre-
taceous could exist at depths of 3,000-3,500 ft. The Desha Basin covers approximately
8,200 mi?.

Prior, W. L., 2005, Natural gas potential of Arkansas coals, in Cardott, B. J. (ed.), Unconventional energy resources in the
southern Midcontinent, 2004 symposium: Oklahoma Geological Survey Circular 110, p. 67.
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Coalbed-Methane Activity in Oklahoma, 2004 Update

Brian J. Cardott

Oklahoma Geological Survey
Norman, Oklahoma

ABSTRACT.—Nearly 2,900 wells in the Oklahoma coalfield have been drilled exclu-
sively for coalbed methane (CBM) since 1988, in part for the Federal Section 29 tax
credit and in part due to higher prices for natural gas. A database of CBM completions
tabulates 1,725 completions in the northeast Oklahoma shelf and 1,171 completions
in the Arkoma Basin. Operators presently target 13 coal objectives in the shelf and five
in the basin. The primary CBM objectives, all Desmoinesian (Middle Pennsylvanian),
are the Mulky (547 wells) and Rowe (601 wells) coals in the shelf and the Hartshorne
coals (1,125 wells) in the basin.

Coals in Arkoma Basin CBM wells are generally deeper and thicker than those in
the northeast Oklahoma shelf and have higher initial gas rates and lower initial pro-
duced-water rates. Many horizontal CBM wells have been drilled in the Arkoma Ba-
sin since 1998, the more successful wells following improvements in completion tech-
niques. Much is known about the coal geology of the Oklahoma coalfield (e.g., number
of coals, age, depth, thickness, rank, quality). The present emphasis is on finding
permeable sweet spots and matching coal characteristics to optimum completion

techniques.
INTRODUCTION -600 :

Mine explosions from gas and dust caused more than % 500 1—| MNortheast Oklahoma Shelf
500 deaths in 19 major coal-mining disastersinthe '3 449 DArkoma Basin
Indian Territory and Oklahoma from 1885 to 1945 “— ‘
(Oklahoma Department of Mines, 2003). Gas explosions S 300
in underground coal mines and safety studies of under- o
ground coal mines by the U.S. Bureau of Mines (Deul 'g 200
and Kim, 1988) demonstrated that Oklahoma coals 3
contain large amounts of methane. Applied research by z 100
the U.S. Bureau of Mines, U.S. Department of Energy, 0 - — . Bl
and Oklahoma Geological Survey, advances in coalbed- B2 N8I BLYE828se S
methane (CBM) completion technology (especially 2222222222228 K8K
through studies of coals in the Black Warrior and San Year

Juan Basins by the Gas Research Institute), Federal
non-conventional fuel tax credit (Section 29 of the IRS
Code; see Sanderson and Berggren, 1998, for details),
and high natural gas prices (>$3 per thousand cubic
feet, Mcf, since 2000) all promoted interest in develop-
ment of the Oklahoma CBM industry.

The CBM play in Oklahoma began in 1988 with the
first completions in the Arkoma Basin (Figs. 1, 2). Bear
Productions reported initial-potential (IP) gas rates of
41-45 thousand cubic feet of gas per day (Mcfd) per well
from seven wells in the Hartshorne coal at depths rang-
ing from 611 to 716 ft in the Kinta gas field (sec. 27, T.
8N.,R.20 E,, Indian Meridian) in Haskell County. Bear
Productions was the only CBM operator in Oklahoma
from 1988 to 1990. Following a peak of 73 completions

Figure 1. Histogram showing numbers of Oklahoma coalbed-
methane (CBM) well completions, 1988-2003.

in 1992 (at the end of the first phase of the Section 29 tax
credit for new CBM wells drilled from 1980 through
1992), activity declined for several years before rising to
247 completions reported in the basin in 2003 (stimu-
lated by high gas prices). CBM completions in the north-
east Oklahoma shelf began in 1994 with 15 wells.
Numerous CBM completions in the shelf were recom-
pletions and were eligible for the second phase of the
Section 29 tax credit (recompletion to qualifying coal
beds in conventional wells drilled from 1980 through

Cardott, B. J., 2005, Coalbed-methane activity in Oklahoma, 2004 update, in Cardott, B. J. (ed.), Unconventional energy
resources in the southern Midcontinent, 2004 symposium: Oklahoma Geological Survey Circular 110, p. 69-81.
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Figure 2. Map showing coalbed-methane (CBM) well completions in Oklahoma by year.

1992; gas must be produced and sold by December 31,
2002). Shelf completions totaled 235 and 304 in 1998
and 2001, respectively. More CBM wells per year have
been drilled in the shelf than in the basin since 1995.
Through December 2003, 2,896 CBM completions were
reported in Oklahoma. Of these completions, 1,171 were
in the Arkoma Basin and 1,725 in the northeast Okla-
homa shelf.

The Oklahoma coalfield is in the eastern part of the
State and occupies the southern part of the western
region of the Interior Coal Province of the United States
(Campbell, 1929; Friedman, 2002). The coalfield is
divided into the northeast Oklahoma shelf and the
Arkoma Basin (Friedman, 1974; Fig. 3). CBM comple-
tions are in both the commercial coal belt and noncom-
mercial coal-bearing region. Cardott (2002) summarized
the coal geology of Oklahoma. The remainder of this
report will discuss the CBM activity of the northeast
Oklahoma shelf and the Arkoma Basin.

SOURCES OF DATA

The following discussion of Oklahoma CBM activity
is based on information reported to the Oklahoma Cor-
poration Commission and Osage Indian Agency. The
names of coal beds are as reported by the operator. For
the most part, coal names assigned by operators were
not verified with electric logs and may not conform to
usage accepted by the Oklahoma Geological Survey
(OGS). Because not all the wells are reported as CBM
wells, some interpretation or verification with the op-
erator was necessary. Dual completions in sandstone
and coal beds, including perforations of more than one
coal bed, were made in some wells. Therefore, not all the
wells are exclusively CBM completions. Dual comple-
tions were included only if gas rates were reported for
the coal beds.

This summary is incomplete inasmuch as some wells
were not known to be CBM wells or were not reported
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Figure 3. Map of Oklahoma coalfield (modified from Friedman,
1974).

as such at the time of this compilation. This evaluation
is based on reported CBM completions, which may or
may not have been connected to a gas pipeline. Like-
wise, some completions may have produced gas but
subsequently have been plugged.

The Coalbed-Methane Completions table of the Okla-
homa Coal Database was used to summarize data in
this report. Each record (well completion) in the table
lists operator, well name, API number, completion date,
location (county, gas field, township-range-section, lati-
tude-longitude), coal bed, production depth interval,
initial gas potential and water rates, pressure informa-
tion, and comments. Incomplete copies of Oklahoma
Corporation Commission Form 1002A limited the data
summaries for coal depth, initial gas potential, and pro-
duced water in this report. The database is available for
viewing at or purchase from the Oklahoma Geological
Survey. A searchable version of the Coalbed-Methane
Completions table is accessible on the Internet through
a link on the OGS web site (http://ogs.ou.edw/).

COALBED-METHANE ACTIVITY

Northeast Oklahoma Shelf

There were 1,725 CBM well completions reported in
the shelf by 70 operators through December 2003.
Completions are in Craig, Nowata, Okfuskee, Okmul-
gee, Osage, Pawnee, Rogers, Tulsa, and Washington
Counties (Fig. 4). About 29% of the wells are recom-
pletions of older conventional gas and oil wells and
coalbed-methane wells. In ascending order (by coal as
uppermost bed with number of completions in parenthe-
ses), the methane-producing coals include the Riverton
coal (215) in the McAlester Formation; the Rowe (601)
and Drywood (3) coals in the Savanna Formation; the
Bluejacket (59) and Wainwright (1) coals in the Boggy
Formation; the Weir-Pittsburg (113), Tebo (8), Mineral
(1), Croweburg (37), Bevier (23), Iron Post (59), and

LL/\

50 Miles
80 Kilometers

Mulky (547) coals in the Senora Formation; and the
Dawson (51) coal in the Holdenville Formation. Thus,
these coal beds are in units of the Krebs, Cabaniss,
and Marmaton Groups of the Desmoinesian Series
(Fig. 5). The coal name was not reported for seven CBM
wells.

Hemish (2002) correlated coals from the surface to
subsurface in a 2,700-mi2 area in the northeast Okla-
homa shelf to assist operators in correctly identifying
coal beds. Two type logs were designated in the north-
ern and southern parts of the study area. Persistent
marker beds were identified to correlate the coal
beds.

The nomenclature of coal-bearing strata and coal
beds in Kansas and Oklahoma are slightly different.
The Kansas Geological Survey includes the Krebs and
Cabaniss Formations in the Cherokee Group (Brady,
1997), whereas the Oklahoma Geological Survey as-
signs the Krebs and Cabaniss to group level in the
Desmoinesian Series. The Rowe coal of Kansas and
Missouri is equivalent to the Keota coal of Oklahoma;
the Drywood coal of Missouri and Dry Wood coal of
Kansas are equivalent to the Spaniard coal of Okla-
homa (Hemish, 1990).

The Mulky coal is one of the most important CBM
reservoirs in the northeast Oklahoma shelf. The Mulky,
the uppermost coal in the Senora Formation, occurs at
the base of the Excello Shale Member and varies in
composition from pure to impure coal with increasing
amounts of mineral matter.! Hemish (1986, p. 18) rec-
ognized the Mulky coal in three drill holes in northern
Craig County, where its maximum thickness is 10 in.

1 As defined by Schopf (1956), carbonaceous shale contains
>50% mineral matter by weight or <30% carbonaceous mat-
ter by volume. According to the ASTM (1994), impure coal
contains 25-50 weight % mineral matter as ash.
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Figure 4. Distribution of coalbed-methane well completions by coal bed in the northeast Oklahoma shelf.

Hemish (2002, p. 3) indicated that: “The occurrence of
the Mulky coal downdip to the west in Nowata, Wash-
ington, and Osage Counties has not been verified by the
OGS from coring. It seems probable that the methane
is being produced from the Excello black shale.”

Figure 6 shows the depth range of CBM completions
in 1,565 wells in the shelf. Coal beds were perforated at
depths-to-top of coal of 256-2,459 ft, for an average
depth of 1,046 ft. Although two to seven coal beds were
perforated in 383 completions, only the shallowest coal
depth was used in Figure 6. Three modes are apparent
in Figure 6. The shallower mode represents mostly the
Mulky coal (547 wells; includes commingled wells with
the Mulky as the shallowest perforated coal) completed
over a depth range of 256-1,733 ft; 358 wells were com-
pleted in only the Mulky coal.

The second mode represents mostly the Rowe coal
(1,123 wells), completed over a depth range of 542-2,459
ft. The deepest coal completion (2,459 ft) in the shelfis
in the Rowe coal in Osage County (Amvest West, 99
Drummond II well, sec. 23, T. 21 N., R. 9 E.).

The third mode represents mostly the Riverton coal

(204 wells), completed over a depth range of 630-1,970
ft.

Initial-potential (IP) gas rates range from a trace to
359 Mcfd and average 31 Mcfd from 1,391 wells (Fig. 7).
However, IP rates do not demonstrate the full potential
of a CBM well because they reflect only the first of the
three stages of a typical CBM production-decline curve:
dewatering, stable production, and decline (see Schrauf-
nagel, 1993, fig. 2). Figure 8 shows the relationship of
depth and IP gas rate for CBM wells in the shelf. Single-
coal-completion wells with the shallowest coals (256—
377 ft) had IP rates of 1-50 Mecfd. Eighty-four CBM
wells (including 27 wells with multiple coal comple-
tions) with the highest IP rates (>100 Mcfd) were from
depths of 258-1,661 ft. The single-coal-completion well
with the highest IP rate (278 Mcfd) in the shelf is the
STP Incorporated 2-29 Kirkpatrick well (sec. 29, T. 29
N.,R. 18 E.; Craig County) in the Weir-Pittsburg coal at
a depth of 433 ft. The maps in Figures 9-12 highlight
the Mulky, Weir-Pittsburg, Rowe, and Riverton CBM
wells, respectively (including commingled wells) that
exhibit generally higher IP rates—73 (15%) of 498



Coalbed-Methane Activity in Oklahoma, 2004 Update

@0 o N - w» Q1 oy o “wo ~9 < w mogaal- o - anlel o©
3oe - & -2y 9 23z 2 @ IIFT T2 oz ozl o=
co © S © & 66 o6 o e o o S c Ccocooléd 66 o© G o|e pg
fe Bc o & is FEEIT FE . o3
;zi 2 23 o§ 12 § gggi'ﬂg'g & 2 8|5
E] E"E‘: §n:n_ . *o‘g § ofle 2 E .__,:g b
3gd T EEET $i ] § oegiistlace § o2} §
£o g3 ¢ $ e 555°F 3% |7 S
5
&

FANIIRAUINEL
LAY AT

2 £ 5
§ £ 3 g g
; ; 3 I
3
o
NOLYRUYW SSINVAYD Sa3ux
NVISINIOWS3Q
NYINVAIASNNId
2
w< w (- X" o~ - o| » o -
28"‘ - - - - Q@ -] N o -
x0g - IRy g - 2 -] & © o<
Ou M P o o} © S o
zO
»
= ] e
g 5 Sy S| |8 g § 2 §
m b D 3 = 3 c E’
1 Eg E el & L £
[o] c S
(&) < 3 E Q
=2 =]
wn
212 |3 § 2 g g g g & g 8 ¢
5= & e & g & & v oQ
F
g
3 Rafsl
I -
[= A W AN
-~ of D
cE s £ ]
z N - L1708 § g 5
] . > g s s ® 2 3
g 2 |3 o S 3 8 g z
E 208 0§ 1B 3 13 § § 2 £
o E
8 T Q 5 b § §
dNOYD {VIVI3HO0 MOOLYINS NOLYWUYIN
saw3s NYIHNOSSIA e NVISINIOWS3T
WILSAS NVINVATASNNId

Figure 5. Generalized stratigraphy of coal-bearing strata of the northeast Oklahoma shelf (from Hemish, 1988).
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Figure 6. Histogram of coalbed-methane well completion
depths in the northeast Oklahoma shelf.
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Figure 7. Histogram of initial-potential-gas rates (in thousand
cubic feet of gas per day, Mcfd) in coalbed-methane well
completions in the northeast Oklahoma shelf.
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Figure 8. Scatter plot of initial-potential-gas rate (in thousand
cubic feet of gas per day, Mcfd) and depth-to-top of coalin the
northeast Oklahoma shelf.
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Figure 9. Distribution of well completions in the Mulky coal in
the northeast Oklahoma shelf, showing wells with relatively
high IP gas rates (in thousand cubic feet of gas per day, Mcfd).
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Figure 10. Distribution of well completions in the Weir-
Pittsburg coal in the northeast Oklahoma shelf, showing wells
with relatively high |P gas rates (in thousand cubic feet of gas
per day, Mcfd).

Mulky wells with initial gas rates of 50—-359 Mcfd, 21
(19%) of 109 Weir-Pittsburg wells with initial gas rates
of 50278 Mcfd (eight Weir-Pittsburg wells had IP >100
Mecfd), 118 (22%) of 534 Rowe wells with initial gas rates
of 50-260 Mcfd (36 Rowe wells had IP >100 Mcfd), and
46 (24%) of 194 Riverton wells with initial gas rates of
50—150 Mcfd (11 Riverton wells had IP >100 Mcfd). The
IP was not reported for coals in some wells.

Initial water rates in the shelf range from 0 to 5,061
barrels of water per day (bwpd) and average 68 bwpd
from 1,408 wells (Fig. 13). Most of the water is believed
to be formation water and not water from fracture
stimulation. Because of generally poor water quality,
these wells require disposal wells for the produced
water. With the assistance of Cynthia Rice (U.S. Geo-
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Figure 11. Distribution of well completions in the Rowe coal
in the northeast Oklahoma shelf, showing wells with relatively
high IP gas rates (in thousand cubic feet of gas per day, Mcfd).

R Riverton >100 Mcfd
& Riverton >50 Mcfd
H Riverton <50 Mcfd

20 Milas

Figure 12. Distribution of well.completions in the Riverton coal
in the northeast Oklahoma shelf, showing wells with relatively
high IP gas rates (in thousand cubic feet of gas per day, Mcfd).

logical Survey), water samples were collected from the
Mulky and Rowe coals in four CBM wells in Nowata and
Osage Counties in 2002. The water samples had
86,200-152,900 mg/L Total Dissolved Solids. In general,
water volumes are not metered; therefore, the volume
of disposed water and the effect of water production on
gas rate are unknown.

Monthly gas production by well is reported on Form
1004/1005 (Measured Volume Report) by the Oklahoma
Corporation Commission Oil & Gas Conservation Divi-
sion. The information is available from the Oklahoma
Corporation Commission web site (see “Oil and Gas
Web Applications” at http://www.occ.state.ok.us/). Gas
content and gas composition data are unpublished for
coals in the northeast Oklahoma shelf.
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Figure 13. Histogram of initial water production rates (in bar-
rels of water per day, bwpd) from coalbed-methane wells in
the northeast Oklahoma shelf (excluding two wells with 1,201
and 5,061 bwpd).

API numbers for 1,725 CBM wells in the shelf were
imported into the IHS Energy Group Production data-
base for the southern Midcontinent. A subtotal of 1,420
wells (82%) had production data. Selecting coal-only
wells reduced the subset to 837 wells (excluding numer-
ous recompletions). Figure 14 summarizes gas produc-
tion by year for wells in the shelf from 1994 to 2003.
CBM production from wells in the shelf was 12.6 billion
cubic feet of gas (Bcef) in 2003. Cumulative gas produc-
tion in the shelf is 36.8 Bef from 1994 to 2003.

Arkoma Basin

Figure 15 shows the locations of 1,171 CBM comple-
tions in the basin reported by 73 operators through
December 2003. Completions are in Coal, Haskell,
Hughes, Latimer, Le Flore, McIntosh, Muskogee, and
Pittsburg Counties. In ascending order, the methane-
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Figure 14. Graph showing annual and cumulative gas produc-
tion (in billion cubic feet, Bcf) for coalbed-methane wells in the
northeast Oklahoma shelf, 1994-2003 (gas production data
supplied by Petroleum Information/Dwights LLC dba IHS
Energy Group, © 2004).
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Figure 15. Distribution of coalbed-methane well completions by coal bed in the Arkoma Basin.

producing coals include the Hartshorne (undivided),
Lower Hartshorne, and Upper Hartshorne (Hartshorne
Formation), McAlester and “Savanna” (interpreted to be
the McAlester coal, McAlester Formation; a completion
in Coal County reported to be in the “Lehigh” coal is
equivalent to the McAlester coal), Secor (Boggy Forma-
tion), and unnamed coal in the Krebs Group of Des-
moinesian age (Fig. 16). Most (1,125) of the CBM com-
pletions in the Arkoma Basin are in Hartshorne coals.
Figure 17 shows the depth range of CBM completions
in the basin. Coals were perforated at depths-to-top of
coal of 284—4,397 ft, for an average of 1,529 ft in 1,058
wells. The three deepest completions (4,233-4,397 ft
vertical depth) were horizontal CBM wells in the Harts-
horne coal in Le Flore County (T. 6 N., R. 24 E.). Al-
‘though two to three coals were perforated in 29 comple-
tions, only the shallowest coal depth was used in Figure
17. :
The IP gas rates range from a trace to 2,316 Mcfd
(average 136 Mcfd) from 943 wells (Fig. 18). Most (638
completions) wells produced 10-160 Mcfd. The highest
IP rates (>330 Mcfd) were reported from 130 horizontal
CBM wells in the Hartshorne coal. Based on 1,117
completions with depth and initial potential pairs, no
relationship can be shown between IP gas rate and
depth in the Arkoma Basin (depth of horizontal wells is
based on vertical depth-to-top of coal) (Fig. 19). Low gas
rates (<50 Mcfd) span the entire depth range. The shal-
lowest well (284 ft) is a coal-mine—methane well. The
Cohort Energy 1-32 Greenwood well (sec. 32, T. 9N., R.
26 E.; Le Flore County) was drilled to the Hartshorne
coal into a sealed part of the Georges Colliers, Inc.,

Pollyanna No. 8 underground coal mine and had an IP
0of 512 Mcfd of low—methane-content gas. The 336 wells
(80% of 1,117) with the highest gas rates (>99 Mcfd) are
from depths of 636-4,397 ft. Twelve horizontal CBM
wells (T. 8 N, R. 17-19 E.) had an IP >1,000 Mcfd at a
vertical depth of 1,302-2,632 ft. Theoretically, gas con-
tent increases with increasing rank, depth, and reser-
voir pressure (Kim, 1977; Scott and others, 1995; Rice,
1996). However, gas production depends on many vari-
ables, including gas content, coal thickness, water vol-
ume, cleat mineralogy, permeability, porosity, and
stimulation method.

The first horizontal CBM well in Oklahoma was com-
pleted by Bear Productions in August 1998. By the end
of December 2003, 287 horizontal CBM wells (25% of
1,171 completions) had been drilled in Haskell, Le
Flore, McIntosh, and Pittsburg Counties by 18 opera-
tors (Fig. 20). The IP gas rates were 52,316 Mcfd (av-
erage of 358 Mcfd) at true vertical depths-to-top of coal
of 752—4,397 ft in 280 horizontal CBM wells. Sixty-four
(22% of 287) horizontal CBM wells in Haskell and
Pittsburg Counties had IP gas rates >500 Mcfd (Fig. 20).
Higher gas rates are possible in a horizontal well than
in a single-bed vertical well by drilling at a high angle
(perpendicular to oblique) to the face cleat to drain a
larger area (Diamond and others, 1988). Horizontal
CBM wells can drain as much as seven times the area
of a vertical CBM well, depending on the lateral length
(Stayton, 2002). Vertical CBM wells exhibit an ellipti-
cal drainage pattern, elongated parallel to the face cleat,
as aresult of the dircctional (anisotropic) permeability
of the cleat (Diamond and others, 1988, fig. 4.1). Hori-
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Figure 17. Histogram of coalbed-methane well completion
depths in the Arkoma Basin.
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Figure 18. Histogram of initial-potential-gas rates (in thousand
cubic feet per day, Mcfd) in coalbed-methane well comple-
tions in the Arkoma Basin.
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Figure 19. Scatter plot of initial-potential-gas rate (in thousand
cubic feet per day, Mcfd) and depth-to-top c¢f coal in the
Arkoma Basin.

zontal CBM wells extend the elliptical drainage pattern
along the length of the lateral. Horizontal CBM wells
are completed openhole. The lateral distance within the
coal for 260 horizontal CBM wells ranged from 439 to
4,034 ft, with an average of 1,854 ft. Figure 21 shows
that, in general, higher initial gas rates are related to
longer horizontal lateral lengths. The highest gas rates
(IP >1,000 Mcfd) in wells with lateral lengths of 1,500~
2,500 ft are related to a high permeability region (as
noted above) and successful completion techniques,
whereas lower gas rates (IP <500 Mcfd) in wells with
any lateral length are related to low-permeability re-
gions and completion complications, especially due to
encountered faults.

¥ Horizontal CBM >500 Mcfd
“# Horizontal CBM <500 Mcfd

20 Miles

TN A 1

Figure 20. Distribution of horizontal coalbed-methane well
completions in the Arkoma Basin, showing wells with rela-
tively high |IP gas rates (in thousand cubic feet per day, Mcfd).
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Figure 21. Scatter plot of initial-potential-gas rate (in thousand
cubic feet per day, Mcfd) and horizontal lateral length in the
Arkoma Basin.
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Figure 22 shows a map of Hartshorne vertical CBM
wells that have the highest initial potential gas rates—
73 (10%) of 741 Hartshorne (including Upper and Lower
Hartshorne) vertical CBM wells with initial gas rates of
100-512 Mcfd.

Andrews and others (1998) summarized published
information on gas resources, gas content, gas composi-
tion, and cleating’in Hartshorne coals. Measured gas
contents range from 70 to 560 cubic ft/ton in high-vola-
tile to low-volatile bituminous coal cores from depths of
175-3,651 ft in the Arkoma Basin.

Initial produced water rates range from 0 to 1,861
bwpd (average 30 bwpd) from 890 wells (Fig. 23). Most
(529) CBM completions produced <20 bwpd. An undis-

O Hartshorne >100 Mcfd
® Hartshorne <100 Mcfd

20 Miles

TN <X |

Figure 22. Distribution of well completions in the Hartshorne
coal (excluding horizontal CBM wells) in the Arkoma Basin,
showing wells with relatively high [P gas rates (in thousand
cubic feet per day, Mcfd).
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Figure 23. Histogram of initial water production rates (in bar-
rels water per day, bwpd) from coalbed-methane wells in the
Arkoma Basin (excluding one well with 1,861 bwpd).

closed amount of initial water production is frac water
introduced during fracture stimulation. Most Arkoma
Basin CBM well completions are situated on the flanks
of anticlines (Fig. 24) and tend to produce relatively
little water. Most operators do not test or meter water
production; therefore, water quality and quantity pro-
duced during the life of the well are unknown.

API numbers for 1,171 CBM wells in the basin were
imported into the IHS Energy Group Production data-
base for the southern Midcontinent. A subtotal of 1,071
wells (91%) had production data. Selecting gas-only
(excluding dry) wells reduced the subset to 972 wells.
Figure 25 summarizes gas production by year for wells
in the basin from 1989 to 2003. CBM production from
661 vertical wells was 9.1 Bef in 2003. CBM production
from 257 horizontal wells was 16.6 Bef in 2003. Cumu-
lative gas production in the basin is 79.2 Bef from 1989
to 2003, 46.1 Bcef from 704 vertical wells and 33.1 Bef
from 274 horizontal wells.

CONCLUSIONS

The Oklahoma CBM play began in the Arkoma Ba-
sin in 1988 and then expanded to the northeast Okla-
homa shelf in 1994. Through December 2003, 2,896
CBM completions were reported in Oklahoma—1,171in
the Arkoma Basin and 1,725 in the northeast Oklahoma
shelf. The primary objectives are Hartshorne coals in
the basin and the Mulky and Rowe coals in the shelf.
Twenty-two percent (383 of 1,725) of the CBM comple-
tions in the shelf were multiple-coal completions with
two to seven coal beds, whereas most of the CBM com-
pletions in the basin were single-coal completions.

Coal completion depths range from 256 to 2,459 ft
and average 1,046 ft in 1,565 wells in the shelf, and 284—
4,397 ft, averaging 1,529 ft in 1,058 wells in the basin.

~Initial-potential gas rates range from a trace to 359
Mecfd (average 31 Mcfd) from 1,391 wells in the shelf,
and a trace to 2,316 Mcfd (average 136 Mcfd) from 943
wells in the basin. The maximum initial gas rate was
reported in the Hartshorne coal at a true vertical depth
of 1,302 ft from a horizontal well in Haskell County.

Produced-water rates range from 0 to 5,061 bwpd
(average 68 bwpd) from 1,408 wells in the shelf, and 0-
1,861 bwpd (average 30 bwpd) from 890 wells in the
basin.

From 1994 to 2003, 837 CBM wells in the shelf pro-
duced 36.8 Bef gas. From 1989 to 2003, 972 CBM wells
in the basin produced 79.2 Bcf gas, 46.1 Bef from 704
vertical CBM wells, and 33.1 Bef from 274 horizontal
wells.

Low initial gas rates and minimal initial increase in
gas production during dewatering are commonly attrib-
uted to formation damage caused by well stimulation,
including the generation of coal fines that plug perme-
ability. Present industry emphasis is on matching the
completion techniques to the specific coal.

Future development of CBM in Oklahoma is promis-
ing, especially if natural gas prices remain high. Appli-
cations of horizontal drilling and established completion
practices have demonstrated the potential for CBM in
the Midcontinent USA.
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ABSTRACT.—TICORA Geosciences, Inc., collaborated with El Paso Production Com-
pany and Colt Energy, Inc., to collect detailed data sets from core samples collected in
seven wells drilled in the Western Interior Coal (WIC) Region of the North American
Midcontinent. The study, funded by the Gas Research Institute, included analysis of
197 canister desorption experiments collected from Middle Pennsylvanian (Des-
moinesian) coal, coaly shale, and carbonaceous shale intervals in the Forest City,
Cherokee, and Arkoma Basins. Desorbed gas composition, gas storage capacity, and
coal characterization data (maceral composition, vitrinite reflectance, proximate and
ultimate analyses, moisture-holding capacity, and helium density) were measured to
supplement the desorption data. Analysis of these data resulted in three interdepen-
dent regional relationships between sorption properties and coal rank (i.e., thermal
maturity). These are: (1) increasing gas content with increasing coal rank; (2) increas-
ing gas storage capacity with increasing coal rank; and (3) decreasing sorption time (i.e.,
faster rate of diffusion) with increasing coal rank.

The thermal maturity of organic sediment deposited in Cherokee Group strata
across the WIC Region generally increases to the south and west in the Cherokee and
Forest City Basins and to the east in the Arkoma Basin. The coal rank data obtained
during this study varied dramatically across the study area, in general agreement with
published information, from subbituminous (Forest City Basin—Cherokee Group) to
semi-anthracite (Arkoma Basin—Hartshorne Formation). Gas content and gas-in-place
volume estimates for the Forest City Basin Cherokee reservoirs and the Arkoma Basin
Hartshorne reservoirs ranged from roughly 1 to 680 scf/ton (in-situ basis) and 20 to 675
MMscf/160 acres, respectively.

Rank and gas content variations for reservoirs penetrated in a single core hole are
also significant. For example, in the Forest City Basin Cherokee reservoirs, the maxi-
mum vitrinite reflectance and gas content can increase with depth by three V-types
(0.46-0.70% vitrinite reflectance) and 220 scf/ton (60—-280 scf/ton dry, ash-free basis),
respectively, over a 510 ft stratigraphic interval (1,750-2,260 ft). These same respec-
tive parameters can increase with depth by nine V-types (1.51-2.30% vitrinite reflec-
tance) and 475 scf/ton (270-745 scf/ton dry, ash-free basis) over a 1,720-ft stratigraphic
interval (680-2,400 ft) for McAlester and Hartshorne reservoirs in the Arkoma Basin.

Methane was the primary gas present in the sorbed phase. The methane concentra-
tion was typically greater than 90% in Cherokee Basin Cherokee Group reservoirs and
Arkoma Basin McAlester and Hartshorne reservoirs. Nitrogen, carbon dioxide, ethane,
and heavier hydrocarbons were present in varying concentrations, which on average
represented as much as 40% of the sorbed-phase gas in several Marmaton Group res-
ervoirs in the Cherokee Basin.

The methane storage capacity calculated from sorption isotherm data was generally
higher than the measured gas content, indicating gas undersaturation over much of
the WIC Region. However, gas saturated or near saturation conditions were observed
in several reservoirs, and the level of saturation does not appear to be related to or
dependent on coal rank.

Pratt, Tim; and Mavor, Matt, 2005, An overview of coal gas reservoir properties: core holes from Western Interior Coal
Region, in Cardott, B. J. (ed.), Unconventional energy resources in the southern Midcontinent, 2004 symposium: Okla-
homa Geological Survey Circular 110, p. 83-103.
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The highest cumulative gas-in-place volumes measured were in thin, high volatile
A bituminous Cherokee Basin Cherokee Group reservoirs (623 MMscf/160 acres for 12
intervals with 14.3-ft net reservoir thickness) and in semi-anthracitic Hartshorne
Formation coal seams in the Arkoma Basin (428-1,230 MMscf/160 acres for one to two
coal beds with 6-9 ft net reservoir thickness).

The cooperative research project characterized coal and sorption properties for
numerous coal seams that share similar depositional histories, but span a wide range
of thermal maturities. However, as the density of core holes sampled over this large
geographic area (85,000 mi?) is low, caution should be taken to not quickly formulate
decisions concerning the resource and production potential of the region based upon
trends and other information presented in this study. Sorption properties are known
to vary widely between locations for a given rank of coal.

Similar to earlier studies, the current study centered attention on coal properties,
sorption behavior, and gas-resource volume. It also provides some estimates of possible
gas productivity for specific core-hole locations. However, without valid well test data
from which absolute permeability and reservoir pressure are quantified, it is impos-
sible to accurately predict the gas production potential from the data presented herein.

INTRODUCTION

The Western Interior Coal (WIC) Region of the North
American Midcontinent covers approximately 85,000
mi?, extending through portions of Iowa, Nebraska,
Kansas, Missouri, Oklahoma, and Arkansas. Three coal
and shale-bearing basins are included in the region:
Forest City, Cherokee, and Arkoma Basins. Principal
coal gas reservoir targets are contained in the Middle
Pennsylvanian Cherokee Group in the Forest City and
Cherokee Basins and in the McAlester and Hartshorne
Formations in the Arkoma Basin. Based upon limited
subsurface and rock property data, the WIC Region is
believed to contain roughly 77 billion tons of coal and 11
Tscf of coalbed natural gas (North American Coalbed
Methane Resource Map, 2001).

Although production of coal gas began in 1985 in the
Cherokee Basin and in 1988 in the Arkoma Basin, a sus-
tained interest in commercial gas production from WIC
Region coals did not take place until the mid-1990s. By
late 2003, more than 3,500 coal gas wells had been
drilled and completed in the WIC Region (Fig. 1) based
upon available well completion data. As of early 2004,
the region was delivering a modest volume of coal gas to
the United States market (roughly 40 Bscfin 2003) from
approximately 2,800 producing wells in Kansas and
Oklahoma, including approximately 250 horizontal
wells (Cardott, 2005 [this volume]; Newell and others,
2004).

Exploration and production of coal gas in numerous
areas of the WIC Region continues to expand today for
a variety of reasons including: (1) relatively inexpensive
exploration, drilling, and completion costs; (2) accessi-
bility to existing pipeline infrastructure; (3) the eco-
nomic success of numerous recent wells in the southern
portion of the Cherokee Basin (northeast Oklahoma
shelf) and in much of the Arkoma Basin; and (4) greater
industry focus on developing unconventional gas re-
sources in conventionally mature areas. However, aside
from the numerous gas content and gas-in-place re-
source studies that have been conducted since the
1970s, very little reservoir property data are currently
available in the public domain; consequently, the ulti-

mate potential for success in many areas of the WIC
Region remains largely unknown.

In the Fall of 2000, the Gas Research Institute (GRI)
implemented a cooperative research project in an effort
to obtain and transfer high-quality reservoir property
information over a broad area in the WIC Region to the
unconventional-gas industry. The objective of the
project was to provide a basic understanding of the re-
gional geologic and reservoir property variations of
Cherokee Group coal seams and equivalent coal-bearing
formations across the WIC Region. El Paso Production
Company (El Paso) and Colt Energy, Inc. (Colt Energy)
agreed to become research partners and drilled and
provided TICORA Geosciences Inc. access to seven core
holes (Table 1; Fig. 2). Although the core hole density is
sparse, the reservoirs sampled encompass the coal rank
spectrum that operators are actively pursuing.

A total of 197 core intervals generally 1 ft in length
were collected from numerous reservoirs penetrated by
the seven core holes for canister desorption experiments
to determine gas content. Desorption data were supple-
mented by additional laboratory data critical to ade-
quately evaluate: (1) gas sorption properties (gas content,
composition, diffusion rate, storage capacity, saturation);
(2) reservoir composition (core lithology, proximate/
ultimate analyses, maceral composition); (3) thermal ma-
turity (gross calorific value, fixed carbon content, vitrinite
reflectance); and (4) gas-in-place resource volume (thick-
ness, grain density, in-situ moisture).

Modern methods were used for analyses to ensure
that precision, accuracy, and consistency were main-
tained throughout the data-acquisition process (McLen-
nan and others, 1995; Mavor and Nelson, 1997; Pratt
and Baez, 2003). Desorption measurements were per-
formed on coal, shaly coal (i.e., bone coal), coaly shale,
and carbonaceous shale intervals to evaluate the range
of the gas-in-place resource. Recently developed sorp-
tion isotherm equipment was used to measure gas stor-
age capacity (Mavor and others, 2004).

Gas productivity is dependent upon these properties
and on the pressure and permeability of the coal natu-
ral fracture system. Well test data, the most accurate
source of pressure and permeability information, were
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Figure 1. Exploration and development wells drilled in the Western Interior Coal Region through 2003, shown as gray dots.
Control core holes for current study shown as black dots.

not collected as part of this project. Potential forecasts
of possible gas productivity were made at several well
locations for possible permeability distributions and an
assumed reservoir pressure.

COAL AND SORPTION PROPERTY ESTIMATES

Detailed coal and sorption property analyses were
made on 197 canister desorption experiments conducted
on samples generally one foot in length recovered from

seven core holes drilled in the Forest City, Cherokee,
and Arkoma Basins (Table 1; Fig. 2). All coal, carbon-
aceous shale, coaly shale, and bone coal strata >6 in. in
thickness were placed in canisters for desorption mea-
surements. The reservoir thickness and relatively high
mineral matter content of many of these samples would
have precluded most operators from considering them
as being potential reservoir targets. Desorption experi-
ments were carried out at or near reservoir tempera-
ture. Unfortunately, reservoir temperatures were not
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TABLE 1.—GRI Cooperative Research Core Hole Locations

Basin Core hole names Operator County State Location
Forest City  FCB Core Hole #1 (CH #1) El Paso Platte Missouri sec.26, T.54 N., R. 37 W.
(353 ft FNL & 1,626 ft FEL)
FCB Core Hole #2 (CH #2) El Paso Doniphan Kansas sec.6,T.3S,R. 21 E.
(779 ft FNL & 1,896 ft FWL)
FCB Core Hole #3 (CH #3) El Paso Osage Kansas sec.35,T.15S,,R. 14 E.
: ’ (617 ft FSL & 1,673 ft FEL)
FCB Core Hole #4 (CH #4) El Paso Jackson Kansas sec.34,T.6S,R. 14 E.
(1,051 ft FSL & 366 ft FEL)
Cherokee Hinthorn #CW1 (CW #1) Colt Energy  Montgomery Kansas sec.14,T.32S.,R. 16 E.
(100 ft FSL & 2,740 ft FEL)
Arkoma Core Hole #2-16 (CH #2-16) El Paso Haskell Oklahoma sec. 16, T.6 N,, R.25E.
(800 ft FNL & 1,245 ft FEL)
Core Hole #1-21 (CH #1-21) El Paso Le Flore Oklahoma  sec.21,T.17N.,R. 20 E.

(1,375 ft FNL & 1,980 ft FWL)

directly measured as a part of this study; the tempera-
tures were provided by the cooperative partners.

In the Forest City Basin, a total of 140 canister de-
sorption experiments were conducted on core samples
recovered from four wells drilled in the Kansas City,
Marmaton, and upper and lower Cherokee Groups in
northwest Missouri and northeast Kansas (Table 2). In
the Cherokee Basin, a total of 20 canister desorption
experiments were conducted on core samples recovered
from one well drilled in the Marmaton and Cherokee
Groups in southeast Kansas (Table 2). Finally, in the
Arkoma Basin, a total of 37 canister desorption experi-
ments were conducted on core samples recovered from
two wells drilled in the McAlester and Hartshorne For-
mations in east-central Oklahoma (Table 3).

Desorption samples were acquired, processed, and
analyzed utilizing established and best-practice proto-
cols to mitigate gas loss (during core recovery) and
sample oxidation and desiccation, which are all known
to have a deleterious affect on measurement accuracy
(Pratt and others, 1999). Numerous critical and second-
ary analyses were conducted on the samples after de-
sorption measurements were completed.

The lost gas content, which is the amount of gas lost
during core recovery, never exceeded 20% of the total
gas content for the study samples, and typically ranged
from 1 to 10% of the total gas content. Low lost gas con-
tents were due to fast wireline core recovery times. Be-
cause the lost gas content fractions were low, there was
a high level of confidence associated with the accuracy
of the total gas content estimates. The residual gas con-
tent, which is the gas volume remaining in the core
samples after it is no longer possible to accurately mea-
sure desorbed gas volumes to 0.1 cm® at reservoir tem-

perature and atmospheric pressure, typically repre-
sents <5% of the total gas content based upon numerous
observations in many coal gas basins. This was the case
for several samples from the Forest City Basin that
were allowed to desorb to the residual gas level, which
required as much as 12 months. Many desorption ex-
periments for slower desorbing samples were termi-
nated prematurely (i.e., after 8—12 months), and sam-
ples were crushed to liberate the gas remaining in the
sample and to calculate total gas content. McAlester
and Hartshorne Formation desorption samples typi-
cally required less than 3 months to reach the residual
gas level.

Reservoir property estimates for reservoirs in the
Kansas, Marmaton, and Cherokee Groups and the
McAlester and Hartshorne Formations are summarized
in Tables 4-11. Although a high sampling frequency
was achieved within a core hole, the regional sample
frequency was sparse. Therefore, data presented in the
tables should not be considered to represent the average
reservoir properties of the respective basin and forma-
tion from which they were collected.

Thermal Maturity

The thermal maturity of coal is ordinarily classified
on the basis of ASTM coal rank. Classifications are ei-
ther based upon gross calorific value (moist, mineral-
matter-free basis) or fixed-carbon content (dry, mineral-
matter—free basis) (ASTM, 1997). When mineral matter
is present in abundant amounts (~25% by weight and
greater), coal rank classifications are compromiséd.
Mean maximum vitrinite reflectance is commonly used
to accurately evaluate subtle differences in thermal
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Figure 2. Core hole locations and generalized coal rank map for Western Interior Coal Region. Coal rank key shown in box.

maturity for coals of high volatile A bituminous and  covered the range that is currently being assessed for
greater rank. The accuracy and precision of vitrinite  coal-gas resource and production potential. The highest

reflectance data generally are not hindered by the pres-  coal-rank classifications (low volatile bituminous-semi-
ence of mineral matter. anthracite) were measured in Haskell County, Okla-
Coal rank classifications were determined on 37 de- homa, at core hole CH #2-16 (McAlester and Hartshorne

sorption samples. Coal rank data were not collected on  Formation coals) at depths between 680 and 2,400 ft.
the shallow Kansas City Group samples taken in the = The coal rank of Cherokee Group samples taken at the
Forest City Basin or on the shallow Marmaton Group =~ CW #1location was high volatile A bituminous between
samples taken in the Cherokee Basin. The range ofrank  depths of 650 and 1,110 ft. The lowest rank classifica-
classifications determined on samples taken at the  tions (subbituminous B-high volatile B bituminous)
core holes (subbituminous to semi-anthracite) nearly =~ were measured in the Marmaton and upper Cherokee
spanned the entire coal rank spectrum, and certainly ~ Group coals in the four Forest City Basin core holes.
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TABLE 2.—Samples from the Forest City and Cherokee Basins

Well Kansas City Marmaton Cherokee Group
Basin name Group Group Upper Lower
Forest City CH#1 No. of samples: 5 1 8 17
Continuous wireline core
interval (drill depth, ft): 268.9-403.3 609.4-610.4 705.5-844.6 861.7-1,134.2
CH#2 No. of samples: 2 1 8 23
Continuous wireline core
interval (drill depth, ft): 808.0—-837.1 987.8—-988.8 1,122.1-1,250.0 1,268.1-1,652.0
CH#3 No. of samples: 7 8 9 17
Continuous wireline core :
interval (drill depth, ft): 980.0-1,070.5 1,090.4-1,349.3 1,454.3-1,571.5 1,612.7-1,756.8
CH#4 No. of samples: 1 9 24
Continuous wireline core
interval (drill depth, ft): 1,697.2-1,698.2  1,748.8-1,935.9 1,980.0-2,257.8
Cherokee CW #1 No. of samples: 3 17
Continuous wireline core
interval (drill depth, ft): 530.4-660.8 688.1-1,070.3

TABLE 3.—Samples from the Arkoma Basin

Well Krebs Group
name McAlester Fm. Hartshorne Fm.
CH#2-16 No. of samples: 10 6
Continuous wireline core
interval (drill depth, ft): 678.4-1,978.4 2,356.8-2,401.1
CH#1-21  No. of samples: 12 8
Continuous wireline core
interval (drill depth, ft): 381.0-2,073.1 2,4495-2,457.8

High volatile A bituminous rank classifications were
measured on lower Cherokee Group samples taken at
depths >2,000 ft in core hole CH #4 (Jackson County,
Kansas).

Coal ranks also varied dramatically with depth at the
cooperative well locations. For example, the maximum
vitrinite reflectance increased from 0.46 to 0.70% over
a 510-ft drill depth interval (about 1,750-2,260 ft) for
Cherokee Group reservoirs in the Forest City Basin. In
the Arkoma Basin in the McAlester and Hartshorne
Formation reservoirs, the maximum vitrinite reflec-
tance increased from 1.51 to 2.30% over a 1,720-ft drill
depth interval (about 680-2,400 ft).

Gas Content

Gas content values obtained from canister desorption
experiments are typically reported on different bases,
such as in-situ and dry, ash-free. To convert measured
data to a dry, ash-free basis, the mass fraction of min-
eral matter and moisture is subtracted from the raw
sample mass. Data are reported on a dry, ash-free ba-
sis where gas content comparisons are being made be-
tween individual coal reservoirs in a well, or between
reservoirs at several locations. Gas contents reported on
the in-situ basis include inherent mineral matter and
moisture. Conversion of measured data to the in-situ
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TABLE 4.—Reservoir Properties for Forest City Basin Kansas City Group Coals

Parameter Units ] Yalue
Well CH#1 CH #2 CH #3
Sampling Statistics
Top of Sampled Interval Jeet 268.9 808.0 980
Bottom of Sampled Interval Jeet 403.3 837.1 1,070.5
Sampled Interval Thickness Jfeet 1344 29.1 90.5
Number of Desorption Samples 5 2 7
Coal Properties
Grain Density Range (In-Situ Basis) g/lem’® 2.09-2.56 2.03-2.11 2.07-2.61
Ash Content Range (In-Situ Basis) wt. % 68.12-80.96 66.39-69.87 69.01-84.56
Moisture Holding Capacity Range wt. % 05.91-08.24 06.49-06.53 04.87-08.72
Sulfur Content Range (In-Situ Basis) wt. % 0.87-02.29 02.17-02.39 0.88-02.32
Maximum Vitrinite Reflectance Range %
Vitrinite Content Range (Mineral-Matter-Free Basis) Volume %
Inertinite Content Range (Mineral-Matter-Free Basis) Volume %
Liptinite Content Range (Mineral-Matter-Free Basis) Volume %
Clay Content Range (Maceral-Free Basis) Volume %
Quartz Content Range (Maceral-Free Basis) Volume %
Carbonate Content Range (Maceral-Free Basis) Volume %
Sulfide Content Range (Maceral-Free Basis ) Volume %
Gross Calorific Value Range (Moist, Mineral-Matter-Free) Buu/lb
Fixed Carbon Range (Dry, Mineral-Matter-Free Basis) wt. %
Apparent Coal Rank Range (ASTM Method D 388)
Apparent Coal Rank Range (Mean Maximum Vitrinite
Reflectance)
Methane Storage Capacity”
Methane Storage Capacity Range (Dry, Ash-Free Basis) scf/ton
Methane Storage Capacity Range (In-Situ Basis) scf/ton
Reservoir Properties
No. of Reservoirs (coal, coaly shale, carbonaceous shale) 3 2 3
Estimated Wet Reservoir Thickness Jeet 5 2 7
Estimated Reservoir Temperature °F 60 65 70
Estimated Pressure Gradient psi/ft 0.400 0.400 0.400
Estimated Initial Reservoir Pressure Range psia 122.1-175.8 337.7-349.3 406.5-442.7
Gas Content Range (Dry, Ash-Free Basis) scf/ton 5.1-10.2 5.4-8.7 13.7-38.9
Gas Content Range (In-Situ Basis) scf/ton 1.1-2.5 1.5-2.1 2.6-6.2
Diffusivity Range sec”’ 1.39(08)-2.41(05) 8.64(09)-1.92(07) 2.61(08)-1.33(07)
Methane (CH.) Concentration Range mole %
Ethane (C;Hs) Concentration Range mole %
Ci.10 Concentration Range mole %
Carbon Dioxide (CO,) Concentration Range mole %
Nitrogen (N2) Concentration Range mole %
Estimated Gas-In-Place Volume MAZ‘Z‘;ZSI 60 3.66 1.59 12.95

2Calculated at estimated initial reservoir pressure.

basis requires the measurement of moisture-holding
capacity at reservoir temperature (Pratt and Baez,
2003). Gas contents reported on an in-situ basis are
representative of reservoir conditions and are used to
compute the gas-in-place resource. Due to the abun-
dance of inorganic material in many of the WIC Region
study samples, which included bone coal, coaly shale,
and carbonaceous shale intervals, in-situ gas contents

were commonly significantly lower than the dry, ash-
free gas-content values.

On an in-situ basis, the highest gas contents (about
400-680 scf/ton), comparable to values measured in the
Fruitland coal gas “fairway” in the San Juan Basin,
were measured in low-volatile bituminous and semi-
anthracite samples from the McAlester and Hartshorne
Formations of the Arkoma Basin. The lowest gas con-
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TABLE 5.—Reservoir Properties for Forest City Basin Marmaton Group Coals

Parameter Units Value
Well CH#1 | CH# | cH#3 CH #4
Sampling Statistics
Top of Sampled Interval feet 609.4 987.8 1,090.4 1,697.2
Bottom of Sampled Interval Jeet 610.4 988.8 1,349.3 1,698.2
Sampled Interval Thickness Jeet 1.0 1.0 258.9 1.0
Number of Desorption Samples 1 1 8 1
Coal Properties
Grain Density Range (In-Situ Basis) g/cmj 1.55 1.55 2.07-2.65 2.26
Ash Content Range (In-Situ Basis) wt. % 26.11 29.22 63.94-76.79 66.58
Moisture Holding Capacity Range wt. % 09.68 12.30 03.92-08.44 02.92
Sulfur Content Range (In-Situ Basis) wt. % 04.66 04.77 00.01-02.59 04.36
Maximum Vitrinite Reflectance % 0.50
Vitrinite Content (Mineral-Matter-Free Basis) Volume % 88.45
Inertinite Content (Mineral-Matter-Free Basis) Volume % 8.25
Liptinite Content (Mineral-Matter-Free Basis) Volume % 3.30
Clay Content (Maceral-Free Basis) Volume % 40.00
Quartz Content (Maceral-Free Basis) Volume % 0.00
Carbonate Content (Maceral-Free Basis) Volume % 13.33
Sulfide Content (Maceral-Free Basis) Volume % 46.67
Gross Calorific Value (Moist, Mineral-Matter-Free Basis) Btu/lb
Fixed Carbon (Dry, Mineral-Matter-Free Basis) wt. %
Apparent Coal Rank (ASTM Method D 388)
Apparent Coal Rank (Mean Maximum Vitrinite Reflectance) hvCb
Methane Storage Capacity’
Methane Storage Capacity Range (Dry, Ash-Free Basis) scffton
Methane Storage Capacity Range (In-Situ Basis) scf/ton
Reservoir Properties
No. of Reservoirs (coal, coaly shale, carbonaceous shale) 1 1 4 1
Estimated Wet Reservoir Thickness Jeet 1 i 8 1
Estimated Reservoir Temperature Range °F 65 70 70-75 80
Estimated Pressure Gradient psi/ft 0.400 0.400 0.400 0.400
Estimated Initial Reservoir Pressure Range psia 258.3-258.6 409.6-410.0 450.7-554.2 693.4-693.8
Gas Content Range (Dry, Ash-Free Basis) scflton 20.88 8.07 13.78-43.85 38.32
Gas Content Range (In-Situ Basis) scflton 13.41 4.72 3.21-10.82 11.69
Diffusivity Range sec”! 2.26(08) 2.38(08) 95.’;6(?098))‘ 3.67(08)
Methane (CH;) Concentration Range mole %
Ethane (C,Hs) Concentration Range mole %
Cs.10 Concentration Range mole %
Carbon Dioxide (CO;) Concentration Range mole %
Nitrogen (N2) Concentration Range mole %
Estimated Gas-In-Place Volume MMscffi60 453 1.59 26.78 574

3Calculated at estimated initial reservoir pressure.

tent values (about 5-45 scf/ton) were measured in the
Kansas City and Marmaton Group samples of the For-
est City Basin, which consisted predominantly of bone
coal and carbonaceous shale. The in-situ gas contents
for the Cherokee Group reservoirs in the Forest City
and Cherokee Basins ranged between approximately 10
and 300 scf/ton, when carbonaceous shale intervals
were excluded from the analysis.

Gas-content values for 37 desorption samples on
which thermal maturity data were acquired were eval-
uated across the region. Gas-content values reported on
a dry, ash-free basis were directly proportional to the
maximum vitrinite reflectance (i.e., thermal maturity)
of the coal (Fig. 8). Although this relationship is note-
worthy, it should not be routinely used to predict dry,
ash-free gas content values. It is apparent that the gas
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TABLE 6.— Reservoir Properties for Forest City Basin Upper Cherokee Group Coals

Parameter Units : Value
Well CH#1 | cCH#2 | cH#3 | CH#
Sampling Statistics
Top of Sampled Interval Jeet 705.5 1,122.1 1,454.3 1,748.8
Bottom of Sampled Interval Jfeet 844.6 1,250.0 1,571.5 1,935.9
Sampled Interval Thickness Jeet 139.1 127.9 117.2 187.1
Number of Desorption Samples 8 8 9 9
Coal Properties
Grain Density Range (In-Situ Basis) glem® 1.35-2.65 1.36-2.24 1.35-2.58 1.33-2.59
Ash Content Range (In-Situ Basis) wt. % 08.90-84.56 10.65-68.12 08.49-83.50 08.92-80.81
Moisture Holding Capacity Range wt. % 04.13-09.81 07.71-11.58 04.44-06.50 04.44-07.47
Sulfur Content Range (In-Situ Basis) wt. % 00.03-06.11 01.21-05.57 00.15-05.07 01.77-07.67
Maximum Vitrinite Reflectance Range % 0.46 0.43 0.55-0.58 0.54
Vitrinite Content Range (Mineral-Matter-Free Basis) Volume % 86.74 75.65 87.99-90.72 81.01
Inertinite Content Range (Mineral-Matter-Free Basis) Volume % 12.23 21.52 6.39-9.78 14.42
Liptinite Content Range (Mineral-Matter-Free Basis) Volume % 1.02 2.83 2.23-2.89 4.58
Clay Content Range (Maceral-Free Basis) Volume % 29.633 45.00 11.11-37.32 55.56
Quartz Content Range (Maceral-Free Basis) Volume % 0.00 2.50 0.00-5.56 0.00
Carbonate Content Range (Maceral-Free Basis) Volume % 14.81 7.50 0.00-54.93 4.76
Sulfide Content Range (Maceral-Free Basis) Volume % 55.56 45.00 7.75-83.33 39.68
Gross Calorific Value (Moist, Mineral-Matter-Free Basis) Btu/lb 13,467 12,646 12,997 13,641
Fixed Carbon (Dry, Mineral-Matter-Free Basis) wi. % 81.24 79.44 78.72 79.09
Apparent Coal Rank (ASTM Method D 388) hvBb hvCb hvCb hvBb
Apparent Coal Range (Mean Maximum Vitrinite Reflectance) subB subB hvBb hvBb
Methane Storage Capacity”
Methane Storage Capacity(Dry, Ash-Free) scf/ton 133.1 188.7 101.9
Methane Storage Capacity (In-Situ) scffton 105.5 1347 71.8
Reservoir Properties
No. of Reservoirs (coal, coaly shale, carbonaceous shale) 6 6 6 6
Estimated Wet Reservoir Thickness Jeet 8 8 9 9
Estimated Reservoir Temperature Range °F 65 70 75-80 80-85
Estimated Pressure Gradient psilft ' 0.400 0.400 0.400 0.400
Estimated Initial Reservoir Pressure Range psia 296.7-352.3 463.3-514.5 596.2-643.1 714.0-788.9
Gas Content Range (Dry, Ash-Free Basis) scfiton 8.48-40.76 8.37-19.75 17.88-75.36 8.31-59.14
Gas Content Range (In-Situ Basis) scf/ton 1.63-27.85 1.85-12.71 2.47-35.64 1.21-36.59
Dty res | VEE ey osey | e
Methane (CH,) Concentration Range mole % 81.16 51.94-91.94 62.13-70.41 60.05-66.03
Ethane (C;H¢) Concentration Range mole % 0.81 0.09-0.80 3.36-8.61 4.36-11.44
C3.10 Concentration Range mole % 0.38 0.00-1.50 1.45-5.08 2.17-8.39
Carbon Dioxide (CO;) Concentration Range mole % 0.00 0.00-4.39 0.00-0.69 0.00-1.64
Nitrogen (N2) Concentration Range mole % 17.59 7.97-40.66 15.90-32.37 14.14-31.71
Estimated Gas-In-Place Volume MAZ';if::w 27.44 21.56 57.05 64.60

2Calculated at estimated initial reservoir pressure.

content can vary significantly for a given coal rank (Fig.
3).

Gas content also varied dramatically with depth at
any given core-hole location. For example, dry, ash-free
gas content values increased from 60 to 280 scf/ton over
a 510 ft drill depth interval (1,750-2,260 ft) for Chero-
kee Group reservoirs in the Forest City Basin. In the
Arkoma Basin, McAlester and Hartshorne Formation

reservoirs, the dry, ash-free gas content values in-
creased from 270 to 745 scf/ton over a 1,720 ft drill depth
interval (680-2,400 ft).

Sorbed-Gas Composition

Methane, nitrogen, carbon dioxide, ethane, and
heavier hydrocarbons are all by-products of the coalifi-
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TABLE 7.—Reservoir Properties for Forest City Basin Lower Cherokee Group Coals

Parameter Units Value
Well CH #1 l CH #2 CH#3 I CH #4
Sampling Statistics
Top of Sampled Interval Jeet 861.7 1,268.1 1,612.7 1,980.0
Bottom of Sampled Interval Seet 1,134.2 1,652.0 1,756.8 2,257.8
Sampled Interval Thickness Jeet 272.5 383.9 144.1 277.8
Number of Desorption Samples 17 23 17 24
Coal Properties
Grain Density Range (In-Situ Basis) glem’ 1.32-2.54 1.33-2.51 1.34-2.45 1.41-2.45
Ash Content Range (In-Situ Basis) wt. % 05.41-84.42 08.51-80.98 08.68-77.49 12.78-81.67
Moisture Holding Capacity Range wt. % 04.11-09.97 04.27-09.74 02.67-11.84 02.56-09.41
Sulfur Content Range (In-Situ Basis) wt. % 00.27-07.01 00.81-10.82 00.77-07.50 00.85-08.27
Maximum Vitrinite Reflectance Range % 0.53-0.63 0.42-0.51 0.58-0.68 0.66-0.70
Vitrinite Content Range (Mineral-Matter-Free Basis) Volume % 82.68-87.89 61.26-75.85 66.08-84.67 52.62-80.98
Inertinite Content Range (Mineral-Matter-Free Basis) Volume % 9.03-12.93 16.27-30.53 10.81-26.91 16.78-37.11
Liptinite Content Range (Mineral-Matter-Free Basis) Volume % 3.08-4.39 5.03-8.21 4.01-7.39 2.03-10.27
Clay Content Range (Maceral-Free Basis) Volume % 0.00-53.33 68.00-81.69 2.33-92.19 35.71-58.49
Quartz Content Range (Maceral-Free Basis) Volume % 0.00-0.00 0.00-0.84 0.00-7.69 0.00-4.35
Carbonate Content Range (Maceral-Free Basis) Volume % 0.00-13.04 0.00-5.04 0.00-53.76 1.89-40.00
Sulfide Content Range (Maceral-Free Basis) Volume % 36.96-100.00 14.08-32.00 7.42-97.67 10.00-51.79
Gross Calorific Value Range (Moist, Mineral-Matter-Free) Btu/lb 12,588-13,709 | 12,922-13,186 13,986 14,407
Fixed Carbon Range (Dry, Mineral-Matter-Free Basis) wt. % 78.54-87.29 72.85-77.64 77.99-82.78 84.51
Apparent Coal Rank Range (ASTM Method D 388) hvBb hvCb-hvBb hvBb hvAb
ng:;et:rt‘ce?oal Rank Range (Mean Maximum Vitrinite hvBb subB -hvBb hvBb hvBb-hvAb
Methane Storage Capacity”
Methane Storage Capacity Range (Dry, Ash-Free Basis) scf/ton 208.9-232.5 106.7 280.3
Methane Storage Capacity Range (In-Situ Basis) scfiton 155.1-194.2 55.0 188.0
Reservoir Properties

No. of Reservoirs (coal, coaly shale, carbonaceous shale) 11 1 9 13
Effective Wet Reservoir Thickness Seet 16.37 19.89 17.45 21.28
Estimated Reservoir Temperature Range °F 65-70 70-80 80 85-90
Estimated Pressure Gradient psi/ft 0.400 0.400 0.400 0.400
Estimated Initial Reservoir Pressure Range psia 359.2-468.2 521.7-675.3 659.6-717.2 806.5-917.6
Gas Content Range (Dry, Ash-Free Basis) scf/ton 28.92-163.38 17.89-51.20 31.87-322.77 24.99-132.74
Gas Content Range (In-Situ Basis) scffton 2.17-117.85 4.66-40.55 8.57-141.60 2.63-102.77

R . - . - . - 1. -
B wi | g [T aam T se
Methane (CH,) Congentration Range mole % £6.76-96.94 ]0 98 73 63-92 §?2 83 59
Ethane (C;Hg) Concentration Range mole % 0.41-0.76 0.56 0.28-2.00 6.46
Ci.10 Concentration Range mole % 0.00-0.31 0.42 0.00-1.52 4.41
Carbon Dioxide (CO2) Concentration Range mole % 0.00-0.92 348 1.20-3.20 2.06
Nitrogen (N;) Concentration Range mole % 2.00-12.04 56.92 5.25-24.37 38.41
Estimated Gas-In-Place Volume MMsefr160 310.30 160.60 390.30 336.29

2Calculated at estimated initial reservoir pressure.

cation process and must be accounted for to determine
gas storage capacity and produced gas composition. One
method to evaluate the composition of the sorbed gas
is to analyze the composition of numerous samples
taken from desorption canisters over the duration of the
desorption experiments.

Sorbed gas composition determinations were at-
tempted on 47 canister experiments taken in various

coal gas reservoirs or potential reservoirs over the WIC
Region. It was impractical to characterize the sorbed
phase gas composition in every reservoir during this
study due to the sheer number of coal and coaly shale
intervals sampled as part of this study. Determinations
of sorbed phase gas composition were not attempted in
the Kansas City Group samples taken in the Forest City
Basin because desorbed gas volumes were too small to
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TABLE 8.—Reservoir Properties for Cherokeé Basin Marmaton and Cherokee Group Coal

Parameter Units Value
Well CW #1
Sampling Statistics
Group Marmaton Cherokee
Top of Sampled Interval Jeet 5304 688.1
Bottom of Sampled Interval Jeet 660.8 1,070.3
Sampled Interval Thickness Jeet 130.4 382.2
Number of Desorption Samples 3 17
Coal Properties
Grain Density Range (In-Situ Basis) g/em’ 2.20-2.47 1.30-2.35
Ash Content Range (In-Situ Basis) wt. % 70.33-83.23 05.63-80.69
Moisture Holding Capacity Range wt. % 03.15-04.52 01.95-09.86
Sulfur Content Range (In-Situ Basis) wt. % 01.40-02.19 01.37-10.28
Maximum Vitrinite Reflectance % 0.87
Vitrinite Content (Mineral-Matter-Free Basis) Volume % 79.84
Inertinite Content (Mineral-Matter-Free Basis) Volume % 14.31
Liptinite Content (Mineral-Matter-Free Basis) Volume % 5.85
Clay Content (Maceral-Free Basis) Volume % 0.00
Quartz Content (Maceral-Free Basis) Volume % 0.00
Carbonate Content (Maceral-Free Basis) Volume % 0.00
Sulfide Content (Maceral-Free Basis) Volume % 100.00
Gross Calorific Value (Moist, Mineral-Matter-Free Basis) Buu/lb 15,037
Fixed Carbon (Dry, Mineral-Matter-Free Basis) wt. % 89.11
Apparent Coal Rank (ASTM Method D 388) hvAb
Apparent Coal Rank (Mean Maximum Vitrinite Reflectance) hvAb
Methane Storage Capacity”®
Methane Storage Capacity (Dry, Ash-Free Basis) scffton 320.8
Methane Storage Capacity (In-Situ Basis) scf/ton 291.3
Reservoir Properties
No. of Reservoirs (coal, coaly shale, carbonaceous shale) 3 13
Effective Wet Reservoir Thickness Jeet 3.00 14.28
Estimated Reservoir Temperature Range °F 80 80-90
Estimated Pressure Gradient psi/ft 0.400 0.400
Estimated Initial Reservoir Pressure Range psia 226.7-278.8 289.7-442.6
Gas Content Range (Dry, Ash-Free Basis) scfiton 83.86-160.21 151.58-331.30
Gas Content Range (In-Situ Basis) scf/ton 19.63-28.31 40.47-300.74
Diffusivity Range sec’”! 7.87(09)-1.20(08) 9.51(09)-3.83(07)
Methane (CH,) Concentration Range mole % 58.37-63.26 82.25-98.28
Ethane (C;Hs) Concentration Range mole % 5.26-13.54 0.09-5.89
Cs.10 Concentration Range mole % 4.82-15.15 0.00-7.99
Carbon Dioxide (CO;) Concentration Range mole % 2.31-9.45 1.16-2.47
Nitrogen (N;) Concentration Range mole % 5.53-9.45 0.12-5.39
Estimated Gas-In-Place Volume MMscf7160 35.24 623.10

acres

8Calculated at estimated initial reservoir pressure.

analyze accurately. Two attempts to characterize the
sorbed gas composition in the Forest City Basin Marma-
ton Group samples failed for the same reason.

The composition of numerous gas samples collected
from 45 canister desorption samples were determined
in the upper and lower Cherokee Group reservoirs in

the Forest City Basin, Marmaton and Cherokee Group
reservoirs in the Cherokee Basin, and McAlester and

Hartshorne Formation reservoirs in the Arkoma Basin.

Suspect data were removed, and the remaining data
were analyzed and combined to provide average results
for numerous reservoirs sampled in each group or
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TABLE 9.—Reservoir Properties for Arkoma Basin McAlester Formation Coal

Parameter Units Value
Well CH#2-16 | CH# 1-21
Sampling Statistics
Top of Sampled Interval Seet 678.4 831.0
Bottom of Sampled Interval Jeet 1,978.4 2,073.1
Sampled Interval Thickness Jeet 1,300 1,242.1
Number of Desorption Samples 10 12
Coal Properties
Grain Density Range (In-Situ Basis) g/cm’ 1.48-2.64 1.31-2.56
Ash Content Range (In-Situ Basis) wt. % 14.66-86.66 06.85-88.41
Moisture Holding Capacity Range wt. % 02.58-06.81 01.85-04.12
Sulfur Content Range (In-Situ Basis) wt. % 00.43-08.59 00.15-08.14
Maximum Vitrinite Reflectance Range % 1.51-1.84 0.95-1.05
Vitrinite Content Range (Mineral-Matter-Free Basis) Volume % 89.61-97.44 86.96-93.13
Inertinite Content Range (Mineral-Matter-Free Basis) Volume % 2.56-10.39 6.07-9.40
Liptinite Content Range (Mineral-Matter-Free Basis) Volume % 0.00-0.00 0.00-5.26
Clay Content Range (Maceral-Free Basis) Volume % 21.05-95.82 36.36-79.59
Quartz Content Range (Maceral-Free Basis) Volume % 0.00-0.00 0.00-14.29
Carbonate Content Range (Maceral-Free Basis) Volume % 0.00-36.84 3.17-54.55
Sulfide Content Range (Maceral-Free Basis) Volume % 4.18-42.11 0.00-32.94
Gross Calorific Value Range (Moist, Mineral-Matter-Free) Btu/lb 14,367-16,860 14,775-15,268
Fixed Carbon Range (Dry, Mineral-Matter-Free Basis) wt. % 60.59-74.37 79.10-91.08
Apparent Coal Rank (ASTM Method D 388) Ivb hvAb
Qgg:;e;; ce;:oal Rank Range (Mean Maximum Vitrinite mvb-ivb hvAb
Methane Storage Capacity”
Methane Storage Capacity Range (Dry, Ash-Free Basis) scf/ton 492.5 368.8-420.2
Methane Storage Capacity Range (In-Situ Basis) scf/ton 410.4 260.2-382.7
Reservoir Properties
No. of Reservoirs (coal, coaly shale, carbonaceous shale) 5 8
Effective Wet Reservoir Thickness Jeet 6.4 8.8
Estimated Reservoir Temperature Range °F 75-95 70-95
Estimated Pressure Gradient psi/ft 0.400 0.400
Estimated Initial Reservoir Pressure Range psia 285.9-805.9 843.7
Gas Content Range (Dry, Ash-Free Basis) scflton 266.96-606.91 86.00-509.49
Gas Content Range (In-Situ Basis) scf’ton 32.35-403.90 6.89-405.82
Diffusivity Range sec’”! 1.36(09)-1.38(07) 4.17(08)-3.03(06)
-Methane (CHy4) Concentration Range mole % 96.20-97.63 90.03-97.94
Ethane (C;Hs) Concentration Range mole % 1.35-2.94 0.07-4.36
Ci.10 Concentration Range mole % 0.05-0.14 0.00-0.34
Carbon Dioxide (CO2) Concentration Range mole % 0.04-0.71 0.12-0.87
Nitrogen (N,) Concentration Range mole % 0.00-0.41 1.77-5.30
Estimated Gas-In-Place Volume MMscfr160 427.89 530.00

acres

3Calculated at estimated initial reservoir pressure.

formation (Fig. 4). The averaged results demonstrated
that methane was the primary gas component in
the specific samples (61-95%). However, other gas spe-
cies were present in copious quantities; most notably,
nitrogen (13-18%) in the upper and lower Cherokee

Group coals of the Forest City Basin, nitrogen (

carbon dioxide (6%), ethane (9%), and Cs_g hydrocar-

14%),
ent.

bons (10%) in the Marmaton Group coals of the Chero-
kee Basin, and ethane (6%) in the Hartshorne Forma-
tion coals of the Arkoma Basin. Figure 4 data are
simplified as the distribution of sorbed gas composition
in individual reservoirs, which can vary dramatically
over relative short stratigraphic intervals, is not appar-
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TABLE 10.—Reservoir Properties for Arkoma Basin Hartshorne Formation Coal

Parameter Units Value
Well CH#2-16 | CH#1-21
Sampling Statistics
Top of Sampled Interval Jeet 2,356.8 2,449.5
Bottom of Sampled Interval Jeet 2,401.1 2,457.8
Sampled Interval Thickness Jeet 44.3 8.3
Number of Desorption Samples 6 8
Coal Properties
Grain Density Range (In-Situ Basis) glem’ 1.41-2.65 1.34-2.65
Ash Content Range (In-Situ Basis) wt. % 07.03-90.31 06.69-88.73
Moisture Holding Capacity Range wt. % 01.68-07.72 00.69-02.81
Sulfur Content Range (In-Situ Basis) wt. % 00.07-00.88 00.05-09.27
Maximum Vitrinite Reflectance Range % 2.03-2.30 1.29-1.38
Vitrinite Content (Mineral-Matter-Free Basis) Volume % 86.75 87.28
Inertinite Content (Mineral-Matter-Free Basis) Volume % 13.25 12.72
Liptinite Content (Mineral-Matter-Free Basis) Volume % 0.00 0.00
Clay Content (Maceral-Free Basis) Volume % 59.38 58.33
Quartz Content (Maceral-Free Basis) Volume % 0.00 38.89
Carbonate Content (Maceral-Free Basis) Volume % 31.25 2.78
Sulfide Content (Maceral-Free Basis) Volume % 9.38 0.00
Gross Calorific Value (Moist, Mineral-Matter-Free Basis) Buw/lb 15,506 15,427
Fixed Carbon (Dry, Mineral-Matter-Free Basis) wt. % 86.92 87.90
Apparent Coal Rank (ASTM Method D 388) sa mvb
Abpar : —
ng:cet:;ce?oal Rank Range (Mean Maximum Vitrinite Ivb —sa . mvb
Methane Storage Capacity”
Methane Storage Capacity Range (Dry, Ash-Free Basis) scf/ton 791.6 535.5
Methane Storage Capacity Range (In-Situ Basis) scfiton 649.8 345.6
Reservoir Properties
No. of Reservoirs (coal, coaly shale, carbonaceous shale) 2 1
Effective Wet Reservoir Thickness feet ) 6.0 7.8
Estimated Reservoir Temperature Range °F 95-100 100
Estimated Pressure Gradient psilft 0.400 0.400
Estimated Initial Reservoir Pressure Range psia 0.400 0.400
Gas Content Range (Dry, Ash-Free Basis) scf/ton 265.54-742.36 164.08-314.26

Gas Content Range (In-Situ Basis) scf/ton 21.58-678.39 20.19-288.93
Diffusivity Range sec”’ 7.88(08)-2.28(06) 6.23(07)-3.07(06)
Methane (CH4) Concentration mole % 97.04 87.97
Ethane (C;H¢) Concentration mole % 1.87 9.49

Cs.10 Concentration mole % 0.08 1.66
Carbon Dioxide (CO,) Concentration mole % 0.66 0.40
Nitrogen (N) Concentration mole % 0.35 0.43
Estimated Gas-In-Place Volume MMscf/160 801.89 1,224.82

acres .

2Calculated at estimated initial reservoir pressure.

Diffusivity fusivity has little impact upon gas production rates,
which are more strongly controlled by reservoir pres-
The rate at which gas diffuses through the coal ma- sure and permeability.

trix is commonly expressed in terms of sorption time,

Gas diffusion in coal gas reservoirs is considered fast

which is the amount of time required to desorb 63% of = when sorption times are less than 50 hours. Fast sorp-
the total gas content if the samples are maintained at  tion time is commonly observed in samples from the San
constant temperature (Mavor and Nelson, 1997). Dif-  Juan Basin Fruitland (Mavor and Nelson, 1997) and
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TABLE 11.—Coalbed Geometry and Gas-In-Place Volume Estimates
for the Forest City, Cherokee, and Arkoma Basins

Cherokee
Forest City Basin Basin Arkoma Basin
Parameters (units) CH #1 CH #2 CH #3 CH#4 CW #1 CH#2-16 CH#2-16 CH#1-21 CH#1-21

Group/formation: L. Cherokee L.Cherokee L.Cherokee L.Cherokee Cherokee McAlester Hartshorne McAlester Hartshorne
Top depth (ft): 861.7 1,268.1 1,612.7 1,980.0 688.1 678.4 2,356.8 831.0 2,449.5
Bottom depth (ft): 1,134.2 1,652.0 1,756.8 2,257.8 1,070.3 1,978.4 2,401.1 2,073.1 2,457.8
Sampled interval
thickness (ft): 2725 383.9 1441 277.8 382.2 1,300.0 443 1,242.1 8.3
Number of reservoirs: 11 11 9 13 13 5 2 8 1
Effective net thick-
ness (ft): 16.4 19.9 17.5 21.3 14.3 6.4 6.0 8.8 7.8
Gas-in-place per area
(MMscf/160 acres): 310.30 160.60 390.30 336.29 623.10 427.89 801.89 530.00 1,224.82
800 - 800
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Figure 3. Dry, ash-free gas content and methane storage capacity vs. vitrinite reflectance types (V-types). Abbreviations: scf/

ton = standard cubic feet per ton; n = sample size.

from the Powder River Basin Fort Union (Pratt and
others, 1999) coal seams. Diffusion rates of this order
are not believed to be documented for eastern and
Midcontinent United States coal gas reservoirs. Fur-

thermore, the rate of gas diffusion of Carboniferous coal
gas reservoirs located in eastern and Midcontinent coal
basins on the whole is typically much slower than that
encountered in Cretaceous and Tertiary coal gas reser-
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Figure 4. Histograms of averaged sorbed phase gas composition for sampled wells in study.

voirs in western United States coal basins. This appar-
ent phenomenon is likely caused by a fundamental
difference between Carboniferous and Cretaceous/
Tertiary coal matrix structures at the molecular level,
and perhaps most importantly by the size distribution
and geometry of primary porosity (micro-, meso- and
macropores).

Sorption times for 30 desorption samples on which
thermal maturity data were acquired were evaluated
across the region. When sorption time was graphed on
alogarithmic scale, it was indirectly proportional to the
maximum vitrinite reflectance (i.e., thermal maturity)
of the coal (Fig. 5). Sorption times varied between 8 and
835 hours across the WIC Region. The fastest sorption
times (8-28 hours) were measured in low volatile bitu-
minous and semi-anthracite coals in the Arkoma Basin.
The slowest sorption times were measured in subbitu-
minous-high volatile B bituminous samples in the For-
est City Basin.

It is apparent from the relationship that significant
sorption time variation exists within a given V-Type,

especially at maximum vitrinite reflectance values
<1.00%. This disparity is caused by compositional
inconsistencies between samples. For example, samples
that had the highest concentrations of mineral matter
and/or inertinite group macerals had much faster
desorption rates than vitrinite-rich coal samples that
contained little inorganic material. Sorption time
values would have been more in line with the highest
values of Figure 5 had the evaluation been constrained
to clean coal intervals with “average” inertinite con-
tent.

Methane-Storage Capacity

The gas storage capacity at any given pressure is
calculated from laboratory adsorption isotherm data
and is reported at the initial reservoir pressure. Unfor-
tunately, reservoir pressures were not measured as part
of this study. A pressure gradient of 0.4 psi/ft, which has
been observed in some areas of the WIC Region, was
assumed to estimate the initial reservoir pressures at
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Figure 5. Sorption time (in hours) plotted against vitrinite reflectance types (V-types).

each core hole location. Reliance on this estimation un-
dermines the critical importance of gathering accurate
pressure data, but provides consistency for comparison
of gas storage capacity estimates between reservoirs in
the WIC Region.

Methane adsorption isotherm experiments were per-
formed on 20 desorption samples collected in the Chero-
kee Group of the Forest City and Cherokee Basins and
in the McAlester and Hartshorne Formations of the
Arkoma Basin. At estimated reservoir pressures, meth-
ane storage capacity estimates were directly propor-
tional to the maximum vitrinite reflectance (i.e., ther-
mal maturity) measured on isotherm samples (Fig. 3).
This relationship is noteworthy, but should not be rou-
tinely used to predict gas storage capacity because the
data indicates that methane storage capacities can vary
significantly for a given coal rank.

If the assumed 0.40 psi/ft pressure gradient at the
core hole locations is similar to reality, then the rela-
tionships illustrated in Figure 3 suggest that very few
of the WIC Region reservoirs are at or near gas satu-
rated conditions. Undersaturation can significantly
hinder gas productivity. However, it is recognized that
some WIC Region reservoirs are at or near gas satura-
tion. Several data points in Figure 3, ranging from V-
Type 6 through V-Type 20, support this fact, which
suggests that gas saturated conditions are not a func-
tion of thermal maturity.

The data presented in Figure 4 demonstrate that
methane is not the only gas present in reservoirs. Sig-

nificant quantities of nitrogen (13—18%) were measured
in the upper and lower Cherokee Group samples taken
in the Forest City Basin. The gas storage capacity re-
sults in Figure 3 would be lower had it honored the
presence of nitrogen, which in turn, would increase the
gas saturation level. The opposite correction would ap-
ply in the case of the Hartshorne coal, where a relatively
significant quantity of ethane (~6%) could be present in
the reservoir in some areas of the basin.

POTENTIAL GAS-PRODUCTIVITY ESTIMATES

To estimate the potential gas productivity of a reser-
voir requires the data summarized in the preceding
section and reservoir pressure data, as well as data con-
cerning the absolute and relative permeability of the
coal natural fracture systems. Absolute permeability
estimates are generally obtained from well tests. Rela-
tive permeability estimates are obtained by laboratory
measurements performed on whole core samples. Un-
fortunately, pressure and permeability data were not
collected as part of this project.

Because of the lack of permeability information, we
took another approach to make a first-pass estimate of
the potential ranges of gas productivity that may be
possible at the research well locations. Based upon our
experience with coal permeability ranges in many ba-
sins, we estimated potential log-normal permeability
distributions that may be present. We relied upon coal-
relative permeability data reported in the literature
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Figure 6. Estimated log-normal absolute permeability (in millidarcies, md) distributions for the Western Interior Coal Region. '

from the San Juan Basin, Fruitland Formation. The
permeability estimates were used to create reservoir
simulation models incorporating the data summarized
in the preceding section. The simulation models were
used to forecast gas productivity as a function of
time.

Figure 6 illustrates log-normal absolute permeabil-
ity distributions that we believe to be appropriate for
the WIC Region. Each distribution has a 50% probabil-
ity of an absolute permeability of 10 md or greater. For
the Forest City, Cherokee, and Arkoma Basins, there is
a 90% probability that the absolute permeability is
greater than 2, 2.3, and 3 md, respectively. There is a
10% probability that the permeability exceeds 51, 40,
and 32 md for the three respective basins. As relative

permeability data were unavailable, we relied upon the
data presented for the San Juan Basin, Fruitland For-
mation (Gash and others, 1993). We have found these
data to be applicable in the Cherokee Basin and they
may be applicable in the other Midcontinent basins.
Coal natural fracture porosity also has a substantial
impact upon water production rates. Greater porosity
results in greater water production and lower gas pro-
duction. We used a relatively high natural fracture po-
rosity estimate of 0.5% for our projections.

The reservoir simulation models honored the gas
content and depth information with gas-in-place esti-
mates similar to those summarized in the reservoir
property tables. These models were used to forecast the
possible gas productivity of a production hole drilled at
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Figure 7. Forest City Basin CH #1 potential lower Cherokee gas productivity. Gas rate given in thousand standard cubic feet
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Figure 9. Arkoma Basin CH #1-21 potential Hartshorne gas productivity. Gas rate given in thousand standard cubic feet per
darcy (Mscf/D) plotted against elapsed time (in days) for three cases (in millidarcies, md).

each of the cooperative research well locations. Figures
7-9 illustrate the estimated productivity of the lower
Cherokee gas-bearing intervals penetrated by the For-
est City Basin CH #1, the lower Cherokee intervals
penetrated by the Cherokee Basin CW #1, and the
Hartshorne coal penetrated by the Arkoma Basin CH
#1-21 well.

The peak gas production rates for each of the three
Forest City permeability levels were 1.3, 10.1, and 51.1
Mscf/D (thousand standard cubic feet per darcy) for the
2, 10, and 51 md (millidarcies) cases, respectively (Fig.
7). The cumulative gas production after 10 years was
estimated to be 4, 31, and 110 MMscf (million standard
cubic feet) for the same three permeability cases, corre-
sponding to recovery of 1, 10, and 37% of the original
gas-in-place volume. Only the 51 md case had a chance
of meeting today’s economic requirements.

The peak gas production rates for each of the three
Cherokee Basin permeability levels were 2, 15, and 61
Mscf/D for the 2.3, 10, and 40 md cases, respectively
(Fig. 8). The cumulative gas production after 10 years
was estimated to be 7, 43, and 182 MMscf for the same
three permeability cases corresponding to recovery of 1,
7, and 29% of the original gas-in-place volume. Only the
40 md case had a chance of meeting today’s economic
requirements.

The peak gas production rates for each of the three
Arkoma Basin Hartshorne permeability levels were 23,
76, and 266 Mscf/D for the 3, 10, and 32 md cases, re-
spectively (Fig. 9). The cumulative gas production after

ten years was estimated to be 70, 180, and 280 MMscf
for the same three permeability cases corresponding to
recovery of 17, 44, and 67% of the original gas-in-place
volume. The 10 and 32 md cases had a chance of meet-
ing today’s economic requirements.

Compared with the Arkoma Hartshorne projections,
the relatively low productivity of the Forest City and
Cherokee Basin projections was due to relatively low
gas contents, most of which are significantly lower than
the gas-storage capacities. The Arkoma Hartshorne
projections were made for relatively high gas contents
that were nearer to the gas storage capacities.

The seven cooperative wells sampled a very limited
portion of a very large area. The productivity projections
should not be applied to any of the coal basins as a
whole. Actual productivity is likely to differ signifi-
cantly.

CONCLUSIONS

The WIC Region has experienced enormous growth
in coalbed methane exploration and production during
the past several years but remains largely unexplored.
Many operators are drilling wells indiscriminately with
little information concerning the gas resource and pro-
duction potential. Critical exploration and development
decision-making would be improved if operators gained
a better understanding of reservoir properties, and how
they vary across the WIC Region.

This study demonstrates that coal rank is an impor-
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"tant factor to consider when exploring for coal gas in the
WIC Region. Assuming all other parameters are equal,
the ability of a coal to generate and store gas increases
as the coal rank (i.e., thermal maturity) increases dur-
ing the coalification process. The ability to use coal rank
during exploration is not a new concept. This rather
simple rationale was utilized to explore and develop
coal-gas wells in the San Juan and Black Warrior Ba-
sins in the 1980s and early 1990s, where coals of high
volatile and medium velatile bituminous rank were tar-

eted.

¢ Although this paper demonstrates that gas content,
storage capacity and diffusion rates can be directly re-
lated to coal rank for coals of similar age and deposi-
tional history over a large geographic area, it also dem-
onstrates that gas content and storage capacity can vary
widely between reservoirs of a given rank. In short,
many conditions in addition to coal rank and sorption
properties must be considered before a reasonable un-
derstanding of commercial development potential can
be assumed.

In the middle and late 1990s, the economic viability
of gas production from shallow, low rank (subbitumi-
nous) Tertiary coals was demonstrated in the Powder
River Basin. More recently, commercial gas production
has been established in shallow, thin, low rank Horse-
shoe Canyon coals in the Sedimentary Basin of the
eastern Alberta Plains. These discoveries, along with a
sustained increase in gas prices, have undoubtedly
given rise to increased interest in low rank coal gas ex-
ploration in the United States and many other parts of
the world. However, it is critically important to consider
the reasons why these coal gas plays have been success-
ful before investing a large amount of capital and re-
sources into coal gas exploration. Parameters including
coal seam thickness and lateral continuity; absolute
permeability; initial reservoir pressure and gas satura-
tion; the effect of nearby surface mines; well drainage
and development patterns; formation water quality;
access to infrastructure; and inexpensive exploration,
drilling, and completion costs were all critical factors
partly responsible for the success initially established
in the Powder River Basin. Less information is available
for the Horseshoe Canyon play, but it is generally
known that conventional sandstone reservoirs are-ad-
jacent to the targeted coal seams and that there is little
to no water contained in the natural-fracture systems in
areas that have achieved commercial success.

To accurately predict gas productivity requires both
reservoir pressure and permeability data. To obtain this
data, operators should routinely conduct well tests on
potentially productive intervals whenever reservoir
pressure and permeability are not known with reason-
able confidence. Proper identification of commercial
permeability and pressure levels will result in reduced
completion costs, as non-commercial intervals will not
be completed or stimulated.
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Coalbed-Methane Potential in Osage County, Oklahoma

John F. Sinclair

AMVEST 0Oil and Gas
Charlottesville, Virginia

ABSTRACT.—Middle Pennsylvanian host rocks containing numerous thin coal
seams are present within Osage County, Oklahoma. The Rowe, Bluejacket, Weir-
Pittsburg, and Dawson coals are the primary seams for coalbed-methane (CBM) explo-
ration and development. These seams are extremely thin as aggregate and as indi-
vidual seams when compared with other CBM plays outside of the Midcontinent area.
Where present, these seams range from a few inches to 5 ft thick. The average indi-
vidual seam thickness is less than 2 ft. It is rare for more than 12 net feet of coal to be
present within a single well bore. These coals are high-volatile A to medium-volatile
bituminous in rank. Vitrinite reflectance values range from 0.85% to 1.1% and gener-
ally increase with depth.

Structurally, Osage County is located within the northeast Oklahoma shelf. Gen-
eral dip is to the west, but numerous domes and northeast-southwest-trending anti-
clines are located in Osage County. Basement faulting is the primary mechanism for
creating structural disturbance, and many of these faults appear to be compressional
features derived from movement originating in the Arkoma Basin.

AMVEST Osage has drilled 140 CBM wells since January 2000. Production started
in September 2000, and current production as of December 1, 2003, was 8.3 million
cubic feet of gas per day. In addition to the drilled wells, 5 slim-hole, continuous,
wireline retrievable cores were drilled. The cores were used to evaluate the CBM re-
source through gas content measurements, adsorption isotherms, and maceral analy-
sis. Total resource calculated for the AMVEST concession in Osage County is in excess
of 2.1 trillion cubic feet. Numerous permeability measurements have been made
within the coal seams of Osage County within cased wells and in the open-hole—core
well bores. Permeability ranges from 0.2 md to >300 md.

Initial exploration focused on thicker coal accumulations on structural highs or
noses of anticlines to find higher permeability within the coals. This approach was not
always successful, and not all of the good producing wells are located on these struc-
tural highs. Currently, AMVEST is developing a structural model that will help pre-
dict areas of higher permeability.

Sinclair, J. F., 2005, Coalbed-methane potential in Osage County, Oklahoma, in Cardott, B. J. (ed.), Unconventional en-
ergy resources in the southern Midcontinent, 2004 symposium: Oklahoma Geological Survey Circular 110, p. 105.
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Coalbed Methane: What Makes for Economic Success
in the Arkoma Basin—Methods and Economics

John H. Wendell, Jr.

Wendell Consulting, LLC
Fort Worth, Texas

ABSTRACT.—Generally, production of coalbed methane (CBM) is a high-density,
high-intensity endeavor, which must have extensive cost containment to insure eco-
nomic success. Conventional oil and gas drilling and production mentality must be
revamped to simplify and, in some cases, be down-engineered to achieve optimized
results. Streamlined activities must begin with sizing ingress and drilling footprint
and using efficient drilling methods.

Only basic logs are run, and cementing procedures are designed that provide ad-
equate results and may be accomplished by smaller, low-cost, independent service
companies. Stimulation programs are designed to achieve maximum recovery and
lowest cost. Again, smaller, independent service companies can be trained and
equipped to provide excellent fracs at much lower costs than the big three.

Project sizing is important. A critical mass must be achieved for both operational
and economic purposes. The endeavor must be large enough to support self-operated
service equipment such as pulling units and produced-water disposal. Timely data
capture is essential to evaluate costs and results and to quickly identify well problems
and put wells back to maximum production on a timely manner.

Economic analysis is ultimately important to ascertain what type of well to drill

(horizontal or vertical) to optimize financial geals.

INTRODUCTION

The salient question is: What makes Coalbed Meth-
ane (CBM) profitable? Although the final answers ap-
pear simple, the path to achieve a favorable outcome
may not be as easy as it appears from the most elegant
solutions.

Production of CBM in the Arkoma Basin emanates
from a large number of characteristically low-produc-
tion wells that are relatively low cost to drill, complete,
and produce. Expected peak production rates for indi-
vidual wells vary from 10 to >250 thousand cubic feet of
gas per day (Mcfd) from properly stimulated wells. The
values depicted in this paper are derived from a repre-
sentative assemblage of 152 wells that have been
drilled, stimulated, and produced under my engineer-
ing during the past 10-year period. These wells were
selected. as having sufficient production history to rea-
sonably predict demonstrated values of Expected Ulti-
mate Recovery (EUR), production profile (dewatering
time, peak rates, declines, etc.), operational costs, and
infrastructure requirements.

Expected median peak rates of 45 Mcfd after 13
months of dewatering in low permeability areas with
EURs of 110 million cubic feet (MMecf) were evaluated

from 51 wells that were grouped in the areas that ex-
hibited lower average response. Conversely, the pro-
duction and reserve values from the 101 wells pro-
ducing from the better-permeability coal locations
regressed into an average well with an EUR of 320
MMecf with an average peak rate of 123 Mcfd that oc-
curred during the 18th month of dewatering.
Operational costs were minimized with average
Lease Operating Expenses (LOEs) being approximately
$650 per well per month. Minimalist approach to site
preparation, drilling, logging, testing, completing,
stimulating, equipping, and producing the wells was
paramount. When a well is producing at a low rate,
even moderate excursions in cost make significant im-
pact on well economics. This effect is more easily
masked in more expensive wells that are producing at
higher rates. CBM economics are most favorable to
companies that are large enough to provide the eco-
nomic critical mass of wells necessary to accomplish
effective dewatering of the reservoir and to be able to
make purchases in large enough quantities to achieve
economies of bulk discounts. The most profitable com-
panies are large enough to have their own service rigs
and must have their own water disposal wells or be
able to inexpensively take care of the produced water.

Wendell,-J. H., Jr., 2005, Coalbed methane: what makes for economic success in the Arkoma Basin—methods and econom-
ics, in Cardott, B. J. (ed.), Unconventional energy resources in the southern Midcontinent, 2004 symposium: Oklahoma

Geological Survey Circular 110, p. 107-114.
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Although much CBM development is thought to be on
the “cutting edge” of today’s technology, many of the
methods that are most cost effective are resident in the
knowledge base of a more primitive oil patch. The
temptation to over-design the equipment or to use more
exotic methods than needed must be avoided. Cost ben-
efit and containment must be exercised continually.
The average LOEs and overhead charges customarily
allocated to each well by larger companies, which are
dealing with single well costs and production that
are orders of magnitude greater than CBM, would di-
minish the economic return for CBM wells to unaccept-
able levels. CBM operations are more effective with
a hands-on operation with quick reaction time and
minimalist corporate infrastructure.

CBM DRILLING AND COMPLETION METHODS

Coalbed-methane wells can be drilled and completed
at reasonable costs if reasonable methods are used. The
drilling units used in most CBM wells are largely self-
contained mobile drilling rigs using air-drilling tech-
niques. Drill sites need only be large enough to contain
the drilling equipment and subsequently the frac tanks
and pump trucks for stimulation. A cleared area of 150
ft by 150 ft is generally more than adequate. Prepara-
tion of the drill site may be minimized in most cases
if drilling schedules coincide with expected dryer-
weather seasons. With judicious planning and luck, the
initial ingress to the well for drilling, completing, and
stimulation may be accomplished on either unimproved
ground or minimally prepared surfaces.

There is no need to build an all-weather road and
location for wells that are drilled in the dry season. The
requirement for building a road that is adequate to
support drilling rigs and frac vans is dramatically more
extensive than what will be necessary as the perma-
nent road used to service and produce the well. If the
construction of the road can possibly be avoided, then
three savings are obtained. First is the original cost of
the heavy-duty road and location. Second is the cost of
dressing up the drill site. And third, repair of the road
after the drilling rig, completion units/rigs, and frac
vehicles have egressed. During daily production opera-
tions in wet conditions, road damage may be avoided by
pumpers utilizing weatherized all-terrain vehicles
(ATVs) to check and perform minor maintenance on the
wells. The cost of the ATV vanishes very rapidly con-
trasted to the cost of frequent road repair and rebuild-
ing or the accelerated deterioration of pickups.

Optimize the size and type of drilling unit used to
drill the well. In most cases, the wells will be of similar
depth. Most wells are relatively shallow, 700-1,700 ft
deep. There is no need to pay for a rig capable of drill-
ing a 5,000-ft well and then to subsequently be on loca-
tion for logging, running range-3 casing, and then
cementing. It is sufficient to have an air rig that is ca-
pable of only drilling up to the depth needed and not be
capable of having a derrick tall enough to run long cas-
ing. Only use the drilling unit for drilling the well. It is
far less expensive to use the smaller drilling unit with
lower per foot charge.

J. H. Wendell, Jr.

Logging units utilizing their own portable mast are
competitively priced. The logging suite is again mini-
mal—only gamma ray, dual density, and caliper unless
you really believe that the sand you encountered is re-
ally not tight or wet. Then add the resistivity log. Log
quality from the independent logging companies in the
Arkoma region is more than adequate for CBM evalu-
ation. Costs from the independent run approximately
45-50% of that charged by the major logging compa-
nies. Also, the logs have been optimized for CBM by the
independents and are tailored to Arkoma CBM-analy-
sis requirements.

The company should own its own pulling unit that is
capable of running at least range-2 casing to the depths
of the wells drilled. Generally, the rig will run the cas-
ing and hang it off on the conductor pipe with a simple
bolt on two-piece casing clamp ($25.00) and be on and
off the location in approximately 4 hours.

.Cementing is accomplished by one of the competent
independent cementing companies. The method used is
basic. Except in the deepest wells, the alternate casing
program is used. With proper cement design, formation
damage is avoided and casing/water zones are pro-
tected. The cement that I favor is simple. Hole prepara-
tion is paramount. First circulate hole clean with fresh
water followed by at least 20 barrels of gelled water.
Follow next with a polymer gel as generally used for
fracing. This cleans the hole and begins to seal the coal
and other thief zones. Use of lost-circulation materials
such as cello flake and ground up bituminous coal is
normally sufficient to finish sealing off the zones from
cement intrusion. Lead cement is lightened with ap-
proximately 4% gel or other expander, again loaded
with lost-circulation materials. Tail cement is run in a
volume sufficient only to cover the highest zone to be
perforated. It is customarily just class A or class H with
10% salt and lost-circulation materials. This simple
method of cementing has proved very effective.
The cost of these jobs is less than half that of the major
cementing companies. Side-by-side testing with
this method and companies using latex-treated poz-
lightened slurries have shown better results from the
less exotic mixture. The less-expensive slurries have
minimized cement intrusion into the coals and loss
into thief zones. Instances of cement fall back and
failure to circulate have been virtually eliminated.
This was not the case with the more expensive latex
blend, with which cement fall back and poor bonding
were observed. After the wells are perforated, the coals
appear to be undamaged with no acid or other break-
down being necessary to enter the zone for either
pump-in/falloff permeability testing or for frac treat-
ments.

When the cement sets, the independent loggers
again set up on the well with their own mast, run a
cement-bond log with gamma ray, and then perforate
the coal. The normal perforation schedule is 8 shots per
foot using 23-gram shaped charges in a 3%-in. hollow
steel carrier. Economies are achieved by allowing the
logging unit to fit the well into their schedule on an as
convenient basis. This has worked in all but a few ex-
ceptions and normally has been timely enough. Again
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costs are 35-40% of that charged by the major compa-
nies for the same services.

At the outset, fracs in the Arkoma Basin were per-
formed by the big-three frac companies. In the later
1990s, the major frac companies virtually abandoned
servicing the Arkoma Basin. Smaller independents
upgraded their equipment and instrumentation and
quickly filled the void. The price difference was dra-
matic then between what the larger companies charge
and the cost of the independent. In the bulk of the
cases, savings of 30-50% were achieved through use of
the independent. The independents have continued to
be competitive and current savings are in the range of
$16,500 versus $30,000+ for a similar frac. Cooperation
between the independents and producers has helped
the small frac companies build equipment tailored to
the simple and minimal requirements for a water-
sand frac that is normally performed. Fewer units and
smaller equipment are needed as pump plunger sizes
are optimized for CBM work. More effective use of
horsepower is accomplished as small-piston, high-pres-
sure pumps are no longer run in unloaded conditions.

The most effective frac design for the majority of the
CBM wells has been a simple water-sand frac with no
gels, acids, foams, or any additives other than biocide.
This technique is the least damaging when performed
properly. The experience and skill required to accom-
plish this method is higher than when using gelled flu-
ids and requires quick response and superior teamwork
between the frac operator and the engineer directing
the frac.

However, the usual is never totally usual. Coal is not
homogeneous in character and stress. Variances in lo-
cal stress, cleating/permeability, rock strength, natural
fracturing, rubbelization/powdering, faulting, aquifer
activity, coal fines, and multiple possibilities of miner-
alization directly affect the type of stimulation that
may be performed and ultimately the producibility of
the coal.

If the permeability of the coal is low, or if a region of
extremely “tender” or rubbelized/powdered coal is en-
countered, something more involved such as a horizon-
tal well may be more appropriate. Horizontal wells
have been introduced, with good results, into areas
where either unsuccessful or marginal vertical CBM
wells were drilled.

Recent enhancements in fracing fluids have been
found to be advantageous for use in vertical problem
wells. Use of Visco Elastic Surfactants (VES) has been
used to advantage in the Arkoma and other basins
where normal water-sand fracs have been unsuccessful
or ineffective. The VES fluid is either just used as a
fines-control agent and dewatering aid when used in
leaner concentrations or as a viscosity enhancing me-
dium when applied in richer mixes. The VES fluid im-
proves the initial dewatering of the coals and treats the
coal surfaces to a hydrocarbon wet state. This is advan-
tageous to both relative perm to gas and to sequestra-
tion of coal fines.

Some coals require a thickened spearhead of fluid to
begin the fracture when near well bore torturosity is a
problem. VES fluids run in concentrations of 10-15
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pounds per 1,000 gallons are viscosified to an equiva-
lent of 15—20 pounds, respectively, of guar-gelling ac-
tion. However, the VES has appeared to break effec-
tively and not cause perm reductions such as guar or
other gelling agents. The main advantage to this is that
in “tender” coals that easily shear, even at moderate
fluid injection velocities, can be treated at reduced
rates that are below the critical velocity where coal
slurries are ripped from the frac channel and impede
propagation of the fracture. In cases where the critical
injection rate with water alone was in the low 20 barrel
per minute range and almost no sand could be success-
fully carried, a VES concentration of 5~10 pounds per
1,000 gallons allowed the sand to be carried at excellent
densities at 18 barrels per minute pumping rate with-
out shearing the coal. Long-term response of this tech-
nique has not been established, but early indications
are favorable with no apparent reductions of perm and
gas rates three or more times higher than results from
simple water-sand fracs. In experience, use of VES in-
creases the cost of a $16,500 frac to about $23,000.
Because VES is mixed “on-the-fly,” only the required
concentration is determined in real time during the
frac, and consequently very little waste occurs. If water
alone is successful, use it. But, VES is an attractive
alternative.

Testing and a sequential approach to stimulating
the coals is the most cost-effective way of developing
CBM wells. As discussed above, all wells cannot be
treated in the same manner. Some need little or no
stimulation and others need all that they can get. I
cannot emphasize too much how valuable the knowl-
edge obtained from simple perm testing is to the intel-
ligent design of what stimulation technique is appropri-
ate in which well and in which areas. In practice, it has
been advantageous to first do simple, low-rate pump-in
and falloff perm testing. The higher perm wells have
many times been stimulated adequately by water-only
injections at frac propagating rates using a single frac
pumper with only two frac tanks. The cost for this
treatment has run from $2,500 to $3,500. Results from
this method have been both temporary and permanent.
Nominally, rates in good perm areas have peaked at
70-80 Mcfd and about 15% of the wells have achieved
peak rates of 120-175 Mcfd with the water only break-
downs. The small quantity of fluid used in these treat-
ments does not create extensive fractures and produc-
tion indicates that a conventional water-sand frac
needs to be remedially accomplished in 12—-18 months.
Remedial results achieve initial rates approaching
peak rates from wells that received water-sand fracs at
the outset.

One advantage to using this water-only stimulation
method first is during the wetter seasons where
minimizing mobilization of only 20% of the usual
tanks and vehicles on the road and location causes
less damage and dozer cost. Frequently, wells have
been able to be put on line many months earlier using
this stimulation technique rather than waiting for the
seasons to change. This has enhanced the flexibility of
timing for drilling and completion over more of the
year.



110

J. H. Wendell, Jr.

TABLE 1.—Economic Factors for Four Well Types

Vertical Horizontal
Well types Normal Marginal Normal Marginal
Well cost $95,000 $95,000 $400,000 $400,000
EUR (MMcf) 320 111 600 400
Finding cost ($/Mcf) $0.30 $0.86 $0.67 $1.00
Drainage (acres/well) 80 28 160 107
Number of wells to drain 640 acres 8 23 4 6
Development cost/640 acres $760,000 $2,185,000 $1,600,000 $2,400,000
Rate of return (%) >100 333 >100 29.71
Payout (years) 0.67 2.67 1.08 3.00
Cash on cash 9.77to 1 273101 460to1 2.84to1
12% DCF/640 acres $3,655,096 $1,493,114 $2,922,512 $1,282,866

CBM PRODUCTION

Length of Time before Production

How long do you have to wait to get production? All
of the variables that we discussed before in this paper
plus factors such as well “productive-pod” size and
aquifer-recharge rate come into play. The production
graphs on Figures 1-4 are representative of what you
may encounter.

Figure 1 shows an updip reservoir-extension well in
a well-developed field. Peak rates occurred in 8-9
months. Figure 2 depicts a well in a field expansion in
a more level position to other wells. Slightly more than
2 years were needed to dewater the well and achieve
production that indicated steady state and extent of the
reservoir. Figure 3 is a well drilled in a slightly less-
permeable area than the previous two wells. Average
perm in this region is 15 md compared to the 25-30+
md in the other two wells. Finally, Figure 4 is a well
that stretches your limits of patience. For more than 6
years and multiple pump changes, the well now ap-
pears to be peaking at 75 Mecfd. This well is in a lower-
perm region and is also on the edge of the field and is
what we term as an “outpost” well that basically helps
hold any aquifer recharge away from the more interior
wells in the field.

The expected value of a good well in this field con-
structed from the higher perm 101 wells will peak at
123 Mecfd at approximately 1.5 years with an EUR of
320 MMcf. Figure 5 represents this well.

Figure 6 shows the other side of the economic coin,
the lower third of the wells in the field that are in areas
having lower permeability or other reservoir/engineer-
ing problems. These wells peak on an average of 13
months and at a max rate of 43 Mcfd and an EUR of
111 MMecf.

Horizontal wells have become an alternative to ver-
tical wells and have shown some utility in improving
production in areas where vertical wells are either
marginal or unsuccessful. In the vertical well in Figure
6, a horizontal well may provide an alternative.

The economics vary for the horizontal wells as Fig-
ures 7 and 8 illustrate. Figure 7 is a good, average hori-
zontal well that has an IP of 400 Mcfd and an EUR of
600 MMecf. These wells are customarily drilled on 160-
acre spacing with a cost in the low $400,000 range. In
the cases where the horizontal is drilled in one of the
lower producing areas, Figure 8, the cost is the same
and currently achieved productive profiles indicate
EURSs in the 400 MMcf range.

Play Out of Economic Alternatives

How do these economic alternatives play out? Table 1
summarizes the economic factors for four characteristic
well types: vertical water-sand—fraced well with good
response, marginal vertical well, good average horizon-
tal well, and horizontal well drilled in low- permeabil-
ity areas. The economic summary shown in Table 1 is
based on recovering 2.5 billion cubic feet (Bef) of gas per
section, a ¥eth lease, $650/month LOE, and $5.00/Mcf
gas. The economics are equalized by the number of
wells assumed to be necessary to effectively drain a
640-acre section.

What does this tell me? When things are going fine
and you have the expertise, the vertical CBM well has
a purely economic advantage of 2 to 1 of efficiency of
capital (acres developed per dollar) and cash returned
for dollar invested. Average marginal vertical wells and
either remedial or marginal horizontal wells are too
close to call.

What you normally will do depends on what you
know how to do. Is your company experience/preference
vertical with frac, or is it horizontal? You will do what
you know how to do best. For the little guy trying to
grow a CBM project up, vertical is probably the best
and the most efficient use of his money, but he has to

~acquire the knowledge base or rent it. There is the fac-

tor of how many little wells you want to handle. And, it
all boils down to how easily the path you take leads you
to achieve your company goals and how strong your
management team is oriented toward one method.
And, change is the big villain.
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Figure 1. Production curve (volume of gas versus year) for updip extension well in well-developed field showing peak produc-
tion at 8-9 months. Gas volume in thousand cubic feet (Mcf).
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Figure 2. Production curve (volume of gas versus year) for development well in level position to producing wells at steady state
for 2 years. Gas volume in thousand cubic feet (Mcf).
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Figure 3. Production curve (volume of gas versus year) for low-permeability (15 md) well in an area that is slow to dewater. Gas
volume in thousand cubic feet (Mcf).
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Figure 4. Production curve (volume of gas versus year) for downdip well in high-recharge area reached peak production at 6+
years. Gas volume in thousand cubic feet (Mcf).
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Figure 5. Production curve (volume of gas versus year) for an average good vertical coalbed-methane well in 25—-30 md re-
gion showing peak production at 1.5 years. Gas volume in thousand cubic feet (Mcf).
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Figure 6. Production curve (volume of gas versus year) for an average well in low permeability region (10-15 md) with limited

drainage area. Gas volume in thousand cubic feet (Mcf).
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Figure 7. Production curve (volume of gas versus year) for an average good horizontal coalbed-methane well in good perme-
ability area. Gas volume in thousand cubic feet (Mcf).
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Figure 8. Production curve (volume of gas versus year) for a horizontal coalbed-methane well in low permeability or partially’
depleted area. Gas volume in thousand cubic feet (Mcf).
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Using Traditional Completion Practices to Optimize Horizontal
CBM Wells in the Hartshorne Coal, Arkoma Basin, Oklahoma

Brian D. Weatherl

Source Rock Energy Partners, L.L.C.
Tulsa, Oklahoma

ABSTRACT.—Historically, the oil and gas industry has used multiple problem-
solving techniques to optimize well completions. Coalbed-methane (CBM) develop-
ment is continuing to increase in activity throughout the United States and Canada.
These completions require a great deal of care and attention to detail in order to
preserve the maximum degree of coal permeability.

Arkoma Hartshorne CBM practices are continuing to evolve. To date, trial-and-
error techniques used in more than 500 horizontal CBM wells have revealed that sev-
eral substances once thought to be inert to the rock and fluid system show signs of
reducing the ability of coal to transmit gas. These observations have resulted in a
number of best practices used in the lateral drilling, flow back, and production of
Hartshorne horizontal CBM wells in the Arkoma Basin.

Weatherl, B. D., 2005, Using traditional completion practices to optimize horizontal CBM wells in the Hartshorne coal,
Arkoma Basin, Oklahoma, in Cardott, B. J. (ed.), Unconventional energy resources in the southern Midcontinent, 2004
symposium: Oklahoma Geological Survey Circular 110, p. 115.
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Horizontal Drilling the Lower Hartshorne Coal,
Arkoma Basin, Oklahoma: Techniques and Results

Curtis B. Matthews
Samson Resources
Tulsa, Oklahoma

ABSTRACT.—Horizontal drilling is a technique designed to increase production using
a single well to replace multiple vertical wells. It is in its intermediate developmental
stage, although it has been tried in several basins with mixed results.

Drilling in the Arkoma Basin has fostered the study of coal-seam horizontal drill-
ing, and has proved its worth both in decreasing finding and development costs and by
dramatically increasing production. It is an ideal technique for maximizing production
from low-permeability coal seams.

The Lower Hartshorne coal in the Arkoma Basin has been a‘target of horizontal
drilling since 1998, with approximately 220 horizontal wells drilled mainly within the
last 4 years. Haskell County contains most of these, with 138 wells. A single township,
T.8 N., R. 19 E., contains approximately 100 of these wells.

The target coal seam, the Lower Hartshorne, is thin, averaging 4.5 ft, with some
reports of horizontal drilling within 2-ft seams. Drilling horizontally in coal seams less
than 4-ft thick is both a technological and geological challenge. Steep formation dip and
small faults contribute to the difficulty of staying within the coal.

Drilling and completion techniques have continually improved over the last 5 years.
Earliest operators attempted air drilling and discovered problems both with directional
tool damage and with cuttings removal. Operators currently are using mud when
drilling the curve and water when drilling the lateral portion of the well. Most wells
are drilled updip in an east or west direction that is normal to coal face cleats. This al-
lows maximum intersection of the wellbore with the cleats and fractures and increases
the drainage of formation water and gas. Operators are generally running pre-drilled
liners in the laterals as opposed to the earlier unlined laterals. Some debate still ex-
ists on which technique is best and why.

The length of laterals has also increased with improvement in drilling techniques.
Lateral length for wells drilled in 2003 averaged more than 2,000 ft, with some exceed-
ing 3,000 ft. Although no strict statistical correlation exists between lateral length and
production increase, there appears to be a general upward trend in production with
increasing lateral length.

DRILLING HISTORY

Drilling vertical coalbed-methane (CBM) wells in the
Arkoma Basin began in 1988 with Bear Production
drilling on the Kinta Anticline of Haskell County. Since
then, approximately 929 vertical CBM wells have been
drilled in the Arkoma Basin, mainly in Haskell, Le
Flore, and Pittsburg Counties. The operators for these
early CBM wells created and tested the most effective
techniques for drilling, cementing, completing, and
producing these types of wells. There is still some de-
bate concerning which completion and production prac-
tices yield the best results.

In 1998, Bear Production was again in the forefront,
drilling the first Arkoma Basin horizonta] CBM well,

also in Haskell County. Since 1998, approximately
273 horizontal wells (Fig. 1) have been drilled in the
Arkoma Basin, an estimated half of these on the north
flank of the Kinta Anticline. As before, the early opera-
tors had even more to learn about discovering the best
techniques for drilling and staying within the coal.

HORIZONTAL VERSUS VERTICAL DRILLING

There are valid reasons to drill a horizontal well,
even though the cost exceeds that of a vertical well by
250-300%. The average daily rate of 133 vertical CBM
wells drilled and producing in T. 8 N., R. 19-20 E., with
12 full months of production for the year 2002 are shown
in Figure 2. This area also has numerous horizontal

Matthews, C. B., 2005, Horizontal drilling the Lower Hartshorne coal, Arkoma Basin, Oklahoma: techniques and results,
in Cardott, B. J. (ed.), Unconventional energy resources in the southern Midcontinent, 2004 symposium: Oklahoma

Geological Survey Circular 110, p. 117-122.
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Figure 1. Number of vertical and horizontal CBM wells drilled
by year in the Arkoma Basin, Oklahoma.
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Figure 2. Average daily rate of 133 vertical CBM wells drilled
and producing in T. 8 N., R. 19-20 E., with 12 full months of
year 2002 production.

wells with comparable production histories. Average
production in the 133 vertical wells is 50 thousand
cubic feet per day (Mcfd). Sixty-seven percent of
these wells produced <50 Mcfd, and 95% of the total pro-
duced <100 Mcfd. The production-distribution plot
shows clustering towards the lower end of the histo-
gram.

The average daily production rate from 78 horizon-
tal wells in the same area is shown in Figure 3. Average
production for these horizontal wells is 241 Mcfd for the
year 2002. The production plot shows a more even dis-
tribution around the average rate. Production from
horizontal wells averages five times the amount from a
vertical well, sometimes even exceeding vertical-well
production by a factor of 10-15. Based on production
rates, horizontal wells are more economically viable
than vertical wells.

C. B. Matthews

HORIZONTAL-DRILLING TECHNIQUES

Successful horizontal drilling requires meticulous
well planning, experienced directional drillers and well-
site geologist, the ability to visualize in three dimen-
sions, and a certain amount of luck.

Good well planning is of paramount importance in
drilling a successful horizontal well. The initial setup
must be done properly, with the correct depths and
choice of a drilling azimuth that will intersect the maxi-
mum number of face cleats. This requires extensive
knowledge of the area geology and detailed maps of the
target formation. Most operators drill in an east or west
direction, perpendicular to face cleats, and at a 90°-95°
angle. If sufficient well control does not exist in the area,
drilling a vertical pilot hole through the target, logging
it, and plugging back to the kickoff point (KOP) is a
viable option to obtain well-planning data.

If the well is planned without the information from
a pilot hole, it is air-drilled with an 8% in. bit down to
the KOP, approximately 400 ft above the Lower Harts-
horne coal. It is prudent to have the geologist correlat-
ing during drilling to prevent drilling past the KOP. At
the KOP, the wellbore is loaded with mud and direc-
tional tools are run into the hole. A gamma-ray log is
obtained while the directional tools are being run into
the hole. This gamma-ray log is run at a sufficient depth
above the KOP to include marker beds vital in correlat-
ing geological zones used to determine the exact KOP.
The curve is built at a rate of 15° per 100 ft (Fig. 4),
which will place the top of the coal 400 ft horizontally
from the surface location. As the curve builds, the
gamma-ray log must be correlated with nearby well
logs, and the actual depth to the target is adjusted as
needed. In a 4- or 5-ft—thick coal, the target should be
intersected by the wellbore at an 86°-87° angle. This
allows the curve to be landed 40 ft farther out horizon-
tally within the middle of the coal and at the correct
angle of dip to stay within the seam. If everything goes
as planned, the curve should be drilled in 24 hours, at
which point the 7-in. casing is run and cemented.

35%

30%

25%

78 Horizontat Wells Avg. 241 Mcfd

20%

15% 1

Percent of Wells

10%

5%

0%
201-300

501-600 -
Average Daily Rate (Mcf)

0-100 101-200

301-400  401-500 601-700  701-800

Figure 3. Average daily rate of 78 horizontal CBM wells
drilled and producing in T. 8 N., R. 19-20 E., with 12 full
months of year 2002 production.
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Figure 4. Well plot showing build rate and distances to coal target.

The lateral portion of the well is drilled with water
and a 6% in. bit. The tool contains a focused gamma ray
that allows the tool face sensor to be turned up and then
down for gamma-shot readings in order to determine
the proximity of the coal/shale interface. As the curve is
landed in the middle of the coal seam, proximity to the
upper boundary of the seam will be reflected in the
upshot gamma reading increasing over the downshot
gamma reading, and the reverse for an approach near
the bottom boundary of the seam. Thus, the drilling
angle can be adjusted in order to stay within the coal
seam. As the lateral is being drilled, it is advisable to
plot the directional data and gamma shots. Figure 5
shows the plot of a well in the Kinta Anticline area with
the focused gamma-ray shots correlating with the angle
changes. The coal occasionally exhibits gentle undula-
tions due to differential compaction. Apparent coal
undulation can occur if the bit is drifting updip or
downdip, forcing the directional driller to continuously
change the azimuth to stay within the coal. Staying on

the planned azimuth is more difficult in the areas of
higher formation dip.

Depending on the planned length, it takes approxi-
mately 3 days to drill the lateral portion of the well.
There is still some debate concerning whether a liner
should be run or whether the well should be left unlined.
A 4% in. diameter pre-drilled liner is generally run by
most operators.

POTENTIAL PITFALLS

Unplanned events while drilling and completing can
cause costs to escalate. The pitfalls discussed below are
based on the experience gained while drilling 60 hori-
zontal wells and input of other operators.

Of primary importance when planning the well is to
triple check every calculation. A simple error at this
point can have disastrous results during the actual
drilling. Wellsite personnel must also be extra attentive
and exact in all measurements and calculations. Trans-
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Figure 5. Final well plot of CBM well in the Kinta Anticline area showing apparent undulations in the coal. The focused gamma-
ray up-and-down shots shows the increase in gamma radiation as the coal/shale boundary is approached.

posing a number or calculating an angle improperly can
be a cause of immediate trouble.

An incorrect pipe tally can easily result in a missed
kickoff point and necessitate re-drilling the curve. A
failsafe system must be in place to calculate exact
amounts of pipe on location and in the hole.

There are several factors to be aware of while drill-
ing the curve. Because the directional sensor is 44 ft
behind the bit when drilling the curve, occasionally the
angle does not build as high as planned at a critical
point close to the coal, generally at ~70°. By the time the
low angle build is noticed, it can be too late to intersect
the coal at the planned depth, necessitating redrilling
from the KOP after plugging back. Closer spacing of
directional readings over this interval can result in
sufficient time to correct the angle build before it be-
comes a problem.

Landing the curve at the correct anticipated angle
will greatly increase the chance of success when drilling

out of the casing shoe at the beginning of the lateral,
because this is the most likely spot to drill out of the top
or bottom of the coal. A directional reading is not avail--
able until the sensor clears the shoe, which means the
bit has drilled 30 ft prior to receiving the first reading.
The natural tendency of the bit is to drop angle, thus
ending up drilling out the bottom of the coal. A piece of
equipment labeled a long wire would provide directional
readings while the sensor is in the shoe. Because of price
considerations, a long wire is generally run only if
trouble is anticipated.

Faulting in the lateral portion of the well is one of the
most prevalent problems in horizontal drilling and is
encountered on a regular basis in the Arkoma Basin.
Fortunately, most of these faults have throws of less
than 10 ft, although when drilling a 5-ft coal bed, it
takes very little displacement to create problems. When
a fault is encountered, a decision must be made to drill
upward, downward, or to abort the well. Much of the
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time a correct decision can be made based on data from
detailed mapping, formation drag against the fault, or
from drilling above or below the projected dip. If evi-
dence does not indicate which way to drill, drilling up-
ward is the best choice. If the coal is not found within
several hundred feet, the situation needs to be re-evalu-
ated. If the decision is made to drill downward to search
for the coal, a sidetrack should be drilled in the lateral
at a point before the fault is encountered. If the original
decision is made to drill downward, and the coal is ac-
tually faulted upward, successful sidetracking in this
situation is very difficult to accomplish. Before making
any final decisions, be sure to consult with the direc-
tional driller and other wellsite personnel. They have a
wealth of experience and can add valuable insight to the
problem.

Besides faulting, additional geological factors may
cause the coal to disappear from the wellbore. The coal
may be shaled out or cut by a sand channel. If the coal
is shaled out, possibly in areas where the coal is thin,
drilling ahead would be the correct decision if the risk
is acceptable. Drilling into a sand channel should be
obvious from drill rate and cuttings evidence.

UPDIP VERSUS DOWNDIP DRILLING

Historically, one of the chief decisions involved was
choosing the best direction for the horizontal drilling:
updip or downdip. Some of the early wells in the Kinta
area of T. 8 N., R. 19 E. were drilled downdip, whereas
most of the subsequent wells were drilled in the updip
direction. Eighty-eight wells from the Kinta area with
12 continuous months of non-zero production appear in
Figures 6 and 7. Seventy wells were drilled in the updip
direction, and 18 were drilled in the downdip direction.
Lateral length is plotted against the daily rate of the
month of maximum production (Fig. 6). The average
daily rate for the updip-drilled wells was 388 Mcfd, and
395 Mcfd for the downdip-drilled wells, indicating that
daily rate was essentially the same in both groups.

For the same two groups of wells, lateral length was
also plotted against the average daily rate for twelve
consecutive months of non-zero production (Fig. 7).
The 70 updip-drilled wells averaged 258 Mcfd, and the
18 downdip-drilled wells averaged 224 Mcfd. The down-
dip-drilled wells exhibit a slightly higher rate of decline
for the 12 months compared with the updip-drilled
wells. The data plotted do not take into account the net
linear coal footage actually included within each lateral,
which could skew the data for each group of wells. Based
on current production profiles, it appears that over time,
the updip-drilled wells will produce slightly more than
the downdip-drilled wells. This assumption can be
tested when the data for the next twelve months of
production becomes available.

Optimum lateral length cannot be determined pres-
ently because the majority of laterals are less than 2,500
ft in length, and insufficient logs are available to ana-
lyze the linear coal footage cut by each well. A best-
fit—curve analysis for the two populations of wells in
Figures 6 and 7 indicates no statistical correlation, al-
though there appears to be an upward production trend
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Figure 6. Lateral length plotted against the average daily rate
for the peak production month of 70 updip-drilled and 18
downdip-drilled wells.
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Figure 7. Lateral length plotted against the average daily rate
for first 12 consecutive months of non-zero production for 70
updip-drilled and 18 downdip-drilled wells.

with increase in lateral length. As lateral lengths
greater than 2,500 ft are drilled and more production
history becomes available, trends may become more
apparent.

CONCLUSIONS

1. Horizontal drilling is an ideal technique for maxi-
mizing production from low-permeability coal
seams.

2. Generally, horizontal wells are more economical
than vertical wells.

3. Drilling updip will make better production rates
over time.

4. Faulting is one of the major problems when drill-
ing horizontally.
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5. Drilling pitfalls are numerous. Good well planning 7. Proper drilling techniques are of utmost impor-
and communication with rig-site personnel helps tance in horizontal wells, or they can quickly
avoid drilling problems. become an economic black hole.

6. A correlation between lateral length and produc-
tion may exist, but the evidence does not offer sta- 8. Good geological correlations while drilling are nec-

tistical confirmation. essary to drill a successful well.
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ABSTRACT.—Natural-gas-resource assessments are a commonly used tool by indus-
try, academia, and government to understand the recoverability of the nation’s re-
source base. However, these resource assessments are commonly very limited in their
ability to predict the role of technology in expanding recoverability and therefore tend
to present static pictures of a resource that is, in reality, highly dynamic. Therefore,
to assist in its effort to identify the most promising approaches to expanded resource
recoverability, the U.S. Department of Energy’s National Energy Technology Labora-
tory (NETL) is conducting a series of detailed gas-in-place (GIP) characterizations of
key segments of the nation’s under-utilized gas resource base. These assessments,
when combined with estimations of regional variation in reservoir permeability, allow
iterative computer modeling to measure the potential economic and technical recover-
ability of gas resources under a variety of technology/policy scenarios.

The NETL currently is finalizing its assessments of the mid-Pennsylvanian and
older strata of the deep Anadarko Basin. Published literature and industry-related
data were studied to identify those strata, which encompass a majority of the basin’s
under-utilized deep, unconventional, or otherwise sub-economic resources. As a result,
assessment efforts in the deep Anadarko Basin have focused on the following where
they exist at measured depths greater than 10,000 ft: the Desmoinesian, Atokan,
Morrowan, Springeran, Chesterian, Meramecian, and Osagean Series, and the
Hunton, Simpson, and Arbuckle Groups.

These stratigraphic units were subsequently bundled into Units of Analysis
(UOAs), packets of resource, similar to the concept of a play, that exist in a common
geologic condition, and that are appropriate to characterize within the model as the
target of individual wells. In the deep Anadarko Basin eight UOAs were compiled
based on these criteria including the (1) Deese; (2) Atoka; (3) Morrow; (4) Springer,
which is comprised of the Springer clastic facies only; (5) Mississippian, which includes
the Springer carbonate facies, and the Chesterian, Meramecian, and Osagean Series;
(6) Hunton; (7) Simpson; and (8) Arbuckle.

Key geologic and engineering parameters including depth, potential pay thickness,
porosity, pressure, water saturation, and temperature were determined through the
correlation and analysis of hundreds of log suites, drilling, and completion records and
were used to produce detailed characterizations of the GIP for each UOA. These analy-
ses, in conjunction with DOE modeling efforts and permeability analyses, provide a
detailed, disaggregated, geologic and engineering database for the Anadarko Basin,
and support efforts to model the impact of different technology scenarios on the future
of U.S. natural-gas exploration, production, and supply.

Rose, K. K.; Pancake, J. A.; Douds, A. S. B.; Pratt, H. R., III; and Boswell, R. M., 2005, Assessing subeconomic natural-
gas resources in the Anadarko Basin, in Cardott, B. J. (ed.), Unconventional energy resources in the southern
Midcontinent, 2004 symposium: Oklahoma Geological Survey Circular 110, p. 123-129.
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BACKGROUND

The United States presently has an estimated 1,400
trillion cubic feet (Tcf) of technically recoverable natu-
ral-gas resources. However, much of this resource base
is currently uneconomic to produce, and less than 2% is
currently discovered (National Petroleum Council,
1999). Therefore, even as demand for natural gas in the
United States grows, it is becoming increasingly diffi-
cult for domestic producers to provide and maintain an
affordable natural-gas supply to consumers. One sig-
nificant economic and technical impediment is the in-
creasing need to tap complex, deep, and unconventional
resources for reserve replacement. Despite recent
progress in the exploration and production (E&P) of
these unconventional plays, significant advances in
technology will be needed in order to make them eco-
nomically viable.

Studies completed by the National Petroleum Coun-
cil (1999, 2003) recommended that the federal govern-
ment place a high priority on research and develop-
ment (R&D) that targets unconventional natural gas to
assure the future viability of a strong, domestic natu-
ral-gas—resource base. In response to these and other
recommendations, the National Energy Technology
Laboratory (NETL) Strategic Center for Natural
Gas and Oil (SCNGO) implements a portfolio of R&D
projects designed to enable and accelerate the transi-

tion of sub-economic resources into economically recov-

erable resources and ultimately reserves.

In 2001, NETL launched a comprehensive program
to assess the long-term sustainability of the domestic
natural-gas supply in the United States. As part of this
effort, a coordinated program combining technology
tracking, industry tracking, and resource characteriza-
tion, with national modeling of natural gas E&P tech-
nologies, was implemented to provide a better under-
standing of three key issues impacting the long-term,
domestic, gas supply: (1) the size and nature of under-
utilized gas resources in domestic basins, critical to
future supply; (2) the potential of technology to acceler-
‘ate the conversion of “unrecoverable” and sub-economic
resources into economically recoverable resources; and
(3) the volume and nature of resources present on fed-
eral lands.

This approach helps NETL identify the R&D re-
quirements needed to provide both (1) advances in in-
cremental technology that steadily increase the recov-
erability of the known resource base and (2) technologi-
cal “leaps forward” that result in the addition of vast
resources that were previously unknown, overlooked,
or undervalued.

RESOURCE ASSESSMENTS AT NETL

Natural-gas—resource assessments are a tool com-
monly used by industry, academia, and government to
understand the recoverability of the nation’s resource
base. Historically, resource assessments have produced
a static view of the natural-gas—resource base, a re-
source that is in reality highly dynamic. These assess-
ments make assumptions about the economic or techni-

K. K. Rose and others

Gas-in-Place (GIP) assessments aim to
quantify the total volume of gas in the
assessed area. These assessments ideally
seek to quantify every molecule of gas in a
given formation and region; however, they
are typically limited to broad constraints
placed on the lithology, thickness, porosity,
water saturation, and/or depth.

Technically Recoverable (TR) assess-
ments seek to predict what portion of the
gas resource base would be producible
given current technology standards and no
economic limitations.

Economically Recoverable (ER) assess-
ments seek to quantify that portion of the
resource base which is economically pro-
ducible at market conditions at a given
moment in time.

Figure 1. Definitions for gas-in-place, technically recoverable,
and economically recoverable resources.

cal producibility of the gas-resource base, thereby
leaving significant portions of the in-place resource
uncharacterized and unaccounted (Fig. 1). A recent
example illustrating the reclassification of previously
unaccounted gas resources is coalbed methane, which
is now viewed as a significant part of our nation’s natu-
ral-gas reserves. NETL is not interested in producing a
“most likely” estimate of future technically or economi-
cally recoverable resources. Instead, NETL creates de-
tailed gas-in-place characterizations from which our
computer models estimate unique estimates for future
technically or economically recoverable resource vol-
umes for a wide variety of alternative future technology
and policy scenarios, many of which may be considered
highly unlikely at the present.

Phase one of this work, completed in the spring of
2003, assessed the gas resources of the Greater Green
River and Wind River Basins in Wyoming and Colo-
rado. Phase two, scheduled for completion soon, in-
cludes the Uinta and Anadarko Basins. Although much
of the approach and methodology for these assessments
is the same, aspects of each assessment are tailored
specifically to each basin. Therefore, the remainder of
this paper focuses on discussion of the assessment work
for the mid-Pennsylvanian and older strata of the
“deep” Anadarko Basin.
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SELECTION OF STUDY AREAS
AND UNITS OF ANALYSIS

Recently published reports and studies have empha-
sized the significant natural-gas—resource base in low-
permeability formations of the Rocky Mountain region.
As these resources are primary targets for NETL’s
R&D program, the Greater Green River and Wind
River were the initial basins studied. However, an in-
creased emphasis on deep gas R&D at NETL war-
ranted assessment of emerging plays in low permeabil-
ity and deep formations of the Anadarko Basin, such as
the Springer play.

The NETL assessment team studied published lit-
erature and industry-related data to identify those
strata in the Anadarko Basin which encompass the
majority of the basin’s under-utilized “deep,” unconven-
tional, or otherwise sub-economic resources. The as-
sessment team then considered regional geology,
completion practices, needs of the NETL models, and
time and resource constraints to finalize the selection
of Units of Analysis (UOAs). UOAs are bundled packets
of resource, similar to the concept of a play, that exist
in a common geologic condition, and that are appropri-
ate to characterize within the model as the target of
individual wells.

As part of the team’s review of the Anadarko Basin,
it was recognized that most formations had significant
shallow-production histories. However, current techno-
logical constraints have significantly limited the suc-
cessful exploration, drilling, and production of forma-
tions at depths greater than 10,000-ft measured depth.
Therefore, the assessment was limited to areas where
each UOA occurred at drilling depths of 10,000 ft and
greater.

In the “deep” Anadarko Basin, eight UOAs were cho-
sen for assessment based on the criteria outlined above:
(1) Deese; (2) Atoka; (3) Morrow; (4) Springer, which is
comprised of the Springer clastic facies only; (5) Missis-
sippian, which includes the Springer carbonate facies,
and the Chesterian, Meramecian, and Osagean Series;
(6) Hunton; (7) Simpson; and (8) Arbuckle (Fig. 2).

It is important that two additional UOAs—the
Granite Wash and the Woodford Shale—were identi-
fied as having significant natural-gas—resource poten-
tial. However, given the unique geologic characteristics
and assessment requirements of the Granite Wash and
Woodford Shale, they were not included in this phase of
the study but rather were identified as targets for fu-
ture analysis.

VOLUMETRIC PARAMETERS

Geographically the study area included portions of
Beaver, Beckham, Blaine, Caddo, Canadian, Cleve-
land, Comanche, Custer, Dewey, Ellis, Garvin, Grady,
Harper, Kingfisher, Major, McClain, Roger Mills,
Stephens, Washita, and Woodward Counties in Okla-
homa, extending west into the Panhandle region of
Texas, including portions of Gray, Hemphill, Lipscomb,
Ochiltree, Roberts, and Wheeler Counties. The north-
western extent of the study area changes to correspond
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Figure 2. Generalized stratigraphic column illustrating the
stratigraphy included in each of the eight UOAs analyzed in
the deep Anadarko Basin gas-resource assessment.

with the 10,000 ft measured depth cut off for each
UOA. The southern boundary for each UOA corre-
sponds to the structural features of the Wichita Moun-
tain Uplift, while the eastern boundary is truncated by
erosional and/or structural features related to the
Nemaha Uplift (Fig. 3).

Hundreds of well-log suites were loop-correlated
throughout the basin to characterize and understand
the occurrence and distribution of each UOA’s
lithofacies. In addition to the major UOA boundaries,
individual sandstone and limestone correlations were
also made to ensure the consistency of the broader
UOA correlations and to assist mapping and cross-sec-
tion interpretations. Net thickness, “potential pay”
thickness, and drilling mid-point/structure maps were
constructed for each UOA (Fig. 4), and a series of strati-
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Figure 3. Map illustrating the geographic limits of each UOA assessment area.

graphic and structural cross sections were developed
across the deep basin to illustrate the regional distribu-
tion and lithologic nature of each UOA.

Well-log suites were analyzed to determine key geo-
logic and engineering parameters for each UOA, in-
cluding drilling-midpoint depth, potential pay thick-
ness, average porosity, v-shale, and average resistivity.
The goal was to obtain data at an area-grid scale of one-
well-per-township; however, for the older formations,
and in the deepest portions of the basin, this level of
data density was not always obtainable. Data-collection
techniques and analyses were also adjusted to ensure
data accuracy and to accommodate differences in lith-
ologies, such as limestones versus sandstones. Average
porosities were determined from the analysis of recent-
vintage compensated density-neutron and bulk-density
logs, whereas data for net thickness, average resistiv-
ity, v-shale, and drilling mid-point depth were obtained
from resistivity and gamma-ray logs.

Published water resistivity (Rw) databases from the
U.S. Geological Survey and Society of Petroleum Engi-
neers were standardized and used to obtain water satu-
rations for each UOA. Simondoux’s equation was
utilized for shaley-sandstone reservoirs, whereas lime-
stone and clean sandstone water saturations were cal-
culated with Archie. Each well in the Rw database for
a given UOA were used to calculate individual water
saturations at that well’s corresponding drilling mid-
point depth. The saturation data were then plotted geo-
graphically, and extrapolated regionally via contoured
interpretations.

The volumetric parameter “potential pay” thickness
requires further discussion. The term “pay” is generally
equated with the thickness of an interval that is ex-
pected to produce under current circumstances. Geolo-
gists are accustomed to establishing cutoffs for practi-

cal reservoir or field-specific porosity (for example, 6 or
8%) and water saturation (commonly 60%) in determin-
ing pay. However, the goal of these assessments is to
create resource descriptions that allow the models to
determine what segment of the total resource might be
“pay” as much as 20 years into the future under cost/
technology scenarios that are very different from what
currently exists. Therefore, aggressive cut-offs of 4%
porosity for clastics, 2% porosity for carbonates, and
70% water saturation (Sw) were used in defining “po-
tential pay” with the understanding that, under most
technology/cost conditions, the models will not consider
much of this low-quality resource to be viable.

Temperature gradients for each grid cell in Okla-
homa were based on the detailed master’s thesis by
Cheung (1975), who produced two sets of temperature-
gradient contour maps for the deep Anadarko Basin.
One set of gradients was for the normal geothermal
gradient. The other set of gradient data and contours
generally corresponded to the overpressured intervals
of the deep Morrow and Springer plays. For the Texas
portions of the study area, bottom-hole (BHT) log-tem-
perature data points were corrected via Cheung’s BHT
correction curves and used to extend the contours into
the Panhandle region of the assessment area.

Pressure data were collected primarily from the
State of Oklahoma’s “Pressure Data on the Anadarko
Basin” website and from the IHS production database.
This information consists of pressure measurements
and gradients for specific formations from a variety of
sources such as drill-stem tests and wireline formation
tests. The gradient data were gridded across each UOA
and combined with drilling midpoint depths to gener-
ate pressure profiles for each grid cell. Efforts were
made to compare calculated gradients with published
pressure gradients to ensure their validity.
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EFFECTIVE
PERMEABILITY

The final reservoir parameter
required for the model dataset is
an estimation of the total effec-
tive permeability (TEP) for each
grid cell in each UOA. To gener-
ate these TEP values the follow-
ing analyses and methodology
were conducted for each UOA.

Based on the production histo-
ries of each UOA, 10 fields geo-
graphically distributed through-
out the basin were identified.
From each field, one high-, one
moderate-, and one low-perform-
ing well were selected for de-
tailed production-decline curve
and log-character analyses con-
ducted by Advanced Resources
International. Ideally, this would
provide TEP values for 30 “con-
trol” wells in each UOA and
would cover a variety of produc-
tion profiles. However, the same
data-density issues that affected
the log-analysis efforts also per-
tain here, resulting in lower TEP
data densities for some of the
UOAs. »

Porosity-permeability rela-
tionships were obtained for each
UOA through the comparison of
core porosity and permeability
data with their corresponding log
data. This relationship was then
extrapolated to the TEP control
wells in order to constrain the
contribution of matrix perme-
ability to the TEP of those wells.
The difference between the ex-
pected matrix permeability and
the TEP in the control wells was
ascribed to the presence or ab-
sence of a fracture-permeability
overprint in those wells.

Estimates for the fracture-
related permeability in the con-
trol wells were then correlated to
corresponding structural-com-

Figure 4 (left). Example maps from
the Morrow UQOA; similar maps were
constructed for all eight UOAs. (A)
Depth to drilling mid-point map for
the Morrow UOA, Contour Interval
(C.1.) = 1,000 ft. (B) Net thickness
map from the Morrow UOA, C.I. =
250 ft. (C) “Potential pay” thickness
map from the Morrow UOA, C.I. =
25 ft.
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TABLE 1.—GIP Values and Average Volumetric Parameters Calculated
for Each UOA Assessed in the Anadarko Basin to Date

Anadarko Basin UOAs

Deese Atokan Morrow Springer Mississippian Hunton Simpson  Arbuckle
Area (thousands of acres) 2,650 1,509 3,672 4,328 2,340 3,773 9,007 *
Avera{ge thickness (ft) 105 81 93 131 359 41 152 *
Average porosity (%) 7.6 8.3 6.2 8.7 4.0 4.2 8.3 *
Average water saturation (%) 49 47 41 16 55 48 a4 *
Average drilling depth (ft) 12,710 13,695 14,475 16,072 14,068 16,704 16,581 *
Average pressure (psi) 6,747 7,437 8,834 10,026 7,148 7,278 6,819 *
Average temperature (°F) 152 167 288 339 178 207 207 *
Average Z-factor 1.14 1.19 1.28 1.36 1 .'1 6 117 1.13 *
In-place resource (Tcf) 181 102 188 609 260 52 931 *
Resource below 15,000 ft (Tcf) 10 35 87 484 126 29 536 *

*Calculations for the Arbuckle UOA will be included in the final report, to be released upon completion of the project.

plexity maps. These maps were produced from the
analysis of aeromagnetic, lineament, and structure
maps, as well as existing published seismic and fault
interpretations for the basin. The derived map relation-
ship between fracture permeability and structural com-
plexity was then used to extrapolate and assign an es-
timated fracture permeability to each grid cell for each
UOA. Estimates for the core-based matrix perme-
abilities were also extrapolated to each grid cell based
on the previously obtained core-permeability—log rela-
tionship. The sum of the estimated matrix and fracture
permeabilities in each grid cell results in the estimated
TEP for each cell in a given UOA.

THE VOLUMETRIC DATABASE

The data collected for each UOA were used to create
a detailed, geographically and stratigraphically disag-
gregated database of volumetric parameters. The com-
prehensive and compartmentalized nature of this new
dataset helps capture the natural variation in drilling,
depth, porosity, water saturation, pressure, tempera-
ture, and permeability for each UOA. Gas-in-place
(GIP) volumes for each UOA in the deep Anadarko
‘Basin were calculated using this data, and NETL mod-
elers will utilize the database to ascertain the relative
success of future technologies in economically accessing
this gas resource base.

GAS-IN-PLACE CALCULATIONS

Values of GIP and average volumetric parameters
were calculated for each UOA through the following
methodology. The previously collected volumetric data
were gridded at the township scale across the basin for
each UOA. Z-factor values, a volumetric parameter
that describes the compressibility of natural gas under
specific temperatures and pressures, were also gridded

and calculated using the gridded pressure and tem-
perature values and a gas-gravity value of 0.6 for each
UOA.

These parameters were then used to calculate the
GIP value for each grid cell in each UOA. Grid cells
with water saturations above 70% were eliminated
from the GIP calculation as were areas of significant
historical production. Grid cells with remaining GIP
values were then summed to determine the total GIP
for each UOA. Using this methodology, geographically
and stratigraphically disaggregated preliminary GIP
volumes were calculated for all but one of the UOAs at
the time of this report (Table 1). The remaining GIP
value and more information about this study will ap-
pear in a final report that will be available through
NETL upon completion of this project.

ONGOING WORK

The deep Anadarko and Uinta Basins resource as-
sessments will conclude with the publication of a .de-
tailed final report covering both basins. This report will
be made freely available on the NETL website at
www.netl.doe.gov through the “publications” link.

Internally, the data from these studies will be used
by the NETL analytical models to determine what por-
tion of the GIP resource is technically and economically
recoverable under a variety of technology/cost sce-
narios. The results of these models will be used in con-
junction with other available reports and studies in
order to determine what technologies and policies will
have the greatest impact on reassuring the viability of
our nation’s natural-gas—resource base for decades to
come. It is anticipated that two additional basins will
be chosen for resource characterization and assessment
of marginal and subeconomic gas resources upon
completion of the current work.



Assessing Subeconomic Natural-Gas Resources in the Anadarko Basin

REFERENCES CITED

Cheung, P. K., 1975, The geothermal gradient in sedimen-
tary rocks in Oklahoma: Oklahoma State University,
Stillwater, unpublished M.S. thesis, 55 p.

National Petroleum Council, 1999, Meeting the challenges
of the Nation’s growing natural gas demand: National
Petroleum Council, Washington, D.C., v. 1, Summary
Report, 96 p., http://www.npc.org/reports/ng.html

2003, Balancing natural gas policy—fueling the
demands of a growing economy: National Petroleum
Council, Washington, D.C., v. 1, Summary of Findings
and Recommendations, 118 p., http://www.npc.org/re-
ports/ng.html.

DATA SOURCES

Core Data

THS Energy, 2004, Well and Production Databases,
Houston, Texas.

Oklahoma Geological Survey, Oklahoma Petroleum
Information Center.

Pressure Data

Oklahoma State University, Stillwater, Pressure Data
on the Anadarko Basin: OSU website, http://www.
okstate.edu/geology/gri/startup2.html.

129

IHS Energy, 2004, Well and Production Databases,
Houston, Texas.

Rw Data

U.S. Geological Survey, Produced Rw Database.
Society of Petroleum Engineers (SPE), 1988, Survey of
Rw Data in Oklahoma.

Temperature Data

Cheung, P. K., 1975, The geothermal gradient in sedi-
mentary rocks in Oklahoma: Oklahoma State Uni-
versity, Stillwater, unpublished M.S. thesis, 55 p.

Borehead-temperature data collected from log headers.

IHS Energy, 2004, Well and Production Databases,
Houston, Texas.

Well Data

IHS Energy, 2004, Well and Production Databases,
Houston, Texas.
Texas Railroad Commission, Austin, Texas.

Well-Log Data

A2D Technologies, Humble, Texas.
M. J. Systems, Denver, Colorado.
In-house Microfiche.






Oklahoma Geological Survey Circular 110, 2005

Remagnetization and the Timing of Organic-Matter Maturation
in the Woodford Shale, Oklahoma

Donald Walker, R. Douglas Elmore, and Karen Bloomfield
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ABSTRACT.—The Upper Devonian—-Lower Mississippian Woodford Shale has
been recognized as one of the most prolific petroleum source rocks of the southern
Midcontinent of the United States. The Woodford has also attracted a great deal of
interest as a potential fractured-shale gas system. Numerous geochemical assess-
ments have focused on total organic carbon and extent of thermal maturation. The
determination of the timing of organic-matter maturation is also extremely important
for the development of an accurate basin model. Previous paleomagnetic/geochemical
studies have demonstrated that the thermal maturation of organic matter can lead to
the acquisition of a chemical remanent magnetization (CRM) in secondary magnetite.
This CRM can be used to date the maturation event.

The purpose of this study is to investigate the use of this approach to date the on-
set of organic-matter maturation in the Woodford Shale. Paleomagnetic samples were
collected from thin carbonate lenses from two Woodford outcrops in the Arbuckle
Mountains. Analysis of demagnetization characteristics indicates that the Woodford
contains a CRM residing in magnetite. This magnetization exhibits southeast declina-
tions with shallow to moderate inclinations. A preliminary regional tilt test indicates
that the magnetization was acquired during the orogenic event of the Pennsylvanian.
The pole position for the CRM plots close to the Carboniferous part of the apparent
polar-wander path. The results of this prehmlnary study suggest that the onset of
hydrocarbon maturation in the Woodford Shale occurred during the deformational
event in the Pennsylvanian. However, additional sampling is needed to better con-
strain the timing of acquisition for the CRM.

Walker, Donald; Elmore, R. D.; and Bloomfield, Karen, 2005, Remagnetization and the timing of organic-matter matura-
tion in the Woodford Shale Oklahoma, in Cardott, B. J. (ed.), Unconventional energy resources in the southern
Midcontinent, 2004 symposium: Oklahoma Geological Survey Circular 110, p. 131.
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Reservoir Characterization of Coals and Carbonaceous Shales in the
Western Region of the Pennsylvanian-Age Interior Coal Province

Steven A. Tedesco

Atoka Geochemical Services Corporation
Englewood, Colorado

ABSTRACT.—The Forest City and Cherokee Basins form part of the western region
of the Interior Coal Province, which was the location of extensive deltaic and wide-
spread coal deposition during Middle Pennsylvanian time. The coals are predominantly
found in the Cherokee Group with localized producing areas extracting gas also from
the overlying Marmaton Group. The coal seams are generally 0.3 to 1 m thick, high
volatile C bituminous to potentially medium volatile bituminous rank. Even though
many of these coals are extensive, many areas demonstrate that the coals are laminated
and high in ash. Therefore, reservoir characteristics are downgraded because many of
the coals were deposited under strong near-shore or tidal influence. The Cherokee Basin
has been undergoing rapid development for coalbed methane and to a lesser extent
shale gas development over the last 5 years. Certain parts of the Forest City Basin are
being developed, but most of the area is still in the early stages of exploration and ex-
ploitation. Even though the coals of the Forest City and Cherokee Basins were depos-
ited under similar environmental and tectonic conditions, subsequent geologic history
for each area has been unique. Consequently, each area as well as sub-areas within
each basin have different reservoir characteristics in terms of gas contents and perme-
ability. Both basins seem to have been subject to periods of at least one degassing of the
Interior Basin, episodic migration of petroleum and hydrothermal brines, and regional
and localized influxes of meteoric water. Of the 20-plus named coals, less than five of
these coals have produced gas or have significant gas content and as such are focusing
the present trends in exploitation in each basin. Based on recent drilling, a comparison
and contrast between basins as well as general identification of potentially prospective
areas in each for economically recoverable coalbed methane or shale gas resources are
beginning to be defined. Recent production data from the Cherokee Basin also indicates
that the coals are probably not providing the majority of the gas, but the adjacent shales
are contributing a significant portion. As such, the presence of shale gas as a resource
can be mapped as well, and areas that would favor its development in conjunction or
separately from coal can be defined.

Tedesco, S. A., 2005, Reservoir characterization of coals and carbonaceous shales in the western region of the Pennsylva-
nian-age Interior Coal Province, in Cardott, B. J. (ed.), Unconventional energy resources in the southern Midcontinent,
2004 symposium: Oklahoma Geological Survey Circular 110, p. 133.

133



