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Figure 4. Coal outcrop map of the northeast Oklahoma Shelf area showing the boundary
lines of the Iron Post, Weir-Pittsburg, and Rowe coal beds (from Hemish, 1984, fig. 3).
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Coalbed-Methane Activity in Oklahoma, 2001

Brian J. Cardott
Oklahoma Geological Survey

ABSTRACT.— Nearly 1,300 wells in the Oklahoma coalfield have been drilled
exclusively for coalbed methane (CBM) since 1988, in part for the Section 29 tax credit.
A database of CBM completions records 742 completions on the northeast Oklahoma
shelf and 552 completions in the Arkoma basin. Operators presently target ten coal
objectives on the shelf and five in the basin. The primary CBM objectives, ali
Desmoinesian (Middle Pennsylvanian) in age, are the Mulky (315 wells) and Rowe (299
wells) coals on the shelf and the Hartshorne coals (519 wells) in the basin.

In general, coals in the Arkoma basin are deeper and thicker than those on the
northeast Oklahoma shelf and have higher initial gas rates and lower initial produced-
water rates. Many horizontal CBM wells have been drilled in the Arkoma basin since
1998, the more successful wells following improvements in completion techniques.
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

Commercial production of coalbed methane (CBM) in Oklahoma began in 1988
from the Hartshorne coal at depths ranging from 611 to 716 ft (186 to 218 m). Bear
Productions recorded initial-potential (IP) gas rates of 41 to 45 Mcfd (thousand cubic
feet of gas per day) per well from seven wells in the Kinta gas field (sec. 27, T.8N.,
R.20E., Indian Meridian) in Haskell County. Bear Productions was the only CBM
operator in Oklahoma from 1988-1990.

The CBM play in Oklahoma began in 1988 with the first completions in the
Arkoma basin (Figure 1). Following a peak of 71 completions in 1992, activity declined
for several years before rising to 97 completions reported in 2000. CBM completions on
the shelf began in 1994 with a total of thirteen. Shelf completions totaled 216 in 1998.
The apparent decrease in the number of completions from 1998 to 2000 arises from the
time lag between when some wells are drilled and when they are reported, and a
decrease in drilling activity by companies seeking the balance of Section 29 tax credit in
workover wells. When all wells for 1999 and 2000 are reported, the total should be
higher. Through July 2001, 1,294 CBM completions have been reported in Oklahoma
— 552 in the Arkoma basin and 742 on the northeast Oklahoma shelf.

The coalfield in eastern Oklahoma occupies the southern part of the western
region of the Interior Coal Province of the United States (Campbell, 1929; Friedman,
2000). The coalfield is divided into the northeast Oklahoma shelf and the Arkoma basin
(Friedman, 1974; Figure 2). The commercial coal belt (Fig. 2) contains coal beds of

mineable thickness (= 10 in. [25 cm] thick and < 100 ft [30 m] deep for surface mining);
coal beds in the noncommercial coal-bearing region (Fig. 2) are too thin, of low quality,
or too deep for mining. CBM exploration has occurred in both areas.
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Figures 3 and 4 are generalized stratigraphic columns of the northeast
Oklahoma shelf and Arkoma basin, showing nearly 40 named and several unnamed
coal beds and their range in thickness measured from surface exposures and shallow-
core samples. Coal beds are 0.1 to 6.2 ft (0.03 to1.9 m) thick on the shelf and 0.1 to 7.0
ft (0.03 to 2.1 m) thick in the basin. The thickest known occurrence of coal in the
Oklahoma coalfield is the Hartshorne coal (10 ft) in Latimer County (sec. 35, T.6N.,
R.18E.; Hemish, 1999) where the Upper and Lower Hartshorne coals coalesced into
one bed.

Coal rank, as generalized for all coals at or near the surface, ranges from high-
volatile bituminous on the shelf and western Arkoma basin to medium- and low-volatile
bituminous in the eastern Arkoma basin in Oklahoma (Figure 5). Rank increases from
west to east and with depth in the Arkoma basin, attaining semianthracite in Arkansas.
The Hartshorne coal, for example, is medium-volatile bituminous at 2,574 ft (785 m) in
the Continental Resources’ 1-3 Myers well in Pittsburg County (sec. 3, T.7N., R.16E.) in
the high-volatile bituminous area in Figure 5 (see Fig. 14 for location of well).

SOURCE OF DATA

The following discussion of Oklahoma CBM completions is based on information
reported to the Oklahoma Corporation 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 have not been verified with electric logs, and may not conform to
usage accepted by the Oklahoma Geological Survey. Since not all the wells are
reported as CBM wells, some interpretation 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
completions 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 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. Likewise, some completions may have produced gas but have since been
plugged.

The data summarized in this report have been extracted from the Coalbed-
Methane Completions table of the Oklahoma Coal Database. Each record (well
completion) in the table lists operator, well name, API number, completion date, location
(county, gas field, township-range-section, latitude-longitude), coal bed, production
depth interval, initial gas potential and water rates, pressure information, and
comments. 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:/Awww.ou.edu/special/ogs-pttc.
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COALBED METHANE ACTIVITY
Northeast Oklahoma Shelf

There have been 742 CBM well completions reported on the shelf by 47
operators through July 2001 (Figure 6, excluding one Croweburg coal completion in
Okfuskee County). Completions are distributed across Craig, Nowata, Okfuskee,
Okmulgee, Osage, Rogers, Tulsa, and Washington Counties. Not all these represent
wells drilled specifically for CBM. In fact, about 60% are workovers and recompletions
of older conventional gas and oil wells. In ascending order, the coal beds yielding
commercial methane include the Riverton (McAlester Formation), Rowe and Drywood
(Savanna Formation) and Bluejacket (Boggy Formation) in the Krebs Group; Weir-
Pittsburg, Croweburg, Bevier, Iron Post, and Mulky (Senora Formation) in the Cabaniss
Group; and Dawson (Holdenville Formation) in the Marmaton Group of Desmoinesian
age (Figure 3). Note that the Rowe coal of Kansas and Missouri is equivalent to the
Keota coal in Oklahoma, while the Drywood coal of Kansas and Missouri is equivalent
to the Spaniard coal in Oklahoma (Hemish, 1990, p. 10).

Figure 7 shows the depth range of CBM completions in 738 wells on the shelf.
Coal beds were perforated at depths-to-top of coal of 256 to 2,428 ft (78 to 740 m), for
an average depth of 947 ft (289 m). Two modes are apparent. First, the shallower
mode represents the Mulky coal (241 wells) completed over a depth range of 256 to
1,732 ft (78 to 528 m); 241 of 321 wells that perforated the Mulky coal were completed
in only the Mulky coal. The Mulky, the uppermost coal in the Senora Formation, occurs
at the base of the Excello Shale Member (Hemish, 1987) and varies in composition from
bituminous coal to carbonaceous shale with increasing amounts of mineral matter. (As
determined by Schopf [1956], carbonaceous shale contains >50% mineral matter by
weight or <30% carbonaceous matter by volume. According to ASTM [1994], impure
coal contains 25 to 50% mineral matter by weight.)

The second mode represents the Rowe coal (299 wells), completed over a depth
range of 726 to 2,088 ft (221 to 636 m). The deepest coal completion (2,428 ft) is in the
Weir-Pittsburg coal in Osage County (Calumet Oil Co., 7 Catlett well, sec. 32, T.28N.,
R.8E.). Although two to four coal beds were perforated in 107 completions, only the
shallowest coal depth was used in Figure 7.

Initial-potential gas rates from 663 wells range from a trace to 260 Mcfd and
average 27 Mcfd (Figure 8). However, as will be shown in production-decline curves
below, 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-deciine curve: dewatering,
followed by stable production and decline (Schraufnagel, 1993). IP gas rates in the
Mulky coal range from a trace to 145 Mcfd and in the Rowe coal from 1 to 260 Mcfd.
Figure 9 shows the relationship of depth and initial-potential gas rate for CBM wells on
the shelf. The shallowest coals (256-317 ft) had IP rates of 1-8 Mcfd. The shallowest
coal with a moderate IP rate of 28 Mcfd was at a depth of 326 ft. Coals with the highest
IP rates (>100 Mcfd) were from depths of 561 to 1,463 ft. The maps in Figures 10 and
11 respectively highlight the Mulky and Rowe CBM wells that exhibit the generally
higher rates—29 (12%) of 241 Mulky-only wells with initial gas rates of 50 to 145 Mcfd,
and 58 (20%) of 297 Rowe-only wells with initial gas rates of 50 to 260 Mcfd. Four of
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the eight wells having the highest reported IP rates produce from the Rowe coal in
T.25N., R.14E. Those four wells initially produced 130 to 260 Mcfd and 30 to 90 bwpd
from depths of 1,136 to 1,190 ft (346 to 363 m).

Production-decline curves for three CBM wells in Nowata and Rogers Counties
are illustrated in Figure 12. Their IP rates range from 7 to 36 Mcfd and 12 to 120 bwpd.
Following a period of 3 to 12 months of erratic production in some wells, gas production
can stabilize at more than 1 MMcf (million cubic feet of gas) per month. Maximum
monthly production among the three selected wells is 4,664 Mcf (average 155 Mcfd),
attained 12 months after completion in the 1 Mitchell well (Figure 12b). Depths-to-top of
coal for the three selected wells is 1,113 ft (Figure 12a), 966 ft (Figure 12b), and 1,077 ft
(Figure 12¢). Gas content and composition data are unavailable for coals on the
northeast Oklahoma shelf.

Initial water rates on the shelf range from 0 to 1,201 bwpd and average 60 bwpd
from 643 wells (Figure 13, excluding one well with 1,201 bwpd). 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.
In general, water volumes are not metered; therefore, the volume of disposed water and
the effect of water production on gas rate are unknown. Data on water quality is not
available.

Arkoma Basin

Figure 14 shows the locations of 552 CBM completions in the basin reported by
44 operators through July 2001. Completions have been reported in Coal, Haskell,
Hughes, Latimer, Le Flore, Mcintosh, and Pittsburg Counties. In ascending order, the
methane-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 Formation), and
unnamed coal in the Krebs Group of Desmoinesian age (Figure 4). Most (519
completions) of the CBM completions in the Arkoma basin are from Hartshorne coals.

Figure 15 shows the depth range of CBM completions in the basin. Coals in 535
wells were perforated at depths-to-top of coal of 347 to 3,726 ft (106 to 1,136 m), for an
average of 1,421 ft (433 m). Three of the four deepest completions, 3,632 to 3,726 ft
(1,107 to 1,136 m), were made in the Hartshorne coal in Hughes County (T.4N.,
R.11E.)(Figure 14). Although 28 completions have perforated two to three coals, only
the shallowest coal depth was used in Figure 15.

IP gas rates from 467 wells range from a trace to 1,150 Mcfd (average 106
Mcfd)(Figure 16). Most (341 completions) produced 10 to 120 Mcfd. The highest IP
rates were reported from the Hartshorne coal. Based on 452 completions with depth
and initial potential pairs, Figure 17 shows no relationship between initial-potential gas
rate and depth in the Arkoma basin. Low gas rates (<50 Mcfd) span the entire depth
range. The 142 wells (30% of 467) with the highest gas rates (>99 Mcfd) are from
depths of 636-3,031 ft (194-924 m), not associated with the deepest completions.
Theoretically, gas content increases with increasing rank, depth, and reservoir pressure
(Kim, 1977; Scott and others, 1995; Rice, 1996). However, gas production depends on
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many variables, including gas content, water volume, cleat mineralogy, permeability,
porosity, and stimulation method.

The first horizontal or lateral CBM well in Oklahoma was completed by Bear
Productions in August 1998. By the end of July 2001, 71 horizontal CBM wells (13% of
552 completions) had been completed in Haskell, Le Flore, and Pittsburg Counties
reported by 5 operators—Bear Productions Inc., 5 wells; Brower Oil & Gas Co. Inc., one
well; Continental Resources, one well; Mannix Oil Co. Inc., 57 wells; Questar
Exploration & Production Co., 7 wells)(Figure 18, some areas have two to ten
horizontal wells). IP gas rates in the horizontal wells were 15 to 1,150 Mcfd (average of
345 Mcfd) at true vertical depths-to-top of coal of 752 to 3,031 ft (229 to 924 m). 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. Vertical
CBM wells exhibit an elliptical drainage pattern as a result of the directional (anisotropic)
permeability of the cleat (Diamond and others, 1988). Horizontal CBM wells are
completed openhole. The lateral distance within the coal for 54 horizontal CBM wells
ranged from 439 to 2,523 ft (134 to 769 m), with an average of 1,442 ft (440 m). Figure
19 is a subset of Figure 17 and shows the relationship of vertical depth-to-top of coal
and initial-potential gas rate for 53 horizontal CBM wells in the basin having both depth
and IP data.

The map in Figure 20 shows Hartshorne CBM wells that have the highest initial
gas rates—125 (24%) of 519 Hartshorne CBM wells with initial gas rates of 100 to 1,150
Mcfd. A comparison with Figure 18 shows that many of the Hartshorne CBM wells with
high gas rates are horizontal CBM wells.

Figure 21 illustrates gas-production-decline curves for five CBM wells in different
areas in the Arkoma basin, using monthly production data. IP rates range from 30 to
350 Mcfd and 0 to 75 bwpd. Depths-to-top of coal for the five selected wells is 2,020 ft
(Figure 21a), 1,018 ft (Figure 21b), 1,228 ft (Figure 21c), 981 ft (Figure 21d), and 1,351
ft (Figure 21e). The lateral distance within the coal for the horizontal CBM well in Figure
21b is 1,131 ft. Figure 21e extends the data presented in Andrews and others (1998, p.
57, Figure 45a).

Initial produced-water rates from 416 wells range from 0 to 320 bwpd (average
19 bwpd)(Figure 22). Most (301 completions) produced less than 20 bwpd. Most
Arkoma basin CBM well completions are situated on the flanks of anticlines (Figure 23)
and tend to produce relatively little water. An undisclosed amount of initial water
production is frac water introduced during fracture stimulation.

Andrews and others (1998) summarized published information on gas resources,
gas content, gas composition, and cleating in Hartshorne coals. Measured gas
contents in the Arkoma basin range from 70 to 560 cf/ton in high-volatile to low-volatile
bituminous coal cores from depths of 175 to 3,651 ft (63 to 1,113 m).

CONCLUSIONS
The Oklahoma CBM play began in the Arkoma basin in 1988. The play then
spread to the northeast Oklahoma shelf in 1994. Through July 2001, 1,294 CBM

completions were reported in Oklahoma — 552 in the Arkoma basin and 742 on the
northeast Oklahoma shelf. The primary objectives are Hartshorne coals in the basin
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and the Mulky and Rowe coals on the shelf. Fourteen percent (107 of 742) of the CBM
completions on the shelf were multiple-coal completions with two to four coal beds,
while most of the CBM completions in the basin were single-coal completions.

Coal completion depths range from 256 to 2,428 ft (78 to 740 m) and average
947 ft (289 m) in 738 wells on the shelf, and 347 to 3,726 ft (106 to 1,136 m), averaging
1,421 ft (433 m) in 535 wells in the basin.

Initial-potential gas rates range from a trace to 260 Mcfd (average 27 Mcfd) from
663 wells on the shelf, and a trace to 1,150 Mcfd (average 106 Mcfd) from 467 wells in
the basin. The maximum initial gas rate was reported in the Hartshorne coal at a true
vertical depth of 1,604 ft (489 m) from a horizontal well in Haskell County.

Produced-water rates range from 0 to 1,201 bwpd (average 60 bwpd) from 643
wells on the shelf, and 0 to 320 bwpd (average 19 bwpd) from 416 wells in the basin.

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

Future development of CBM in Oklahoma is promising. Applications of horizontal
drilling and established completion practices have demonstrated the potential for CBM
in the Midcontinent USA.
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History of Oklahoma CBM Completions
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Figure 1. Histogram showing numbers of Oklahoma coalbed-methane
well completions, 1988 to 2000.
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Figure 2. Map of Oklahoma coalfield. Modified from Friedman (1974).
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Figure 5. Generalized rank of coal beds near the surface in the Oklahoma coalfield
Modified from Friedman (1974) and Andrews and others (1998).
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Figure 7. Histogram of coalbed-methane well completion depths on
the northeast Oklahoma shelf.
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Figure 8. Histogram of initial-potential-gas rates in coalbed-methane
well completions on the northeast Oklahoma shelf.
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Figure 9. Scatter plot of initial-potential-gas rate (in thousand cubic feet of gas
per day—Mcfd) and depth (in feet) to top of coal on the northeast
Oklahoma shelf.
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Figure 11. Distribution of well completions in the Rowe coal on the
northeast Oklahoma shelf, showing wells with relatively high

IP gas rates.
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Figure 13. Histogram of initial water production rates from coalbed-methane wells
on the northeast Oklahoma shelf (excluding one well with 1,201 bwpd).
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Figure 15. Histogram of coalbed-methane well completion depths in the Arkoma basin.
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Figure 16. Histogram of initial-potential-gas rates in coalbed-methane well
completions in the Arkoma basin.
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Figure 17. Scatter plot of initial-potential-gas rate (in thousand cubic feet of gas
per day-Mcfd) and depth (in feet) to top of coal in the Arkoma basin.
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Figure 22. Histogram of initial water production rates from coalbed-
methane wells in the Arkoma basin.
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ARKOMA BASIN
Major Structural Features
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OKLAHOMA GEOLOGICAL SURVEY
OPEN-FILE REPORT 2-2001

7

Midcontinent evolving coalbed-methane
completion techniques and practices

Roger Marshall
Cudd Pumping Services
Seminole, OK

Marshall, R., 2001, Midcontinent evolving coalbed-methane
completion techniques and practices, in Oklahoma coalbed-
methane workshop 2001: Oklahoma Geological Survey, Open-
File Report 2-2001, p. 140-150.



Drilling and Completion Considerations

Open Hole Completion

Advantages

e Reduces damage from drilling fluids and cement

Disadvantages

+ Tendency to produce coal fines and frac sand

o Difficult to control frac due to excess exposure

of other formations

¢ Limited amount of rathole for pump placement

Hole Size
6 % inch
Advantages

e Cheaper to drill

e Less cement required

Disadvantages

¢ Difficult to centralize casing

¢ Increased potential for bridging

e Higher annular friction increases risk of cement

invasion in coals

e More costly cements required to reduce friction

and limit invasion
7 718 inch
Advantages

Better casing centralization

Larger casing (5 %")can be used if necessary

Reduced potential for bridging in annulus

Lower annular friction reduces potential for

cement invasion

e More options availabte for cement design

Disadvantages

e Increased drilling costs

e Larger volumes of cement required

140



Drilling and Completion Considerations (continued)
Cementing & Perforating

Extremely critical to success of well

2 sks cement can fill cleats in 4 ft coal to radius

of 5 ft

Use best available cement and procedure to.

reduce damage

Perforate with 4 to 6 spf using scallop gun or slick

gun.

More research needed regarding orientation of

perforations with cleats.
After drilling

TD well and trip out of hole

Only load hole if sand or other formation

warrants need for induction log. Only interested

in bulk density log. Run high resolution if

available.

If needed load with KC| water

Do not use gel or mud
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Early Observations

e 63 wells were fraced without a screenout

e High frac gradients

e FG averaged 1.55 psi/ft with some as high as

2.0 psilft. Researchers indicated that this

trend was normal in coals due to multiple

fractures and multiple orientations although

most wells did have a FG of less than 1.0

psi/ft early in treatment. Explanation was that

obtained rates were not high enough at that

point in the treatment to initiate a true

fracture.

e Wells produced a tremendous volume of coal

fines. Found to be detrimental to downhole

pumps.

e 50% of gas production would typically be lost after

pump changes. Water rates would only drop 5 to

10%.

Early Conclusions

e Coal fine plugging was responsible for high

decline rates and poor production.

» The combination of high water and gas rates were

thought to provide the mechanism for fines

transport.

e Backpressure was held in attempt to control fines

movement but success was limited.

Early Solutions
"Eliminate the fines, eliminate the problem."

e Fines were assumed to be created from

proppant etching of the coal face.

e Observations from Stim-Lab indicated that

fines are created by the turbulence of the fluid
within the fracture. Foams and gels have a
velocity of zero at the coal face.

e Recommended that linear foam with minimal
foamer be used.

s Treatments were total failures
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Development and Modification of Controlled Velocity Frac

Wilkins observed that frac gradients from foam

and gel fracs were considerably lower than those

from water fracs and suspected that fracs were

growing out of the coal.

Later, tagged sand confirmed frac heights of 45'

and 72' into the unproductive Hartshorne Sand.

Flowbacks during two fracs aiso yielded "coal

slurry" indicating excessive turbulence in the

fracture.

During review of frac charts, Wilkins found that the

point of coal failure was typically 20 bpm in a

5 % ft. coal or 3.5 bpm per foot of coal.

e Later observations in thinner coal bodies

indicate that failure can occur at rates as

low as 2 to 2 ¥z bpm/ft.

¢ Low concentrations of friction reducers

and sand appear to reduce turbulence

allowing higher pump rates without

increasing damage to coal.

Wilkins then developed the theory that a "critical

velocity" is reached during treatment, producing

coal fines resulting in screen-out or diversion out

of the coal.

Since proppant transport is difficult at lower

rates, a method to decrease the velocity had to

be developed.

e Research into thin fluid proppant transport

indicates that high velocity is not as

important as it was once thought to be.

Field tests have confirmed that

considerable amounts of sand can be

placed at much lower pumping rates

Increased fracture width would ultimately

decrease the velocity within the fracture

Fracture width can usually be increased by

increasing the fluid viscosity with gels, but gels

tend to produce severe damage in most coals.
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Development and Modification of Controlled Velocity Frac (continued)

e The "Contfrolled Velocity Frac" was then

developed utilizing 100 mesh sand to increase

fluid efficiency.

e Recent field tests indicate that 100 mesh

sand is not always necessary to control.

leakoff and in many cases can be

eliminated or replaced with larger sand

¢ Dramatic decreases in frac gradients were noted

on initial treatments.

+ Further refinements made by running sand

continuously, and controlling reduction of pump

rates and rate surges during gear changes.

e Observations indicate that changes in

pumping rate are extremely critical. In

some cases even when rate changes are

small (£1 bpm) and performed smoothly

dramatic increases in pressure can occur.

e Indications of limited entry into perforations from

studies from the Black Warrior and confirmed by

downhole camera lead to the adoption of acid

spearhead. Although damaging to the coal, the

immediate succession of water will dilute the acid

to the point of no damage, except maybe near

wellbore.
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Introduction To NE Oklahoma — 1999-2000

e Typical treatments consisted of 400 bbl 10# to

30# gel with 8,000# to 12,000# proppant.

Multiple screen-outs noted and frac gradients ranging
from

1.6 psifft to 3.0 psi/ft.

e Good rates noted during drilling operations, but

very poor production after fracs.

o Downsized "controlled velocity" treatment to

match coal thickness.

e Dramatic decrease in frac gradients and increase

in gas and water rates.

o Failed frac attempt resulted in the discovery of the

acid/water treatment and true nature of

permeability.

1999-2000 Completion Procedure

1. Swab well down.

2. Start acid & load hole.

3. Breakdown formation @ <3 bpm.

4. Pump %2 volume of acid through perforations.

5. Shut down. Soak acid for 5 minutes

6. Resume pumping @ 5 bpm.

7. Increase rate in 2 bpm increments every 30 to 50

bbl if pressure is stable or falling. Hold rate if

pressure is increasing after 30 bbl.

8. Limit maximum rate to 3.5 times coal thickness.

9.  Shut well in for minimum of 48 hrs.

10. Run tubing, pump and rods.

11. Test well. Itis not necessary to hold

back pressure to restrict gas volume.

12. If needed frac well with controlled velocity frac

treatment minus acid spearhead.
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10.

11.

12.

13.

Typical Acid Procedure

Rowe Coal
Thickness — 3 ' ft
Depth - +1000 ft.

Run open ended tubing to below perforations

Pump 1 bbl acid down tubing and out annulus into

bobitail

Spot remaining acid across perforations

Shut in annulus and chain tubing down

Break down formation at 3 bpm or less

Pump approximately half of the designed acid

volume at breakdown rate (<3 bpm)

Increase pump rate to +4 bpm

Increase pump rate in 1 to 2 bpm increments

every 25 to 30 bbls if pressure is stable or

decreasing. Do not increase pump rate if

pressure is increasing after 30 bbls of

displacement.

Limit maximum rate to 2 % times coal thickness

Shut well in and allow to go on vacuum. Bleed

pressure off slowly if still holding pressure after 24

hours.

Run tubing, pump and rods.

Test well holding back pressure to maximize

water recovery and prevent premature gas

breakthrough unless field experience in the area

indicates it is not necessary

If needed frac well with Controlled Velocity Frac

treatment

750 gallons 15% HCI with 1gpt corrosion inhibitor
240 bbls fresh water with biocide
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10.

11.

12.

14.

15.

16.

Typical Controlled Velocity Frac Treatment

Hartshorne Coal
Thickness - 6 ft.
Depth - £1500 ft.

180 bbls Pad at 4 — 10 bpm

180 bbls Pad at 12 — 14 bpm

180 bbls Pad at 16 — 18 bpm

80 bbls with ¥ ppg 100 mesh sand at 20 — 22 bpm
80 bbls with 2 ppg 100 mesh sand at 22 bpm

80 bbls with % ppg 100 mesh sand at 24 bpm

80 bbls with 1 ppg 100 mesh sand at 24 bpm

220 bbls with 1 ppg 20/40 sand at 24 bpm

220 bbls with 1 ¥z ppg 20/40 sand at 24 bpm

230 bbls with 1 ppg 12/20 sand at 24 bpm

150 bbls with 2 ppg 12/20 sand at 24 bpm

+30 bbls Flush

Shut well in and allow to go on vacuum. Bleed
pressure off slowly if still holding pressure after 24
hours. Flowback rate should be limited to 2 bbls
per hour or less

Run tubing, pump and rods.

Test well holding back pressure to maximize
water recovery and prevent premature gas

breakthrough unless field experience in the area
indicates it is not necessary

1710 bbls fresh water with biocide and % gpt friction reducer
8,400 lbs 100 mesh sand

23,100 Ibs 20/40 mesh sand

22,300 Ibs 12/20 mesh sand
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Summary

Cased hole completions are preferred due to
improved zonal isolation and fewer production
problems

Larger hole size reduces damage due to
cementing and allows more flexibility in
completions

The generation of coal fines is a major cause of
stimulation failures and resulting low productivity

The generation of coal fines can be minimized by
using proper stimulation techniques and
production practices

Fracturing gels and most other conventional
stimulation additives have generally proven to be
detrimental to production of coal bed methane

In Eastern Kansas, Western Arkansas and all of
Eastern Oklahoma, fresh water with a biocide and
a minimal amount of friction reducer has proven
to be the least damaging fracturing fluid in most
cases

Although hydrochloric acid can be damaging to
most coals, small volumes of acid can provide
definite benefits when applied properly

Fracturing procedures are continually being
modified and improved as more experience is
gained in the Mid-Continent area. Current
treatment trends are toward lower pumping rates,
less 100 mesh and 20/40 sand and more 12/20
sand

Proper production practices are at least as

important as drilling and completion practices in
coal bed methane wells
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Arkoma basin coalbed methane:
Overview and discussion of
successes and failures

Doug O’'Connor
Muirfield Resources Company
Tulsa, OK

O’Connor, D., 2001, Arkoma basin coalbed methane: Overview and
discussion of successes and failures, in Oklahoma coalbed-
methane workshop 2001: Oklahoma Geological Survey, Open-
File Report 2-2001, p. 151.



Arkoma Basin Coalbed Methane:
Overview and Discussion of Successes and Failures

Doug O'Connor
Muirfield Resources Company
Things to think about
Permeability, permeability, permeability
Tensional geologic features enhance permeability

Temperature logs and gas shows reported on driller’s logs are obvious indications of
permeability

Sandstones are still our friends

Gas-in-place does not make you as much money as gas that is sold

Lateral variations in coal character are much more extreme than logs indicate
The most important contour on the coal isopach is the zero line

Air drilling is a godsend

Examine the cleat structure in a coal hand sample. The black stuff on your hands is called
“coal fines”. This stuff is not your friend.

Determine coal thickness from the gamma ray, not the density
Completion techniques 777

Whoever coined the phrase “you can’t screw up a good well” was not the prospect
generator

After the bit penetrates the coal there are many more ways to hurt the coal than help it
Be patient
Why are coals notorious for drinking cement but the fracture gradient is so high?

Is there really twice as much gas-in-place in a coal with a density of 2 g/em’ vs one with
a density of 1 g/cm3 when all other attributes are identical?

Are there any good prospects left?
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Cardott, B.J., 2001, Bibliography of Oklahoma coal.



Hartshorne Coalbed-Methane

Economics in Oklahoma

Presented March 29, 2001

S. Neil Sisson
Wildhorse Operating Company
President



LEASEHOLD COST CONSIDERATIONS

1) Land Intensive Area — High Brokerage Costs

a)

b)

d)

On Structure — Lots of HBP Acreage

1) Working Under Old JOA's

2) Usually Spaced 640's

3) Dealing With Major Companies or Large Independents
A) Farmouts - 75% NRI With Possible BIAPO
B) Term Lease - $100 to $300 per Acre for Shallow Rights
C) Prolonged Procedure

Off Structure — Non HBP

1) Minerals Broken up Small Tracts

2) Sophisticated Mineral Owner

3) Knowledgeable Landowners
A) Costs for Pipeline Right-of-Way

B) Surface Damages

Pool & Space
1) Prepare Up Front for Increased Well Density and Locations
A) Attorney - Corporation Commission Work
B) Engineer — Technical Witness
C) Geologist - Technical Witness
Check out Surface of the Ground
1) Topographic Maps Do Not Tell Story of Some Creek Depths and Some
Hill Inclines



AVERAGE WELL COST

BASED ON FOUR WELLS DRILLED JANUARY THRU OCTOBER, 2000

856' AVERAGE DEPTH

INTANGIBLE DRILLING & COMPLETION COSTS

SURVEYOR & PERMITS
SURFACE DAMAGE

LOCATION ROADS & PITS
DRILLING FOOTAGE

DRILLING DAYWORK

OPEN HOLE LOGS

WATER TO DRILL & CEMENT
SUPERVISION ENGINEERING
SUPERVISION EXPENSE
DRILLING OVERHEAD

CASED HOLE LOGS & PERFORATING
CEMENT (To Surface)
COMPLETION UNIT
STIMULATION ACID WATER
TANK BATTERY CONSTRUCTION

EQUIPMENT COSTS (Flowing Well)

CONDUCTOR CASING (1JT.)
PRODUCTION CASING
TUBING

WELLHEADS

STOCK TANK
CONNECTIONS

GAS SEPARATOR

TOTAL

NOTE ADDITIONAL COSTS
PUMPING WELL
FRAC JOB

$10,000.00
$30,000.00

$575.00
$1,800.00
$3,800.00
$4,600.00
$500.00
$1,100.00
$420.00
$700.00
$500.00
$375.00
$2,550.00
$3,600.00
$870.00
$2,900.00

950.00
$25,240.00

$240.00
$2,200.00
$1,600.00
$550.00
$1,100.00
$1,000.00

$1.100.00
$7,790.00

$44.670.00



LEASE OPERATING EXPENSES

Flowing Well Pumping Well
Pumper $150 $ 175
Overhead $250  ($125 each additional well on lease) $ 250
Revenue Distribution $ 50 $ 50
Insurance $ 20 $ 20
Soap $ 30 $ O
Maintenance & Misc. $ 50 $ 50
Electricity $ 0 $ 60
Pulling Expense (1) $ 300
Water Hauling (2) $100 $ 100
TOTAL $650 $1005

(1) Assume 1 pump change per year,
Pump $1,800, Rig % day $1500, Truck $300 = $3,500 /12 mths = $291

(2) Assume Mature Well 1 to 3 BWPD, $200 per 120 BBL Load

(3) Above example assume compression & gathering netted from gas revenues.
Compression cost on a per well basis depends on number of wells put
through the gathering point and the size of compressor needed for gas

volume and discharge pressure.



REVENUE ANALYSIS AND TIMING

WELL #1 WELL #2
DATE DRILLED Jan-00 Apr-00
INITIAL PRODUCTION
DATE Mar-00 May-00
AMOUNT 30 mcfpd 10 mcfpd
30 DAY PRODUCTION 100 mcfpd Loaded Up w/Water

TREATMENT Acid/Water Screened out Foam Frac

LEASEHOLD COSTS $14,415 $0

WELL COST $36,730 $43,776

LOES $6.414 $3,257

TOTAL COSTS $57,559 $47,033

REVENUES $88,452 NA

Net to WI After Tax,

75 NRI and Gathering Well was S| waiting on electric
line, pumping unit & workover rig

PAYOUT 9 Months to run rods & pump.

CURRENT PROD. 92 mcfpd/0 BW 38 mcfpd/10 BWPD

Put on Pump 03/01/01
Water Decreasing
Gas Increasing



REVENUE ANALYSIS AND TIMING

DATE DRILLED

INITIAL PRODUCTION
DATE

AMOUNT

30 DAY PRODUCTION

TREATMENT

LEASEHOLD COSTS

WELL COST

LOES

TOTAL COSTS

REVENUES

Net to WI After Tax,
75 NRI and Gathering

PAYOUT

CURRENT PROD.

WELL #3

Jul-00

Oct-00

25 mcfpd

50 mcfpd

Acid/Water

$0

$34,340

$3,658

$37,998

$30,428

Next Month

66 mcfpd/0 BW

WELL #4

Oct-00

Mar-01

12 mcfpd

NA

Acid/Water

$0

$42,512

$1.273

$43,785

NA

Needs Frac

21 mcfpd/0 BW



GAS GATHERING DEALS

1)

2)

Major Pipeline Markets

a) ONEOK - 300 to 400 PSI Line Pressure

b) ENOGEX - 50 to 80 PSI Line Pressure

c) RELIANT - 50 to 150 PSI Line Pressure

You Lay Gathering Line to Them and Compress.

d) Deal Terms Vary From 10¢ to 36¢/mcf and 3% to 8% Fuel

Lower Pressure Pipeline Markets
a) Enerfin, Duke, Ozark
b) Deal Terms Generally % of Proceeds

Low Side — 65% to 70%
High Side — 80% to 85%

They Lay The Gathering Line to You

Percentage depends on how close to their line,
your volume and quality of gas.



INCREASED WELL COST

Well costs have increased in some categories dramatically due to increased

demand for the vendor's services and increased fuel and labor costs.

Then (1)

Surface Damages $1,000
Right-of-Way $10 to $15/rod
Surveyors $ 375
Cement (1,000' Well) $3,100
Open Hole Logs $ 990
Drilling $5 to $6/ft.
Drilling Daywork $ 200/hr.
Workover Rigs:

Pole $ 90/hr.

Double $ 115/hr.

Tubing Tongs $ 75/day

(1) 1% six months of year 2000
(2) February 2001

Now (2)

$2,500

$20 to $35/rod
$ 400
$4,941
$1,450

$8 to $10 /ft.

$ 300/hr.

$ 125/hr.
$ 140/hr.

$ 125/day

Plus all the add on Additional
Costs: Acid Swabbing, Travel Time,
Fuel Surcharge, etc.
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