_

GEOLOGIC EVALUATION OF CRITICAL PRODUCTION
PARAMETERS FOR COALBED METHANE RESOURCES

~PART II, BLACK WARRIOR BASIN

ANNUAL REPORT

. (August 1988 - July 1989)

Prepared by

J.C. Pashin, W.E. Ward, Il, R.B. Winston, R.V. Chandler,
D.E. Bolin, R.P. Hamilton, R.M. Mink

Geological Survey of Alabama
P.0.Box 0
Tuscaloosa, Alabama 35486-9780

| in association with
~ Bureau of Economic Geology
The University of Texas at Austin

For

. GAS RESEARCH INSTITUTE
Contract No. 5087-214-1594
Richard A. McBane, Manager
Methane from Coal Deposits

February 1990

QAe7586



GRI DISCLAIMER

.

LEGAL NOTICE.  This report was prepared by the Geological Survey of Alabama as an account of
work sponsored by the Gas Research Institute (GRI). Neither GRI, members of GRI, nor-any person

actmg on behalf of either

a.

Makes any warranty or representation, express or implied, with respect to the
accuracy, completeness, or usefulness of the information contained in this report,
or that the use of any apparatus, method, or process disclosed in this report may
not infringe pnvately owned rights; or

Assumes any liability with respect to the use of, or for damages resulting from the
use of, any information, apparatus, method, or process disclosed in this report.



'50272-101

REPORT DOCUMENTATION '1.REPORT NO. ] 2 3. Recipient’s Accession No.
PAGE GRI-90/0014.2 S
4. Title and Subtitle " 5. Report Date
Geologic Evaluation of Crmcal Production Parameters for Coalbed Methane Resources; Part I, Black February 1990

Warrior Basin R

7. Author (s) J. C. Pashin, W. E. Ward, II, R. B. Winston, R.V. Chandler, D. E. Bolin, R. P. Hamilton, and R. M. 8. Performing Organization Rept. No.
Mink '

'| Gas Research Institute, 8600 West Bryn Mawr Avenue, Chicago, Illinois 60631. o Annual

9. Performing Organization Name and Address ) v 10. Project/Task/Work Unit Qo.
Geological Survey of Alabama, P. 0. Box O, Tuscaloosa AL 35486-9780

n, foman(ci or Grant(é) No.
© 5087-214-1544
@)

12. Sponsoring Organization Name and Address : . 13. Type of Report & Period Covered

August 1, 1988-July 31, 1989 .

14.

15. Suppiementary Notes : i

16. Abstract (Limit: 200 words)

Geologic evaluation of critical production parameters for coalbed-methane resources in the Black Warrior basin
of Alabama employed an interdisciplinary approach that utilized structural, coal-quality, sedimentologic, hydrologic,
and engineering data. Results indicate that geologic factors are a major control on the producibility of coalbed
methane and that completion techmqu_es may be used to increase recovery if tailored to specific geologic settings.
Sedimentologic and coal-quality parameters may be used to locate regions for coalbed-methane development by
characterlzmg the occurrence, rank, and grade of coal resources. However, high-productivity trends within those
regions are localized, and geologic data suggest that productivity trends may be predictable. Several hlghly
productive trends occur along northeast-oriented lineaments. These lineaments are the inferred surface expression
of zones of enhanced permeability which are related to fractures. Productive trends also are associated with areas of
low reservoir pressure, and salinity maps indicate that fresh water has migrated toward areas with low reservoir
pressure. The available data indicate that structure and hydrology are critical production parameters that may be
used to identify favorable well sites within regions containing significant coalbed-methane resources.

17. Document Analysis  a. Descriptors Coalbed methane, Black Warrior basin, coal quality, sedlmentology, product:vnty, lineament trends, reservoir
pressure, structure, hydrology, completion

b. identifiers/Open-Ended Terms

¢ COSAT Field/Group

18. Availability Statement: . \ . 19. Security Class (This Report) 21. No. of Pages
177
20. Security Class (This Page) 22. Price.
(See ANSI-Z39.18) . See Instructions on Reverse OPTIONAL FORM 272 (4-77)
(Formerly NTIS-35)

Department of Commerce



Title
Contractdr
Principal
Investigator

Report Period
Objective

Technical .
Perspective

Results

Technical
Approach

RESEARCH SUMMARY

Geologic Evaluation of Critical Production Parameters for Coalbed Methane
Resources; Part I, Black Warrior basin.

Bureau of Economic Geology, The Unlver5|ty of Texas at Austin. GRI Contract No.
5087- 214—1544

W. B. Ayers, Ir.; Project Manager, Geological Survey of Alabama, R. M. Mink.
August 1, 1988 - July 31, 1989

To develop a data base and understanding of structure, coal quality, sedimentology,
hydrology, and well productivity in order to determine the critical controls on the
occurrence and producibility of coalbed methane in Alabama and to characterize
the coalbed-methane reservoir.

Coalbed methane is a major potential source of domestic gas reserves. Detailed
evaluation of the geologic, hydrologic, and production parameters affecting
coalbed-methane production in the Black Warrior basin of Alabama will lead to a
better understanding of factors critical to methane production.

Characterization of coalbed-methane occurrence and producibility in the Black
Warrior basin of Alabama indicates that geologic factors are a major control on the .
occurrence and producibility of coalbed methane. Results indicate that compietion
techniques may be used to increase recovery if tailored to specific geologic settings.
Sedimentologic and coal-quality parameters may be used to locate regions for
coalbed-methane development by characterizing the occurrence, rank, and grade of
coal resources. However, high-productivity trends within those regions are localized,
and geologic data suggest that productivity trends may be predictable on the basis
of structural and hydrologic parameters. Several highly productive trends occur
along northeast-oriented lineaments. These lineaments are the inferred surface
expression of zones of enhanced permeability which are related to fractures.
Productive trends also are associated with areas of low reservoir pressure, and
salinity maps indicate that fresh water has migrated toward these areas from the
southeast margin of the basin. The available data indicate that structure and
hydrology are critical production parameters that may be used to identify favorable
well sites within regions containing significant coalbed-methane resources.

The study employed an interdisciplinary approach that utilized structural, coal-
quality, gas-composition, sedimentologic, hydrologic, engineering, and production
data to evaluate the geologic controls on the occurrence and producibility of
coalbed methane in the Black Warrior basin of Alabama. Structural analysis utilized
data from well logs, joints, cleats and lineaments to provide a regional structural and
tectonic framework and to relate structural geology to localized productivity trends.

- Coal-quality and gas-composition data were evaluated to determine the controls on

the origin and occurrence of coalbed methane. Sedimentologic analysis was based
on data from geophysical well logs and was used to define a regional stratigraphic
and depositional framework for the study interval. Hydrologic analysis was based on
water-level, reservoir-pressure, and chemical data from wells and surface water and
was used to determine the hydrodynamics of the coalbed-methane reservoir.

- Analysis of engineering and well productivity was based on completion and

stimulation data and included a statistical analysis of 11 key parameters to identify



Project
Implications

geologic controls on the prodAuc'tivity of coalbed-methane wells in the Black Warrior
basin.

This report describes the geologic framework and hydrologic regime of coalbed-
methane in the Black Warrior Basin, and it reports the relationships of these factors

to coalbed-methane production. This effort has sig'nificaintly improved .

understanding of geologic and hydrologic controls on gas occurrence and

production. The preliminary models developed in this study will be further .

investigated and confirmed by research that focuses on Oak Grove coalbed methane
field, including Rock Creek experimental field site in the Black Warrior Basin. In
addition, these models will be used to test the transferability of coalbed methane
technology to the Northern and Central Appalachian coal basms
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INTRODUCTION |
OBJECTIVES
An interplay of geological factors, mcludnng structure, coal quahty, sedlmentology, and
hydrology, determmes the occurrence and producnblhty of coalbed methane. A reg|onal resource

assessment of coalbed methane in the Black Warrior basin in Alabama is avaulable (McFall and others,

1986), but the impact of basin geology on resource recoverablllty has not been addressed in detall

The objectlve of this study i is to develop a detailed geologic framework for the Black Warrior basin of
Alabama and to relate that framework to well design and methane production. This approach was
undertaken to characterize the coalbed-methane reser\roir and to identify the geological controls on
the occurrence’and producibility of coalbed methane. -

This study employed an interdisciplinary approach to characterize the coalbed-methane reservoir.
Structural features were analyzed to determine permeability trends and possible migration
pathways. Coal quality and methane com posmon were evaluated to determine the pattern of
methane generation, mlgratlon and retention. Sedlmentologlc analysus provided a stratigraphic and
depositional framework for the identification of areas having abundant coal resources, Hydrologic
analysis elucidated the hydrodynamics of the reservoir system and delrneated therelationship among
water chemistry, reservoir pressure, and methane production. Analysis of production and well-
;ompletion data was performed to define a short-term measure of the overall productivity of a well

and to determine how well design affects the producibility of coalbed methane.

GENERAL BACKGROUND
‘ Development of Alabama’s coalbed;methane industry began with the issuance of the first drilling
permits by the State Oil tand Gas Board of Alabama in 1980. Since that time, coalbed methane has
developed into a viable- energy resource, and the Black Warrior basin now leads the nation in
coalbed-methane well completion. The Black Warrior basin is the only sedimentary basin in the

eastern United States that contains abundant coalbed-methane wells. Hence, this study is applicable



2

in develdpihg the Appalachian basin of Virginia, West Virginia, Pennsylvanié, Kentucky, and Ohio,
which is presently 6f interest (Kelafant and others, 1987). |

The estabiished coalbed-methane fields in Alabama are located in the eastern part of the Black
Warrior basin in Jefférson and Tuscaloosa Counties (fig. 1). Drilling is presently localized, but
co‘nsiderable expansion may take place in coming years. Therefore, the area chosen for this
investigation is the part of the Black Warrior basin of Alabama underlain by the Pennsylvanian upper
Pbttsville Formation which contains the principal coalbed-methane target interval (McFaII ahd others,
1986). |

Cumulative production of coalbed methane in the Black Warrior basin of Alabama has exceeded
70 billion cubic feet (Bcf) in only 8 years. In 1981, coalbed methane repfesented only 0.1 percent of
the methane produced in Alabéma and approximately 0.04 percent of fhe state's total gas
production. In 1988, production from coalbed-methane operations totaled 20 Bcf or more than 28
percent of the methane produced in the Black Warrior basin of Alabama and approximately 11

percent of the state's total gas production.

As of April 31, 1989, 593 coalbed-methane wells weré producing in Alabama. As of June 1, 1989, |

629 additional wells wére in various stages of drilling and testing; making a total of 1,222 coalbed-
methane wells in the Black Warrior basin. Nihety percent of the production in the Black Warrior basin
is in Brookwood and Oak Grove fields (fig. 1) where there has been a mutually beneficial relationship
between underground-mining and coalbed-degasification efforts (Epsman and 6thers, 1988; Pashin
and others, 1989); exploration in areas unaffedéd by underground mining is in the early phases of

development.

REGIONAL GEOLOGIC SETTING
The Black Warrior foreland basin of northwestern Alabama and northern Mississippi (fig. 2) is thé
southernmost coal-bearing basin of the Appalachian Plateaus. Coal resources are largely restricted to
the lower Pennsylvanian Pottsville Formation which is the youngest Paleozoic unit in the basin. The

Pottsville of the Black Warrior basin crops out only in Alabama and ‘is traceable westward into

{
p_—
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Figure 1. Index map of study area showing location of coalbed-methane fields.
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‘Figure 2. Régional geologic setting of the Black Warrior basin.

Mississippi where the formation is overlain as much as 6,000 feet of Cretaceous and Tertiary strata of

the Mississippi Embayment.

TECTONIC FRAMEWORK
The Black Warrior basin is boﬁnded on the southeast by the Valley and Ridge province of the
Appalachian‘ orogen (fig. 2). In Mississippi, the Ouachita‘orogen defines the southwest margin of the
basin; however, the Ouachitas are known only frorﬁ the subsurface in this area (Thomas, 1985, 1988a,
b). The Nashville dome is north of the Black Warrior basin, and the outcrop limit of Pennsylvanian

strata is commonly considered the northern limit of the basin.

The Black Warrior basin has been interpreted to have formed flexurally in response to converging

All,éghanian thrust loads in the Appalachian and Ouachita orogens (Beaumont and others, 1988;'
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Hines, 1988). Therefore, applying flexural models of foreland-basin formation (Jordan, 1981; Quinlan

and Beaumont, 1984), the Black Warrior basin represents a flexural moat that subsided in response to

" the episodic emplacement of thrust loads. In contrast, the. Nashvnlle dome represents a peripheral

bulge, or interbasinal uplift, that narrowed during the emplacement of thrust loads and widened
toward the orogen during episodes of tecto'nic relaxation cause.d by a general cessation of thrusting
and by the erosion of those I'oads |

A major Mesozolc rifting event followed the- Alleghanian. orogeny and concomitant foreland-
basin formation; Pennsylvaman strata of the Black Warrior basin are overlain unconformably by
Cretaceous strata. Riftlng resulted in southwest tiltmg of the Black Warrior basm related to rapid
subsidente of the Mississippi Embayment and the Gulf Coastal Plain. Extenslonal subsidence caused
deep burial of the western part of the basin and the Ouachita orogen below the coastal plain,'v

thereby giving the basin its present configuration (Klitgord and others, 1983; Thomas, 1985, 1988b).

STRATIGRAPHlC AND SEDIMENTOLOGIC FRAM EWORK

The Pottsville Formation has been divided into two parts in Alabama (McCalley, 1900). The lower
part, or lower Pottsville is dominated by quartzose sandstone and contains thin, discontinuous coal‘
beds that are mined locally and have not been examined fully for their coalbed- methane potential
The upper part, or upper Pottsville, contains numerous economic coal beds and the majority of
Alabama's coal resources (fig. 3). The major coal beds in the upper Pottswlle are contained in
stratigraphic bundles called coal groups (IVlcCalIey, 1900); the coal-group concept has formed the
basis of most stratigraphic subdivisions of the upper Pottsville (McCalley, 1900; Butts, 1910, l926;
Culbertson, 1964; Metzger, 1'9‘65). o |

Coal groups generally cap regressive, coa}rsening-upward sequences, or cycles (fig. 3). The cycles
have as much as 350 feet of marine mudstone at the base; typically, the mudstone coarsens upward
into sandstone. At the top of each cycle is the interbedded mudstone, sandstone, underclay and coal

that makes up a'coal group. The cycles are easily traced in Alabama (McCalley, 1900; Butts, 1910,
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Figure 3. Stratigraphy of the upper Pottsville Formation shdwing major
depositional cycles and study interval.

1926), and recent subsurface investigations indicate that most cycles can be traced throughout the
Black Warrior basin (Cleaves, 1981; Sestak, 1984; Hines, 1988).

The Black Creek-Cobb interval is the principal coalbed-methane target in Alabama (McFall and

others, 1986) and is the focus of this study (fig. 3). In this study, the Black Creek-Cobb interval was -

divided into five cycles which are, for the most part, named after the capping coal groups. In
ascending order, the cycles are named (1) the Black Creek, (2) the Mary Lee, (3) the Gillespie/Curry, (4)
the Pratt, and (5) the Cobb. Thé Gillespie/Curry cycle includes the lower part of the Pratt coél group
(Gillespie and Curry beds of McCalley,1900). The Pratt coal group was subdivided to reflect the
genetic significance of the cycles; subdivision of other cycles is pqssible. The Gillespie/Curry cycle itself
may be treated as two cycles, because the coal beds are traceable throughout the study area and are

separated by a thin interval of marine strata (McCalley, 1900). However, because the Curry cycle is

R



thin (generally less than 70 feet thick) and is of limited significance in coalbed;methane exploration,
the two cycles Were combined for this study.

several workers have distinguished between light-colored, quartiose sandstone and darker, lithic
sandstone in the Pottsvulle (Ferm and others, 1967; Hobday, 1974 Horne and others, 1976; Cleaves
and Broussard 1980; Horsey, 1981). Quartzose sandstone is domlnant in the Iower Pottsvulle but is
also present in some upper Pottsville cycles. Because of high porosity and permeablllty,; quartzose
sandstone forms potential conventional petroleum reservoirs. In theliterature;i quartzose sa‘ndstone
commonly is referred to as quartzarenite, but the sandstone is‘ better characterized petrographically,
as sublitharenite (Mack and others, 1983; Raymond and others, 1988)._ Nearly all workers in Alabema .
have interpreted the quartzose sandstone to have formed in beach-barrier environments.

Lithtc sendstone is dominant in-the upper Pottsville and is an integral part of the coal-bearing
mtervals The sandstone has a high proportion of arglllaceous rock fragments and detrital matrix and
has been characterized petrograpmcally as litharenite (Graham and others, 1976 Mack and others
1983). Because of the argillaceous component, lithic sandstone has low porosity and permeability
(Rightmire and others, 1984) and apparently does not form conventional petroleum reservoirs.
Investigators have traditionally interpreted the lithic sandstone to be deltaic in origin, but Epsman '
and others (1988) indicated that alluvial deposits also are present.

Coal-bed geometry in th"e upper’ Pottsville is complex. Whereas many beds may be traced for more
than 50 miles in outcrop (McCalley, 1900), other beds are discontinuous and split profusely (Horsey,
1981). Recently, Weisenfluh and Ferm (1984), Ensman and other_s (1988), and Pashin and others (1989)
showed that splitting of ceal beds may be related to synsedimentary fault movement. Additionally,
Epsman and others (1988) demonstrated the importance of autogenic sediment-ary processes, such as
the development of crevasse-splay lobes, in determining the location of some bed splits in Alabama.
Like the lithic sandstone, most coal in the Black Warrior besi_n has been attributed to deltaic
’environments. However, recent sedimentologic evidence indicates that many economic coal beds in

the Pottsville may have formed on an alluvial plain (Epsman and others, 1988).



The source of Poﬁsville sediment has been arguéd for m‘anyiyears. Most workers have relied upon
petrographic data (Graham and others, 1976; Mack and others, 1983) and paleocurrent data
" (Metzger, 1965) and have opted for an Ouachita source in the southwest or an Appalachian source in
the nbrtheast. However, the Appalachians probably contributed some sediment from the southeast

during Pratt deposition (Sestak, 1984; Thomas, 1988a).
STRUCTURAL GEOLOGY

INTRODUCTION
Compressional, extensional, and epeirogenic events have shaped the habitat of petroleum in the
Black Warrior basin. The basin has a diverse suite of tectonic structures that includes folds, normal
faults, thrust faults, joints, and cleats. These structures may have a strong influence on the occurrence

and producibility of coalbed methane.

Regional structure controls burial depth which, along with geothermal history, determines how

much methane may have been generated during coalification. Structure also affects the depth at

which coal occurs and consequently how much methane may be retained in coal following erosional

unroofing of a sedimentary basin (Juntgen and Karwell 1966). Addmonally, the distribution and

openness of fractures may play a major role in determining the pathways along which coalbed

methane may migrate. Therefore, the major objectives of this section are to synthesize the available

~ structural data to detérmine the structural controls on the occurrence and producibility of coalbed

methane.

METHODS

Data from density logs (fig. 4) were used to make a structure-contour map of the top of the Mary

Lee cycle in order to define the attitude of the Pennsylvanian coal-bearing strata in Alabama. '

Numerous faults and folds are known in the Black Warrior basin that are too subtle to be shown at

the scale of a basin-wide structure-contour map. Therefore, an additional map showing the location

of folds and faults in the basin was made; the map is based on (1) reports and dockets on file at the

eeeee
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State Oil a‘nd G}as Board (2) maps that are on file at the Geological SurveyA of Alabama, aﬁd (3)
published reports (Ward and others 1984, 1989; Kidd, 1982; Epsman,1987; Raymond and others,
1988). | |

Joint, cleat, and lineament orientation were mapped to analyze the frécture architecture of the
study area. Most of ﬁhe joint and cleat data were compiled from the files of the Gedlogical Survey of
Alabama. Joint and cleat data are .availablre only from Pottsville outcrops and underground coal
mines, because fractures generally ar‘e. not exposed in unconsolidated *Cretacéous and Tertiary strata
in the western part of the study area. To characterize the spatial variation of fracture systems, the
Pottsville outcrop area was divided into four‘quadrants'. Statistical analysis of joint and cleat data
utilized the rhethods for directional data giveﬁ in Potter and Pettijohn (1977). |

A regional lineament map was made using Landsat images (scale 1:250,000). Lineaments on the

map include straight stream segments, topographic offsets, and tonal anomalies. To test the

relationship of lineaments to geological features and productivity trends in Oak Grove field, |

lineaments from Landsat, Sidelooking Airborne Radar (SLAR), orthophotoquads and aerial
photographs were determined. The lineaments were then plotted on structural contour maps that

also depict fracture patterns and the locations of highly productive wells.
REGIONAL STRUCTURE

Folds and Thrust Faults

" The structure-contour map (fig. 5) indicates that Pennsylvanian strata in the Black Warrior basin

of Alabama dip toward the southwest at approximately 70 feet per mile. Only a few major structures .

are defined in the map because of the large contour interval of 300. feet. In the southeast part of the
baéin, the southwest dip is obscured by the presence of some major northeast-trending Appalachian
folds and thrust faults. |

‘Definition of the southeast margin of the Black Warrior basin is based 6n folds aﬁd thrust faults of
the Valley and Ridgé province of the Abpalathians.‘Thg basin is bounded on the southeast by the

‘steeply dipping northwest limb of the Blue Creek anticline (D) and by the thrust-faulted northwest
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limb of the Birmingham anticlinorium (figs. 5, 6). The Opossum Valley fault '(B), a major northeast-
trending thrust fault, cuts the northwest limb of the Birmingham anticlinorium and forrﬁs the
northern part of the soufheast border of the Black Warrior basin (Buﬁs, 1910) (fig. 6). Farther south,
the thrust fault passes mto the Blue Creek anticline, the axis of which has an approxnmate azimuth of
40° in southeastern Jefferson- and eastern Tuscaloosa Counties. Structural relief of the antlclme locally
exceeds 2,000 feet (fig. 7). The Blue Creek syncline (C) is southeast of the Blue Creek anticline, and
because the syncline contains upper Pottsville coal beds, the structure commonly is included as the
" southeasternmost part of the Black Warrior basin.

Along the southeast mé_rgin of the Black>Warrior basin, ;che Pottsville locally dips as much as 70° to
the northwest. Coal groups that are drilled for coalbed methane at a depth exceeding 1,000 feet only

a few miles to the northwest are exposed on the Blue Creek anticline. The Sequatchie anticline (F) is

located northwest of the basin margin, and the Blue Creek anticline and Birmingham anticlinorium '

are separated from the Sequatchie anticline by a broad, flat-bottomed structure called the Coalburg
syncline (E) (figs. 5, 6). The Coalburg syncline contains numerous normal faults and mesoscale
structures. For example, small-scale, northeast-striking thrust faults with a displacement of
appréximately 1‘foot occur in underground mines within the syncline, and deformed coal banding is
common (Epsman and others, 1988).

The axis of the Sequatchie anticline (fig. 6) strikes approximately parallel to the Birmingham

anticlinorium (35°-45°), plunges southwest, and verges toward the northwest. Northeast of the study |

area, a major thrust fault forms the core of the anticline (Butts, 1926; Szabo and others, 1988).
Displacement dlmlmshes toward the southwest, and in the study area, the antlclme is a fairly simple,
open fold; the dip of both limbs typically is less than 10°.

The Pickens-Sumter anticline (H) occurs ‘in the subsurface of southern Pickens Counfy and
n»orthern Sumter County (Thomas, 1973) (figs. 5, 6’. The Pottsvi.lle is absent along the crest of the
anticline which has a maximum structural relief of 6,000 feet. Seismic data indicate that the anticline
is a thrust-ramp structure and that‘lateral displacement' along the thrust fault is |ess than 1 mile

(William A. Thomas, personal communication}l 989).
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Normal Faults

The Black Warrior basin is dominated by northwest trending, high-angle normal faults that
define a horst-and-graben system (fig. 6). Displacement across normal fau|ts scarcely exceeds 200 feet
in the eastern part of the basin. Northwest of the Appalachien folds and thrust faults, struttural
contours define a fairly uniform southwest dtp (fig. 5). In east Pickens Cou‘nty, however, several
‘contours turn sharply northward, marking a hi,nge zone to the east of several major normal faults.
The faults define a series of narrow grabens in Lamar and Pickens Counties, and in some faults, throw
exceeds 1,000 ft. | |

Most normal faults in the eastern part of the basin have va sublinear trace. Some faults, however,

have an arcuate or sinuous trace, particularly the major faults in Lamar and Pickens Counties (figs. 5,

- 6). Typically, displacement is greatest near the central part of a given fault trace and decreases toward

the termini. Fault length and fault displacement increase toward the southwest, and fault traces tend
to turn west near Missi‘ssippi. Many faults in the Coalburg syncline have a more northerly strike than
faultsin other areas, and tnost of the faults fotm a series of right-stepping horsts and grabens.

The structure map of the unconformable surface at the top of the Pottsville Formation (Kidd,
1976) (fig. 8) indicates that. the surface generally strikes uniformly northwest and that dip increases
toward the southwest. Structure contours parallel those on the Mary Lee structure mao in the
southwesternmost part of the study area, but the contours are generally oblique throughout the
remainder of the region (figs. 5, 8). The map shows that upper Cretaceous strata in the western part
of the study area are not displaced by normal faults. Cross sections from MISSISSIppl (Thomas, 1988a)

also demonstrate that normal faults in the Pottsville termmate atthe unconformable surface..

Joints
Two dominant joint systems, systems A and B, are discernible where the Pottsville crops out (fig.

9), each system consists of two dominant joint sets, sets | and Il. Set | joints make up the master set of

each joint system the joints generally are planar, vertlcally persistent, and have a high constancy

ratio (table 1). Set i joints are typically curved, less vertically persistent than set | jomts, and commonly
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Table 1. Results of statistical analeis of joint and cleat orientation in the
Pottsville outcrop area

Number of Vector-mean Vector Constancy .
readings azimuth magnitude ratio (%)
JOINTS .
System A . .
NE quadrant  setl - 203 296 ' 189 93
SE quadrant setl 153 296 142 1 - 93
System B ,
NWquadrant setl ‘ . 289 48 234 94
SWquadrant  setl 214 47 202 94
CLEATS
NE quadrant  face cleat 124 57 117 94
buttcleat 107 327 99 93
"| SEquadrant  facecleat 103 54 101 99
butt cleat 67 31 64 95
SWquadrant  face cleat 68 - a6 63 93
butt cleat 88 321 87 98
NW quadrant face cleat 120 55 117 98
butt cleat 95 320 91 96

1The minimum constancy ratio for data restricted to a 90° range is 89.

terminate at intersections with set | joints. Joint sets of each system generally are orthogonal (Ward,
1977; Ward and others, 1984). Poor aIighment of set Il joints is causéd by curving joint planes, which
in places, are visible in outcrop. The peak§ for set Il joints are poorly defined (fig. 9) and are in places
obscured by localized joint sets. Therefore, calculated vector means for set Il joints did not reflect the
orthogonal relationship observed in the field and are notincluded in table 1.

Joint system A is largely restricted to the area southeast of the Sequatchie anticline (fig. 9) and is‘
dénsest in the vicinity of the axial trace. The dominant joint set (set I) of system A has a vector-mean
azihuth of 296° and a constancy ratio of 93 in each quadrant (table 1). These joints are
subperpendicular to the axial trace of the anticline and, as the trace curves tdward the south iﬁ west
Jefferson County, joints trend west (Ward and others, 1984)’. Joinf system B occu.rs west of the
Sequatéhie anticline. The dominant joint set (set I) of system B has a vector-mean lazimuth of 48° in
the northwest quadrant and 47° in the southwest quadrant.

In Oak Grove field, joints of both sets in system A are present in equal abundance at a depth of

1,100 ft below the surface in the Oak Grove Mine. At the surface, however, northeast-oriented set Il
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joints are more abundant than in the mine (Epsman and others, 1988). In Brookwood field, northeast-

oriented joints constitute the dominant set at the surface but are scarce at a depth of 2,000 ft in the

" Jim Walter Resources No. 4 Mine. At surface exposures containing both northwest and northeast

joints, cross-cutting relationships. are inconsistent. Some set Il joints in surface mines near the
southeast margin of the study area are perpendicular to bedding in rocks that dip as.much as 20°
toward the northwest. |

In addition to the dominant joint systems in-the Black: Warriorrbasi’n,“Iocalized joint sets occur
along normal faults. The diagnostic characteristic of normal-fault-related joints is that the jomt
planes dlp approximately 60°. Whereas most joints in systems A and B are obllque to normal faults,

fault-related joints'geherally.pa‘ralle! fault traces, and less commonly, are perpendicular to fault

traces.

Cleats

Coal in the Black Warrior basin has a well-developed cleat system. The face cleat is perpendicular
to bedding, planar, laterally persistent, strongly aligneq, and generally is evenly spaced. The butt
cleat is perpendicular to bedding and is more or less perpendicular to the face cleat. The butt-cleat |
surface typically is irregulaf and commonly terminates at intersections with the face cleai.

Cleat fillings are uncommon in the Pottsville outcrop area. Where present, cleat fillings are patchy
and occupy only a small proportion of the fracture system; they generally are déveloped on the face
déat. Calcite is the most common type of cleat fill, although pyrite occurs at some localities. In surface
exposures, reddish ferruginous stain and yellowish to whitish sulfate stain are common on the face-
cleat plane. Stained butt-cleat faces are scarce.

Face-cleat spacing varies regionally (McFall and others, 1986); Spacing is generally 0.2 inches in
Jefferson County and 0.4 inches in Tuscaloosa County and southeastern Walker Cohnty. The largest
regional face-cleat spacmg is 0.6 to 0.75 inches in Fayette, Marion, and northwest Walker Counties.

Although two regional joint systems were distinguished, cleat onentatlon is fairly uniform

throughout the entire Pottsville outcrop area, and the constancy ratio varies from 93 to 99 (fig. 10;
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table 1). The vector-mean azimuth of the face cleat varies from 46° to 57° among the quadrants and is

subparallel to the strike of the Valley and Ridge. _The butt cleat is orthogonal to the face cleat and has

* avector-mean azimuth ranging from 311°to 327°.

_ A local fracture system is restricted to coal beds that trop out along the southeast margin of the
basin near the Blue Creek anticline. These fractures cut across and in places obscure the regional cleat

system. Most of the fractures are perpendicular to the axial trace of the anticline, and a subordinate
.. |

set is parallel to the axial trace. The fractures attenuate rapidly to the northwest with increasing

distance from the Blue Creek anticline.

‘Lineaments

Lineaments pose an intgrpretive difficulty because they only r.ep'resent features that are visible on
the surface of t_He earth. Therefore, the significance 'of a given Ii.neament»is uhknown unless it can be
related to the local geélogy. The Landsat lineament map (fig. 11) shows a variety of northeast and
northwest elements. Abundant northeast-trending lineaments occur along a trend from Greene
County to Oak Grove field in westernmost Jefferson Coupty. Many of the most productive coalbed-
methane wells are located along this trend. Therefore, geological data were compiled for pérts of
Oak Grove field where productivity trénds coincide with known lineaments.

In weste‘rn Oak Grove field, faults, structure contours of the top of the Mary Lee coal bed,
lineaments, and Wells producing initially more than 300 Mcfd of metha-ne were plotted (fig. 12). Joint

and cleat data for Oak Grove field as a whole are also shown. The highly productive wells are located

" directly on some major lineaments which can be related to structural features in the area.

The closely spaced contours at the top of figure 12 depict the southern terminus of the

Sequatchie anticline. A narrow northeast-oriented syncline or graben is located in the northeast part

-of the map area, and the northwest margin of the structure coincides with some lineaments. Field

check of the surface expression of the lineament traces was hampered by scarce exposure; however,
dipping strata were observed at or near the lineament traces at three locations. Changes in coal-bed

geometry and sandstone distribution in the Mary Lee cycle across the lineament suggest that the
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lineament coincides with a Paleozoic fault thet is not apparent on the structure map (Epsmarn ‘and
others, 1988). Hence, the lineaments appear to be the surface expression of tectonic struvctu res.. 2

Reconnaissance of fracture systems and subsurface mapping at the Gas Research Institute's Rock
Creek site in' Oak Grove field (Boyer and others, 1986) (fig. 13) was performed to mvestlgate the Iocal
structure and to determine whether fracture orientation and denslty vary near the P-2 well, which
reathed‘ peak gas‘production at 460 Mcfd. Several northeast—trending joints occur along the general
trace of the lineament near the P-‘2 weil.- Determination of fracture patterns and fracture density was
hampered because of scarce surface exposure, so it is dif,ficuit to determine the significane_e of the
northeast joints. |

Structure contours show that the Pratt coal bed dips uniformly southeast on the east limb of the
Sequatchie anticline;.-however, a eouthwest-plunging antielir\e occurs at the level of the Mary Lee

coal bed (fig. 13). The axial trace of the antieline is aligned with the SLAR lineament which.is located

immediately southeast of the P-2 well. Because the structure has little relief and is discernible only in

the Mary Lee coal bed, the anticline may be compactional rather than layer-parallel compressional in
origin. . |

Two geologic hypotheses may explain exceptional pr.oduction from the P-2 well. One hypothesis

is that abundant northeast joints along the lineament have increased permealeilit'y, thus facilitating

methane production from the Mary Lee and Pratt coal _groups. The other hypothesis is that

| production may be related to preferential migration of methane toward the crest of the anticline,

. thus facrlltatmg methane productlon from only the Mary Lee coal group. Several wells are Iocated on

the anticline, but only the P-2 weII which is closest to a Imeament has exceptional productlon

Therefore production of the P-2 well is probably due to increased permeability along the lineament.
STRUCTURAL HISTORY

Alleghanian Orogeny
The principal Alleghanian structures in the eastern part of the basin include the Sequatchie

anticline (F), the Blue Creek anticline (D), and the Opossum Valley thrust (B) (fig. 6). Because the
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Figure 13. Structural configufation of the top of the Pratt and Mary Lee coal beds and surface-
fracture orientation in a selected part of the Rock Creek site, Oak Grove field, Jefferson County,
Alabama. See figure 1 for location of Oak Grove field.
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Sequatchie anticline can be traced into a thrust fault, a decollement that ramped upward to form the

Sequatchie structure must be present beneath the flat-bottomed Coalburg syncline. Therefore, the -

* small-scale thrUst faults and deformed coal beds within the syncline hay be minor decollements and
ramps related to the Appalachian orogen.

Synsedimentary movement of normal faults in Alabam'a during the Pennsylvanian has been
suggested (Weisenfluh, 1979; Weiserffluh and Ferm, 1984; Epsman and others, 1988; ‘Pashin and
others,. 1989), and néw evidence based-onfsandstone'distribution'and-cycle thickness is presented
later-in this report. Tt;ie structural cross section (fig. 7) shows thickening of cycles on the dowhthrown
side of a normal fault, thus providing further docuhentation of synsedimentary fault movement. The
predominance of horst-and-graben structure in the Blaék Warrior basin of Alabama (fig. 6) indicates a
genesis related to extensional tectonics. In Mississippi, thg faults closely parallel the Ouachita orogen
and increase in displacément toward the orogenic front. Theréfore, tr.\e. extensional faulting has been
interpreted as a response to thrust loading in the Oqachita ‘orogen (Hines,‘1988). However, it is
unclear whether initial development of normal faults wa§ during Ouachita orogenesis, or whether
the faults have 'pre-Alleghaniian precursors that were reactivated.

‘ Structural relationships indicate that joint and cleat systems in the Black Warrior b;sin have a
pélyphase origin. Although cross-cutting relationships are inconsistent in many places, in the Jim

Walter No. 4. Mine, cross-cutting relationships indicate that, in that area, the coal cleat formed first,

followed by the northwest-oriented set | joints, and then by the northeast-oriented set |l joints -

(Epsman and others, 1988). The coincidence of joint system A with the Coalburg syncline plus the
orthogonal relationship between joint orientation and the axial trace of the Sequatchie anticline
suggest that the joints formed during the Alleghanian orogeny §r during post-Alleghanian
relaxation. Dipping joints that are perpendicular to bedding on some Alleghanian folds suggests that
development of some northeast joints breceded folding. -

Cross-cutting relationships and the uniformity of cleat direction throughout the study area
suggest that cleats began to form v‘bef‘ore Alléghanian tbrustiﬁg. The regional face-cleat drientation

in Alabama is unusual because the face cleat in the Appalachian basin is generally perpendicular to
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Alleghanian fold axes (Nicke,lsén and Hough, 1967; McCulloch and others, 19745.' One interpretati,on'i"s
that the regibnal cleat system formed early in response to northéast-southwest Iayer-pafallel
compression related to Ouachita orogenesis. The localized set of cross fractures on the Blue Creek
anticli'nevapparently postdates the regional cleat“lsystem and probably is genetically related to the

Appalachian orogen'(Murrie and others, 1976; Ward and others, 1984).

Mesozoic Rifting -

‘Mesozoic rifting related to the opening of the Gulf of Mexico and subsidence of the Mississippi
Embayment is generally thdught to be the pri.ncipal cause of tilting and burial of the western part of
the Black Warrior basin (Klitgord and ofhers, 1983; Thomas, 1985). Absence of Triassic and Jurassic
strata in the Black Warrior basin makes structural history during this time uncertain. Extensional

faulting may have continued during the Mesozoic, but normal faults have not displaced Upper

" Cretaceous strata (figs. 5, 8). Thus, fault activity in the Black Warrior basin apparently ceased before '

the Late Cretaceous.

Cenozoic Epeirogenesis

The. Cenozoic history of the Black Warrior basin evidently has been dominated by regional
e'rosi.on and thé development of unloading joints. The orientation of unloading joints is 'covntrolled ‘
either by a residual strain in the rocks from an earlier tectonic event or by the orientation of the
maximum horizontal compréssive stress axis in the contemporary stress field (Engelder, 1985). |

Development of a northeast-oriented compressional stress field related to Ouachita orogén‘esis
may Have caused ‘formation of the western joint set. However, scarcity of »northeasf-oriented joints in
underground mines (Epsman and others, 1988_) suggests that many of the joints are unloading
structures related to the modern compressional stress field for North America recognized by Engelder
(1982). | |

At the Jim Walter Resources No. 4 Mine in Brookwood field, the compressional stress field .is
oriented east-northeast (Park and othefs, 1984). Induced fractures generally align with the local

maximum horizontal compressive stress and are therefore indicators of stress conditions at the point
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of fracture. Induced fractures in Brookwood field are oriented eas't-northeast to east-west (Epsman
and others,‘ 1988) in agreement with Park and others' (1984) work. Although data are scarce in Oak
Grove field, induced fracture azimuth is approximately 70° (Larhbert and others, 1988).

Perhaps an Ouachita stress field tansed initial formation of thenortheast joint set, and the
similarly oriented modern stress field influenced the development of unloading joints. Deviation of
the dominant jeint orientatien at the surface in Brookwood field from the contemporary east-
A ndrtheast stress by as much as 30° may be ‘explained by residual strain controlling fracture orientatjon

or by local vari ation of the stress vector.
COAL QUALITY AND GAS COM‘POSiTION

. INTRODUCTION

Few regional studies of rank and grade trends in the Black Warrior basin have been made

(Semmes, 1920, 1929; Culbertson, 1964; Murrie and others, 1976; McFaII and others, 1986), an)d a
general synthesis of ‘all the available data is Iaeking. Gas-composition data obtained from
conve_ntional and coalbed-methane reservoirs in the Black Warrior basin were used to determine the
origin of the gas. The principal objectives of this section are to present a regional framework of rank,
grade, and gas-composition parameters in the Black Warrior basin of Alabama and to relate these
parameters to the occurrence and producibility of coalbed methane.

Understanding coal-quality parameters is important m the exploration for coalbed methane,
because rank and grade determine how much methane may4 have been generated‘ and retained by
coal. A significant amount of c.atagenetic (thermal) methane is not generated until coal reaches
bituminous rank (Juntgen and Klein, 1975), en‘d high ash content may adversely affect methane

| retention in coal (Wyman, 1984). The effect of sulfur on the occurrence and producibility of cealbed
vmethane is presently unknown, but high sulfur content mey adversely affect the quality of methane
and production water. Analysis of gas compositi-o.n may verify that the methane was indeed derived

from coal (Rightmire, 1984).
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M'ETHODS

Maps.of volatile mattér (dry, ash-free), Btu c‘ontevnt (moist, m_iheral-matter free), ash (dry), and
sulfur (dry, ash-free), were prepared for coal groups of the Black Creek-Cobb interval. A map of
vitrinite reﬂectance in the Mary Lee coal group was also prepared. Sample localities for chemical
analyses are from throughoat the Pottsville outcrop area (figs. 14-18), and data: for the Mary Lee and
Pratt coal groups are particularly abandant Volatile-n1atter Btu, ash, and sulfur values are available
for nearly all data points. Where analyses from more than one coal bed in a coal group were
available, the average value was plotted for each rank parameter. New vntrlmte-reflectance samples
are mostly from mines in the Pottsville outcrop area. |

For grade parameters, more specifically ash and sulfur content, only data from selected coal beds
in the Black Creek, Mary Lee, Pratt, and Cobb coal groups were used. In the Black Creek groap, data
from the_ Black Creek, Jefferson, and Murphy coal beds of McCalley (1900) were used, and in the Mary
Lee coal group, data from the‘Mary Lee and Blue Craek coal beds were used, although a separate map
of sulfur content in the New Castle coal bed was also prepared. In the Plra{t coal group, data were
mapped for the Pratt, American, and Nickel Plate_ coal beds.

Coal analyses used in this report were provided by mining companies to the Geological Survey of
Alabama or were obtained from the National Coal Resource Data Syst‘em.(NCRDS) operated by the
U.S. Geological Survey. The published analyses of Fieldner and others (1925), Shotts (1956, 1960), and
Fanning and Moore (1989) were used for areas where other data are scarce. Locality inf,ormati'on for
many of those analyses is poor, but most of the analyses can be assigned to a specific mine. |

The method by which coal is treated before analysis greatly influences analytical reaults. Some
investigators use heavy-liquid separation to divide coal into fractions of differing density before
analysis; density of the cleaned ﬁoal typically ranged from <1.50 to <1.65 g/cc. Many of the NCRDS
analyses were made using unaleaned coal. |

Mean-maximum vitrinite reflecta_nce was measured using standafd‘ procedures (Stach and others,

1982; ASTM standard D2798—85).»Vitrinite-reflectance measurements were made using channel and
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column samples of coal from outcrops and mines and coal cuttings from oil and gas wells; some

measurements were compiled from published and unpublished sources) Several measurements come

* from coal groups other than the Mary Lee; vitrinite reflectance at the level of the Mary Lee was

estimated from these data. In many places, the coal-group identification given by the onguna! authors
was incorrect. Using geophysncal weII logs, the correct stratigraphic posutlon was determmed
Addmonal vatrmnte—reflectance data have been published by Hildick (1982), Robertson Research (U.S.)
Inc. (1985), Hmes(1988), and Geochem Laboratones(1986)

A vitrinite-reflectance profile was made in the area of high-rank coal using data from a core
drilled by Jim Walter Resources, Inc. Other vitrinite-reflectance proflles have been made by Robertson
Research (U. S.), Inc. (1985), Geochem Laboratories (1986) and Hmes (1988) Telle and others (1987)'
published estimates of paleogeothermal gradient based on vitrinite-reflectance profiles. However,

the profiles themselves have not been published.
RESULTS

Rank

Coal rank in the ﬁlack Creek-Cobb interval ranges from low-volatile bituminous to high-volatile C
bituminous, and all coal groubs have a similar rank pattern (fi'gs. 19-27). Table 2 is an abbreviated
classification of coal rank in terms‘ofheati ng value, volatile-matter content, and ‘vi>trinite reflectance.
The highest rank coal (lowest volatile-matter content) in the Black Warrior basin occurs along the
Tuscaloosa County-Jefferson County border in the Coalburg sync|ihe immediately northwest of the
Blue Creek anticline. In the Black Creek, Mary Lee, and Pratt coal groups, the coal is of Iow-volati‘le
bituminous rank (figs. 19-21). However, in the Cobb coal group, the .coal fs only'mediufn-volatile
bituminous in rank (fig. 22).

Volatile-matter content increases sharply by approximately 6 percent to the southeast across the
the nort‘hwest limb of the Blue Creek aoticline (figs. 6, 19-22). This trend is particularly conspicuous in
the Mary Lee coal group because dataare parti;ularly abundant (fig; 20). The trend also is visible in

the Pratt coal group but is less well defined owing to a paucity of data (fig. 21). The structural cross
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Figure 27. Map of vitrinite reflectance in the Mary Lee coal group.
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Table 2. Abbreviated rank classification of bituminous coal

Btu/lb Percent volatile Approximate
Rank (mmm) matter percent vitrinite

: (dmmf)1 kN reflectance?
Low volatile 14-22 1.5-2.0
Medium volatile ' 22-31 1.0-1.7
High volatile A > 14,000 - >N 06-1.2
High volatileB 13,000 - 14,000 >31 05-0.8
High volatile C 11,000 - 13,000 >31 0.4-0.7

1From ASTM Standard D388-88.
2 From Damberger and others, 1984.

section shows that the isorank lines are subhorizonfal and are oblique to bedding in thevanticlinal
limb (fig. 7). |

The northeast and southwest boundariés of an.area with anomalously high rank in Tuscaloosa
and Jefferson Counties Ean be defined by two straight lines that extend into Walker County (fig. 20).
Between th§ two lines, Volatile-matter‘cdntent is generally 3 to 8 percent lower and heat content is
approximately 400 Btu higherj thanin adjacent areas. The northeastern line extending from Jefférson
Courity to Walker County is aligned with fche southwest margin of the Bessemer cross-strike structural
discontinuity (CSD) pf Thomas and Bearce (1986) and may define an extension of that discontinuity
into thé Black Warrior basin. The southwestern line stretchiné from Tuscaloosa County to Walker
County, however, does not coincide with any known structural feature. This rank pattern is
discernible in all coal groups andis especially evident in the Mary Lee and Pratt groups (figs. 20, 21).

No chemical analyses are available for Pottsville coal below thick Cretaceous overburden; the only -
available rank inqumation is vitrinite reflectance (fig. 27). Most coal in the IAVIa'ry' Lee coal group is of
high-volatileiA bituminous rank. However, the lowest rank coal in the Black Warrior basin of Alabama

has an estimated high-volatille‘C bituminous rank and occurs in Fayette and northeast Pickens

- Counties. A single vitrinite-reflectance value indicates that medium-volatile bituminous coal is

present in northern Sumter County.-
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Grade

As with rank, most coal groups show similar geographic patterns of ash and sulfur content. The
Black Creek group, however, has a unique grade pattern and contains a belt épproximately 20 miles
wide of Iow-as’h. coal (ash content less than 6 percent) (fig. 28). Ash content in the Mary Lee thréugh
Pratt coal groups tends to be least'in a belt 10 to 15 miles wide along the southeast margin of the
study area (figs. 29-31). In this belt, the ash content of most coal groups is commonly less than 12
percent. |

In the Black Creek coal group, a high-ash belt containing coal with ash content higher than 6
percent occupies most of Walker County and extends southwest .into eastern Fayette and northern
Tuscaloosa Counties (fig. 28). In the Mary Lee throﬁgh Cobb coal grdups, a belt of high but variable
ash content.approximately 15 miles wide occurs im‘mediately northwest of the low-ash belt (figs. 29-
31). However, the high-ash belt is only approximately 5 miles wide in the Pratt coal group. Ash
content is locally mo,ré than 18 :percent in the Mary Lee cdal group and is mdre than 12 percent in the
Pfatt and Cobb groups. Thé belt widens toward the. west, bﬁt much of the data from the western part'
of the belt are from NCRDS files and may thus represent the differences in coal treatment mentioned
earlier.

A third belt characterized by moderate ash content is located northwest of the high-ash belt (figs.
28-30). The Black Creek group generally has ash content less than 6 percent in outcrop, and some coal
with more than 12 perceqt ash is present in eastern Fayette and noﬁhern Tuscaloosa Counties. Ash
content in the Mary Lee coal group is generally 12 to 18 percent (fig.' 29), and ash content in the Pratt
coal group (fig. 30) is quite variable. The moderate-ash belt is not identifiable in th»e>Cobb coal group
(fig. 31}. |

The regional pattern of sulfur conteht can be divided into 3 belts (figs. 32-36) that generally

coincide with the ash-content belts. Sulfur content is generally quite low in the low-ash belt,

establishing the areaasa higthuaIity coal belt. The pattern of sulfur content in the Black Creek coal

group differs greatly from that of the Mary Lee through Cobb coal groups; Black Creek sulfur content
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Figure 29. Map of ash content (dry) in the Mary Lee and Blue Creek coal beds, Mary Lee coal group.
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Figure 30. Map of ash content (dry) in the Pratt, American and Nickel Plate coal beds, Pratt coal group. -
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Figure 31. Map of ash content (dry) in the Cobb coal group.
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Figure 32. Map of sulfur content (dry, mineral- matter-free) in the Black Creek, Murphy and Jefferson

coal beds, Black creek coal group.
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Figure 36. Map of sulfur content (dry, mineral-matter-free) in the Cobb coal group.
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~ is lowest near its outcrop area in the northern and eastérn pa&s of the study aréa (fig. 32). In the Mary
Lee group, sulfur content is typically less than 1 percent (fig. 33), and in the Pratt, and Cobb gfoups,
sulfur content is typically less thén 2 bercent (figs. 35, 36) inthe high-q‘uality belt.

The high-ash bglt also contains .coal with high sulfur content,_establishing a low-quality coal belt.
Sulfur content is consistently more than 2 percent in the Pratt coal group (fig. 35) but is vériable in the
Mary Lee and Cobb coal groups (figs. 33, 36). However, data‘frdm thé Black Creek group are scarce
(figs. 14, 32). )

The moderate-ash belt contains coal with variable sulfur content, establishing an intermediate-

quality coal belt. Sulfur content is generally less than 2 percent in the Mary Lee coal group (fig. 33)

and is generally between 2 and 3 percent in the Pratt coél group (fig. 35). In the Cobb coal group, the
intermediate-quality belt cannot be distinguished from the low-quality belt (fibg. 36).

Because the New Caétle cbal of the Mary Lee group is the only coal bed proximally éverlain by
marine strata for which abundant data were available, sulfur content was mapped separately to test
the relationship of sulfur content to marine overburden (fig.\ 34). Althéugh sulfur content is
cohmonly greater than in the other beds of vthe Mary Lee group, sulfur content is locally Ies§ than 3
percent m the high-q‘uality belt. However, the low- and infcermediate-quali*ty' belts are

indistinguishable, so the regional sulfur pattern for the New Castle is similar to that-of the Cobb coal

group.

Gas Composition
| Methane in the Black Warrior basin of Alabama may be divided into three groups on the basis of
isotopic variatipn (613C4) and ethane (C;) content (fig. 37, tablé 3). Gas from Mississippian
conventional resgrvbirs, which are located in the 'deep subsurface of the western part of the study

area, is characterized by a narrow range of isotopic variation and has a considerable ethane

component. All of the Mississippiaﬁ samples have §13Cy values betw_een -47 and -50 parts per'

thousand (ppt). Two samples have a C, content of more than 3.5 percent and define one group,
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Table 3. Gas-analysis data!

n of gas in the Black Warrior
basin of Alabama (unpublished data, courtesy of Dudley D. Rice, U.S. Geological Survey).

1 E i

rombey | Location ?papcé : o o o o0 ?53
10470 | Deerlick Creek |  -45.45 1 95.86 0.06 0.02 008 -
10472 | -4455 99.91 02 - - -
10473 -47.33 99.95 01 - - -
10474 -49.21 95.62 01 - - -
10477 -47.82 99.89 01 10 13 -
10478 47.42 99.30 33 22 - -
10479 | Mississippian -47.10 98.51 93 31 02 0.01
10480 -47.19 96.64 3.03 25 02 -

- 10481 -49.77 97.34 2.28 29 02 01
10482 -49.25 98.40 1.37 16 01 01
10486 -49.21 94.61 4.21 78 08 08
10487 -49.17 90.14 401" 74 07 08
10488 | Brookwood -45.15 99.75 .02 - - -
10489 -44.67 99.72 10 - - -
10490 - -42.20 99.83 08 .09 - -
10491 -41.86 99.92 08 - - -
10492  .89.77 99.94 - - - =
10493 -51.02 95.03 - - - -
10494 Oak Grove -47.60 95.99 3.78 - - -
10495 -47.79 99.94 01 - - -
10496 -49.26 99.93 01 - - -
10497 | -36.60 99.93 - - - -
10498 -49.22 95.05 - - - -

1 Data courtesy of Dudley D. Rice, U.S. Geological Survey.
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whereas the remaining four sambles have C; valués ranging from 0.3 percént to 2.5 percent and
define the other group. Distinction betWeen the two groups of Missiésippian gas does not represent a
compdﬁitiohal discontinuity and isintended only to reflect difference in origin.

Coalbed méthane has a dif_fererit signature from the conventional gas (fig. 37; table 3). Coalbed

methane is characterized by a wide range of §13C, values, and C, values are less than 0.3 percent.

Whereas the gas from Brookwood field has §13Cy values ranging between -41 and -46 ppt, the gas

from Oak Grove and Deerlick Creek fields have a wide range of §13Cy values ranging from -44 to -54
ppt. One data point from Oak Grove field has an anomalqusly high C; content and has a §13C; value

Similar to the Mississippian gas.
DISCUSSION

Nature and Timing of Catagenesis

~ Gas-analysis data indicate that Mississippian gas and coalbed methane in the Black Warrior basin -

of Alabama were derived from different sources (fig. 37). The i'\igh C; content of the Mississippian gas

indicates a large contribution of gas from oil-prone, sapropelic kerogen, and some Mississippian gas is

associated with oil (Rice and others, 1989). However, the low C; content 6f some samples indicates a
major contribution from gas-prone, humic kerogen in some Mississippian reservoirs. Rice and others
(1989) suggested that the conventional gas was derived from Mississippian shale units which contain
’a‘significant amount of sapropelic material.

The low C; content of the coalbed metharie (fig. 37; table 3) is indicative of a humic source.
Therefore, coal in the Pottsville i.s the probable source 'oi‘ coalbed methane in Alabéma; this
hypothesis is supported by the rank data. However, the anomalousv C, content of one sampie from
Oak Grove field suggests local migratioh of gas from a Mississippian source. If this is indeed the case,
_then some coalbed-methane reservoirs in the upper Pottsville may contain a combination of in situ
and migrated gas.

On a basin-wide scale, coal rank is difficult to relate to regional structural trends. However, the

decrease in rank to the southeast across the northwest limb of the Blue Creek anticline in the high-
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.rank area can be related directly to structure. Because the isorank lines are subhorizontal and do not

parallel bedding on the anticline (fig. 7), coalificati'on'evidently posfdated or occurred during the late
stagés of folding in the .high-rank aréa.

Vitrinite-reflectance data indicate that rank increases southwest to medium-volatile bituminous:
in Sumter County (fig. 27). These data are from the deepest part of the Black Warfior basin ‘in
Alabama and are from a thrust sheet (fig. 6). Although a southwest increasé in burial depth may
explain the high rank, structuré_l cor;';plication's in Sumter Cqunty require. that caution be used in
interpreting the data solely in terms of burial depth. . | | |

Structural relief equivalent to the northwest limb of the Blue Creek anticlihe would be required

to explain the decrease in coal rank to the northeast and southwest of the high-rank area of Jefferson

" and Tuscaloosa Counties in terms of burial depth. Because no such structure exists (fig. 5), this trend

may have been caused by a local increase in the paleogeothermal gradient. Perhaps high
paleogeothermal gradient was related to high fracture dens:ty in the hlgh-rank area (fig. 20). High
fracture density may have enabled upward movement of hot fluid thereby enhancing the catagenetnc
process. However, the drlvmg mechanism for the fluid is unclear. Gravity and magnetic data show no
evidence for an igneous intrusion that may explain the rank anomaly.

The age of the prmcnpal catagenetlc events in the Black Warrior basin of Alabama can be
estlmated Because the Blue Creek anticline apparently was present before the main thermal episode
associated with the high-rank area of Tuscaloosa and Jefferson Counties, maximum rank in this area
was attained after Alleghanian thrusting. Howéver, definition of the regional cleat orientation
apparently preceded thrustiﬁg. Because cleat does not begin to form until the lignite stage,
coalifi;ation was probably well'under way throughout ihe study area by the Alleghanian orogény.

Lignitic plant debris have been reported from the Late Cretaceous Tuscaloosa Groﬁp which rests
unconformably on the bituminous-coal-bearjng Pottsvflle Formation (Stephenson, 1926). This rank
discontinuity indicates that coalification of the Pottsville had ceased before Tuscaloosa deposition. .
Hence, catagenesis in the“BIack Warrior basih evidently occurred in response to the Alleghanian

orogeny and perhaps Early Mesozoic extensional tectonics.

b



60

Controls on Coal Grade
Development of distinct belts of coal grade in the Pottsville suggests that a persistent geological
feature controlled ash and sulfur conteﬁt on a regional scale. However, the origin of this relationship-
i‘s‘u'nclear. The high sulfur content of the New Cestle coal bed can be related to marine sedimentation.
An association of high-sulfur coal with marine overburden has Iong been known (Williams and Keith,
1963), so infiltration of marine waterinto peat following marine transgression may be the principal

source of sulfur in the New Castle.
'SEDIMENTOLOGIC ANALYSIS

INTRODUCTION
Several detailed subsurface syntheses of upper Pottsville sedimentation in the Black Warrior basin

have been mede‘using well logs from conventional petroleum wells (Cleaves, 1981; Thomas and

Womack, 1983; Sestak, 1984; Hines, 1988; Thomas, 1988a). However, the advent of widespread '

drilling for coalbed methane in Tuscaloosa and Jefferson Counties has provided a wealth of
~ subsurface data for the southeastern part of the basin where little data was previously available.
Althouéh the distinction between quartzose and lithic sandstone has been stressed in outcrop studies
(Ferm and others, 1967; Horne an_d others, 1976), investigators have not mapped the two sandstone
types in the subsurface. Furthermore, cyclicity has long beeﬁ known to be one of the salient
characteristics of Carboniferous coal measures (Udden, 1912; Weller, 1930; Heckel, 1984; Klein and
Willard, 1989), but studies of the upper PdttSviIIe in Alabama have not stressed recognition of
regional genetic cycles. |

This study takes new data into account and distinguishes quartzose and lithic sandstone in the

subsurface. The primary objective of this investigation is to develop a cycle-based stratigraphic and ‘

sedimentologic framework to aid in the exploration for coalbed methane in the Black Warrior basin
of Alabama. Because of new data from coalbed-methane wells, the depositional model presented

here contrasts markedly with those of earlier investigators.

—J
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METHODS
Density logs provide the priﬁcipal data base for regional investigation of the Black Creek;Cobb
interval (fig. 4). Four rock types were distinguished qsihg density Iogé on the basis of variation in the
gamma-ray, density, and neutron-porosity signatures (fig. 38). The rock types are (1) coal, (2) -
mudstone, (3) lithic (honpgrous),sandstone, and (4) quartzose (porous) sandstone. | |

P NEUTRON
GAMMA BAY POROSITY DENSITY

&>

LITHOLOGY

Lithic (noﬁ-porous)
Sandstone

-

Mudstone Quartzose (porous)

Sandstone

Figure 38. Sample geophysical log depicting the relationship between log signature and lithology.

Coal is distindive on well logs because of low density and low gafnma count (fig. 38). Because
mudstone contains the highest proportion of clay and mica of any rock type in the Pottsville, it has a
moderate to high gamma-ray count. Lithic sandstone is characterized by a low gamma count, and the
density and neutron curves do not cross oWing to a lack of porosity. Quartzose sandstone has an
extremely low gamma-ray count, apparently because of a lack of clay minerals, and the density and

‘n'eutron curves cross because the sandstone is porous and contains almost exclusively quartz; crossing



62

of the curves is the distinguishing feature. Whereés quartzose'sa'ndstone typically has a blocky log
signature, lithic sandstone has a variable signaturé. |
Although the distinctiori between lithic and quartzose sandstone is based entirely on density-log
characteristics and therefore reflects porosity rather than composition, the terms lithic and quarlzose
are used as facies terms that indicate dominance of quartz an‘d‘rock fragments, respectively. Because
of time constraints, samples and cores were not examined to verify the petrographic. implications of
this distinction, although examinatioo of drillers logs seemsito verify ‘the hypothesis.'Strétigraphic
evidence argues ;trongly for recognition of lithic and qoartzose sandstone on the basis of log
characteristic‘s because, as a rule, quartzose (porous)_sandst_on’e occurs only in the stratigraphic
intervals where it has been described in outcrop by previous workers (Shadroui, 1986; Raymond and
others, l988). Furthermore, most sandstone in the lower Pottsville, which is known to be dominated-
by quartzose sandstone in Alabama, has thé same log signarure as vllhat is interpreted as quartzose
sandstone in this study. | |
To determine stratigraphic relationships in the Black Creek-Cobb interval, seven cross sections
»we.re made using theb top of the Pratt cycl‘e.as a datum (figs. 4, 39-45). Next, cycles were defined on the
basis of a thick mudstone unit at the base of each cycle and‘ the presence of a coal or sandstone bed at
the top of each cycle. The top of the Fayette sandstone of the lower Pottsville (Epsman, 1987) was
used to mark the base of the study interval. Finally, the following subsurface maps were made (1)
cycle-isopach, (2) lithic-sandstone isolith, (3) quartzose-sandstone isolith, and (4) coal abundé_nce.
Additionally, an isopach-map and a coal-abundance map were made for the combined Black Creek-
Cobb interval. | |
Coal-isopach maps were not constructed in this study because of inconsistency of the density-log
signature with respect to coal thickness. Althoogh geophysical logs in the degasification fields afford
some degree of pretision and may be used for isopach mapping on a local scale, con\rontional logs can
be deceptive because of fast logging speed. Comparison of core with density logs indicates that beds
less than 1 foot thick may mimic the sighature of beds thicker than 4 feet in conventional wells

(Thomas and Womack, 1983). This problem also is apparent when correlating conventional wells with
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nearby degasification wells. To avoid this p?oblem, coal-abundance maps, or maps showing the |

number of coal beds, provide a sense of coal thitkhe'ss (Thomas and Womack, 1983; Sestak, 1‘984).'

CROSS SECTIONS: STRATIGRAPHIC ARCHITECTURE

The cross sections demonstrate the correlation of the 5 cycies of the Black Creek-Cobb interval in

Alabama (figs.' 4, 39-45). In east Tuscaloosa and west Jefferson Counties, simple coarsening-upwafd ’

cycles culminate in coal groups; However, there is minor diffitulty in defining the base of the Mary
Lee cycle in Fayette and Lamar Counties because quartzose sandstone is present hear the base of the
cycle. Another problem is presented by intertohguing of sandstone with mudstone near the topof
the Mary Lee cycle (fxg 40). Even so, the Mary Leeisa definable cycle throughout the study area..

Cycle thickness is fairly uniform along the southwest-northeast cross sections (flgs 39- 41),
although thickening toward the southwest is apparent in cross section A-A’ (fig. 39). In contrast, all of
the cycles thicken to the southeast in the remaining cross sections (figs; 42-45). By definition,
mudstone predominates in the lowef part of each cycle (figs. 39-45). Lithic sandstone occ.u‘rs .in the
upper pert of most cycles, but it thickest below the coal-bearihg intervals of the Gillespie/Curry and
Cobb cycles. .Quartzose sandstone occurs in the Black Creek, Mary Lee, and Cobb cycles. In the Black
Cree'k cycle, quartzose sandstone is present below the coal-bearing strata in the northwest part of the

study area (flgs 41, 43, 44), but in the south and east, itis traceable into the mlddle of the coal group

(figs. 39, 40, 43). In contrast, quartzose sandstone generally underlles the coal-bearing part of the

Mary Lee cycle, although localized lenses are dispersed throughout the entire section (flgs. 39-45). In
Lamar County, the.Cobb cycle contains a local quartzose sahdstone body (fi(_.;‘. 43) that was not
mapped separately from lithic sandetone.

Coal is restricted to the upper part of the cycles, and continuity of the beds varies (figs. 39-45).
Some beds, like those in the Gillespie/Curry cycle, are:trace‘able throughout most of the basin in
Alabama. Other beds, like many’ in the Black Creek cycle, are are difficult to trace across large areas.

- Each of the northwest-southeast cross sections demonstrates a general oroliferation of coal beds

where cycles thicken toward the southeast.
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SUBSURFACE MAPS: DEPOSITIONAL ARCHITECTURE

" Black Creek-Cobb Interval

Characteristics

The Black Creek-Cobb isopach map illustrates the overall geometry of the study interval (fig. 46).
The interval thickens from less than 1,200 feet in parts of Lamar and Fayette Counties toward the
south and southeast. Thiekening is less pronounced north of the 1,500-foot contour in Pickens and
Lamar Counties than in Tuscaloosa County. The thickest Black Creek-.Cobb, interval occurs in an
arcuate trend that is oriented southwest in Tuscaloosa ‘County where the interval is locally more than
2,300 feet thick. The trend curves toward the west in Greene County and curves toward the northwest
into Mississippi. In the southwesternmost part of the study area, the Black Creek-Cobb interval is
thicker than 2,400 feet

" Coal abundance increases toward southeast Tuscaloosa County where more than 40 coal beds
occur; more than 30 coal beds occur locally in western Jefferson County (flg 47). Fewer than 10 coal
beds occur in much of the northern and western parts of the study area, and fewer than 5 coal beds
‘occur locally in northwest Pickens and southwest Lamar Counties. In the northwest part of the study

area, however, coal abundance is quite variable.

Interpretation

The Black Creek-Cobb isopach map (fig. 46) establishes the tectonic configuration of the Black |
Warrior basin during u'pper Pottsville deposition. The arcuate trend of thick sediment south of the
1,800-foot contour represents the principal area of tectonic subsidence. The southwest-oriented part
of the trend in Tuscaloosa County apparently is the result of flexural subsrdence related to
Appalachian thrusting, whereas the northwest-orlented part of the trend in Sumter and southern
Pickens Counties apparently is a distal expression of Ouachita thrusting.

The Black Creek-Cobb |sopach map (fig. 46) verifies that the structural confuguratlon of the Black

Warrior basin was qunte dlfferent durmg deposition of the study interval than at present. The isopach
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contours (fig. 46) are strongly oblidue to the structure contours (fig. 5), and in many places the
contours are nearly perpendicular. Therefore, comparison of the structure and isopach maps
underscores the importance of post-Black Creek-Cobb tectonics in determining the present

configuration of the Black Warrior basin.

The coal-abundance map indicates that southeastern Tuscaloosa and westérn Jefferson Counties .

provided ideal sites for peat accumulation (fig. 47). The trend toward abundant coal coincides with
thickening of the Black Creek-Cobb ir;tewal in the eastgrn part of the study area, suggesting that
rapid subsidence played a role in the preservation of coal. However, scarcity of coal in thé southwest
part of thé study area i‘ndicates that subsidence was not the only factor that governed coal

development.

Black Creek CYcIe

Characteristics

The Black Creek cycle is at most places the thickest cycle in the study interval (fig. 48). The 700-foot
contour défines a depocenter in southeast Tuscaloosa County. The cycle is less than 500 feet thick in
Greene County and eastern Pickens Counties. In Larﬁar énd Fayette Counties, the cycle is generally
thinner than 500 feet, but cycle‘thickness is quite variable.

Lithic-sandstone distfibution in the:BIack Creek-Cobb interval is perhaps tﬁe most complicated of

any cycle in the study interval (fig. 49). Net-sandstone thickness is generally more than 100 feet in

south and east Tuscaloosa County and Greene County. However, few coalbed-methane wells in

Tuscaloosa County penetrate the base of the Black Creek cycle, so the thickness trend is based on

scarce data. In Sumter County, lithic sandstone is less than 50 feet thick, and in southwest Lamar and

northwest Pickens Counties, the sandstone is absent. Throughout most of Lamar and Fayette
Counties, net lithic-sandstone thitknéss is highly variable.

Quartzose sandstone occurs only in thé western part of the study area (fig. 50) which is not
presently developed for éoalbed methane. A mbajor sandstone belt extending northeast from Sumter

County to eastern Fayette County is defined by the 50-foot contour. The sandstone belt appears to be

-
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traceable into the Bremen Sandstone Member 6f Butts (1910) in outcropsin Walker County where the

sandstone is in the middle of the coal group. At the northeast end of the sandstone belt, a distinctive

" trend is defined by the 100-foot contour in east Fayette and nnrthwest Tuscaloosa Counties. The belt

widens toward the southwest in Pickens County, and locally, quartzose sandstone is thicker than 100 .

feet.

“West of the sandstone belt in southwest and central Fayette County, quartzose sandstone
commonly is absent, and lithic sandstone is thick (figs.-49, 50). In Lamar Cbunty, net thickness of
quartzose sandstone is IocaIIy more than 200 feet (fig. 50). The geometry of the bodies is highly

|rregu|ar and the sandstone terminates abruptly along a northwest-southeast linein western Lamar

County where’ I|th|c sandstone also is absent. All or most of the Iower Pottsvnlle sandstone unlts also

are absent southwest of this line (Engman, 1985), so definition of the Black Creek cycle is difficult. At
those places where the Black Creek cycle can be defined south of the line, the cycle is more than 400
feet thick (fig. 48). |

Ceal-abundance trends in the Black Creek cycle are similar to those in the Black Creek-Cobb
interval (ﬁgs.'47, 51‘). More than 20 coal beds are presen‘t in southern Tuscaloosa County, accounting
for nearly half of the coal beds in the Black Creek-Cobb interval (fig. 51). More than 10 beds occur
throughout southeast Tuscaloosa County and in parts ef Jefferson County, raarticularly where the
lithic sandstone is more than 1‘00 feet thick. Fewer than 5 beds are generally p‘resent throughout the
remainder of study area, although several localized areas between the quartzose sandstone bodtes in
Fayette and Pickens Counties contain more than 5 beds. In southern Lamar and northwestern Pickens

Counties where sandstone is thin or absent, no coal beds are present in the Black Creek cycle.

' lnterpretation
Thickening of the Black Creek cycle toWard southeast Tuscaloosa County indi‘éates that
Appalachian tectenics were the principal cause of subsidence in Alabama and that the.area‘of rapid
subsidence was geographically restricteti. Thinning in Greene and Pickens Counties (fig. 48) suggests a

locally low subsidence rate. The northwest part of the study area had an irregular topography that is
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indicated by the cornplex configuration of the isopach cjontours. However, much of this irregularity
can be‘ related to sedimentary processes acting in this area. |

Thick lithic sandstone and abundant coal in southern Tuscaloosa County indicates the
development of a thick, ‘terrest'rial sediment package in the southeast part of the study area (figs. 49,
51). Correspondence ‘of 10 or more coaI beds with more than: 100 feet of I|th|c sandstone along the
border of Jefferson and Tuscaloosa Counties (flgs 49, 51) suggests that autogenic sednmentatlon,
such .as development of channel and crevasse-splay complexes, was a primary control on coal
abundance. The decrease in coal abundance and net lithic-sandstone thickness toward the western
and northern parts of the study area is suggestive of distal' depositional environments.

" The belt of quartzose sandstone extending from Fa)t/ette County to Sumter County (fig. 50) has
been interpreted as the trunk of a fluvial-deltaic system that had a source in the Ouachita orogen

(Thomas and Womack, 1983; Sestak 1984). However, because the sandstone belt is more or Iess

perpendlcular to paleoslope in Alabama, an alternatlve interpretation is that the belt represents a

shore-zone complex. The 100-foot contour in east Fayette and northwest Tuscaloosa Counties has a
plan-view outlme slmllar tothatofa barner-bar system. The curving of the extremities of the complex
is suggestwe of spits, and the small lobe i in northwest Tuscaloosa County resembles a rood-tldal delta.
Widening of the sandstone belt toward the southwest may represent shoreface and mner—shelf sand
that was derived from the northeast by geostrophic flow. Absence of quartzose sandstone where the
cycle isthinin Greene County suggests diversion of flow around a positive featu re;
) | _
The barrier interpretation is supported by predominance of correlative coal beds southeast of the

sandstone' belt (figs. 44, 45). Because the sandstone belt is Iocally more than 150 feet thick (fig. 50), it

probably represents a series of stacked barriers. The few correlative coal beds that are west of the

sandstone belt may represent peat formed during sea-level lowstands when the entire barrier system '

was exposed. Thick, high-quality peat is presently accumulating between exposed Pleistocene barriers
in Georgia (Cohen, 1974).
The location, thickness, and irregular geometry of the quartzose-sandstone bodies northwest of

- the main sandstone ,belt"(fig. 50) are suggestive of an open-marine sand bank. Occurrence of
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quartzose sandstone below the coal-bearing part of the cycle in Lamar County (figs. 4, 43-45)

indicates that this area waé a persistent site of shoaling during Black Creek deposition. However,

- because quartzose sandstone is traceable into the middle of the coal-bearing part of the cycle in most

other areés (figs. 39, 40, 43), widespread shoaling may have been related to transgression.

Abrupt pinchout of quartzose sandstone in the densely faulted area of sogthwest Lamar Couhty
man be structurally controlled, but the line bf pinchout does not match well with any identified faults
(figs. 5, 6, 50).‘However, sédimentary.trends may be used to predict ancient faults that have beén
veiled by later tectonic events (Pashin and Ettensohn, 1987). Although evidence from the Black Creek
cycle alone is iﬁconclﬁéive; facies changes are common in the lower Pottsville (Engmén, 1985) and in
other parts of the Black Creek-Cobb interval a'lorig the inferred fault trend. The trend also is aligned

with other faults that hay have influenced Black Creek-Cobb deposition (fig. 50).
Mary Lee Cycle

Characteristics

The Mary Lee cycle is more than 400 feet thick southeast of a northeast line extending from
Sumter County to Tuscaloosa‘ County (fig. 52). The 350-foot contour indicates thickening of the Mary
Lée cycle in in west-central Tuscaloosa County; the contour parallels a fault in this area. The 250- and

300-foot contours demonstrate that the thickening extends northward into south-central Fayette

- County into the area where the Black Creek quartzose sandstone is thin or absent (figs. 50, 52) and

show that the ‘area of thick Mary Lee sediment narrows toward the southwest. Throughout most of
Fayette, Lamar, and northern Pickens Counties, cycle thickness is approximately 200 feet.

Net lithic-sandstone thickness is more than 100 feet in south‘easi Tuscaloosa County and is less
than 50 feet in the southwest part of the study area (fig. 53). In west Tuscaloosa County, the 50-foot

contour defines thick sandstone trends that coincide partly with the thick Mary Lee section (figs. 52,

_ 53). In east Tuscaloosa County, the 50-foot contour defines a genefal, lobate form with numerous

sub-lobes. Net sandstone values are low and variable throughout most of Lamar and Fayette

Counties. However, the sandstone thickens to more than 75 feet in eastern Fayette County and to
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more than 100 feet in westernmost Lamar County where sandstone and coal are absent in the Black .

Creek cycle (figs. 50, 53).

Several quartzose sandstone bodies are present in the Mafy Lee cycle of Lamar, Fayette, and
Pickens Counties (fig. 54). Cross sections show that the eastern margin of the body in central Fayette
~ County is traceable into thlck lithic sandstone and coal in the eastern part of the County (figs. 4, 40,
45). The isolated body in the Mary Lee of central Pickens County coincides with 100-foot-thick

sandstone in the Black Creek cycle, and 50-foot-thick sandstone in the Mary Lee of eastern Fayette

County also coincides with thick Black Creek quartzose sandstone (figs. 50, 54). In contrast, the area

defined by the 50-foot contour in souihwest Fayette County is located between the two Black Creek

qua&zme sandstone bodies, and quartzose sandstone is present in the area lacking Black Creek
' quartzose sandstone and containing thick Mary Lee lithic sandstone.

Coal-abundance trends in the Mary Lee cycle (fig. 55) are similar to those in the Black Creek cycle

(fig. 52). Ten beds are present in the Mary Lee cycle of southern Tﬁscaloosa County, and more than 4

beds occur throughout much of Tuscaloosa and western lefferson Counties (fig. 55). Coal beds in

eéstern Tuscaloosa County are traceable well beyond the lobate lithic-sandstone body and are

interspersed with that sandstone (figs. 39, 45). No coal is present in Sumter County, nor does coal

occur in significant areas of Lamar and northern Pickens Counties where lithic sandstone and -

quartzose sandstone are commonly thick. However, 4 to 6 coal beds occur in eastern Fayette County.
The southeast part of the area lacks quartzose sandstdne in the Mary Lee cycle and contains thick
quartzose sandstone in the Black Creek cycle. The northwest part of the area with 4 to 6 beds contains

thin quartzose sandstone in both cycles.

Interpretation

The regional thlckness pattern of the Mary Lee cycle (fig. 50) mdlcates that the Black Creek

depocenter had spread toward the west and had evolved into a southwestwardly narrowing trough

of subsidence. Thickening of the cycle south of a fault in western Tuscaloosa County indicates that

synsedimentary faulting may also have been a control on cycle thickness; however, data are scarce in
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this area. Differential compaction and relict topography evidently had a Astrong effect on the |
configuration of the Mary Lee cycle as indicated by coincidence of thick Mary Lee sediment with thin
Black Creek quartzose sandstone in southern Fayette County (figs. 50, 52).

The distnbutlon of lithic sandstone and coal in southern Tuscaloosa County is similar to that i in the
Black Creek cycle (figs. 49 53). Therefore the relationship between coal abundance and sandstone
thickness appears to have remained unchanged despite the change in cycle thickness pattern.
However, lithic sandstone tends to be thicker than 50 feet in the area circumscribed by the 350-foot "
cycle-isopach contour in western Tuscaloosa County (figs. 52, 53), indicating that thickening of the
cycle in southwest Tuscaloosa County did influence the deposition of lithic sandstone.

Bifurcation of the thick sandstone body in western Tuscaloosa County may represent deitaic.:
distributaries, although data are too sparse to justify detailed interpretation. In eastern Tuscaloosa
' County, the ‘general lobate form outlined by the 50-foot contour also is sugg}estive ofa delta. Because

coal beds are traceable well beyond the limits of the lobate sandstone body and are interspersed with
that sandstone, a deltaic interpret‘ation based on sandstone-body geometry alone is probably
inc.orrect.bAIternativer, the main lobate body may represent a major fluvial system, and the
‘numerous sub-lobes may represent crevasse-splay and.associated flood-basin deposits which have
been identified in nearby highWaIls and cores (Epsman and others, 1988; Pashin and Sarnecki, 1990). |
Comparison of the cycle-isopach map and the lithic-sandstone isolith map (figs. 54, 55) indicates that
the general lobate geometry of the sandstone body is an artifact of southilvard thickening caused by
differential subsidence. Coal is most abundant between the two thick lithic sandstone bodies, so most
peat beds evidently accumulated in alluvial interfluves. |
Because quartzose sandstone.ty\pically underlies coal in the Mary Lee cycle (figs. 41, 44, 45), the
sandstone is interpreted mainly as a regressive deposit. 'Nesting and stacking of quartzose sandstone
in the Mary Lee cycle with that in the Black Creek cycle (figs. 50, 54) demonstrates the importance of
" relict topography in determining quartzose-sandstone distribution. Stacked sandstone bodies, such as
the sandstone patch in central Pickens County and the body defined by the 50-foot contour in eastern

Fayette County, are ostensibly the result of shoaling on inherited topographic highs. Nested
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saﬁdstone, like the elongate body defined by the 50-foot contour in squthverh Fayette County, may
represent shoals formed by currents that were confined to topographic lows.

The Mary Lee quartzose sandstone in western Lamar Couhty.lacks pgréuasive evidence fqr
structural control by the predicted fault. Nevertheless, lithic sandstone thickens by more than 75 feet
across the conj'ecturéd fault scarp (ﬁg. 53), and cycle thiékness increases across the scarb as well (fig.
52). The sandstone in western Lamar County evidently represents distal delta-front sands derived
from a major delta complex in Mississi.;.)pi (Sestak, 1984), and traceability of quartzose sandstone into
lithic sandstone and coal ih eastefn Fayefte County verifies the hypothesis of Mack and others (1983)

that quartzose sandstone is derived from the removal of labile grains by marine reworking.v
Gillespie/Curry Cycle -

Characteristics

The Gillespie/Curry cycle is thicker than 450 feet in southeast Tuscaloosa County (fig. 56). The 300-

foot contour defines an extensive thick trend extending from Pickens County to southern Jefferson

County. North of the 300-foot contour, cycle thickness is variable, and the cycle is locally thinner than

200 feet in central Fayette County.
Lithic sandstone was the dnl.y sandstone type identified in the Gillespie/Curry cycle (fig. 57); net
sandstone thickness is greétest in southeast Tuscaloosa County (figs. 56, 57). Throughout the

remaining area south of the 300-foot cycle-thickness cohtdur, net sandstone thickness is less than 75

feet. Several elongate.and bifurcating trends are visible in southeast Tuscaloosa and western

Jefferson Counties. A major elongate trend outlined by the So-foof contour extends northwest from

" Tuscaloosa County and bifurcates in honh Pickens Cou_ntjy (fig. 57). A curvilinear trend defined by the

75-foot contour in northeast Tuscaloosa County is orienfed northeast from the bifurcating trend and
turns toward the’ northwest néar its termination.

As arule, the GiIIespie/Cufry contains only 2 coal beds (fig. 58). Coal is absent at some places, but

as many as 4 béds are présent locally. The cvoal beds are generally less than 1 foot thick (McCalley,

1900) but are areally extensive. The lower bed (Gillespie coal of McCalley, 1900) caps the thickest part
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of the Gillespie/Curry cycle, and the upper bed (Curry coal of Mchal'Iey, 1900) 'caps a subcycle that is

generally less than 80 feet thick (figs. 39, 45). Otherwise, it is difficult to relate coal distribution to

" other sedimentary patterns in the Gillespie/Curry cycle.

Interpretation
The 300-foot contour ( fig. 56) defines the ﬁorthwest margin of a trough of subsidence which had
the same general trend as that developed duriﬁg Mary Lee deposition (fig. 52).'Whereas the Mary Lee
tfough narrowed toward the southwest, 'however, the Gi~||espie/Cﬁrry trough had a fairly uniform
width. Thus, tectonic events leading to Gillespie/Curry déposition include westward expansion of the
Black Creek depocenter and the development of a u/rjiform trough of subsidence. | |
| The numerous elongat‘e‘and- bifurgating trends on the sandstone-isolith map (fig. 57), some of

which extend well beyond the trough of subsidence, suggest that deltaic environments

predominated during Gillespie/Curry deposition. The elongate, bifurcating trend in Pickens County

has the mofphology of a trunk fluvial channel and two major distributaries; the overall geometry of '

the trend is analog_ous' to the modern bird-foot lobe qf' the Mississi'ppi Delta (Gould, 1970). The
curvilinear trend‘in northeast Tuscaloosa County may représent a major distributary associated with
the development of another delté.lobe which is outlined by the 50-foof contour.

The tfunk,channel _shéws minor evidence for structukal contrbl by a known fauit at the Pickens-
Tuscaloosa County border (fig. 57). Much more convinci‘ng'evidvence of structural control by knéwn
structures can be demonstrated with regard to the distributaries. A known fault épparently confined
the northern distrib_utary; only the master fault of a quern_—day graben (figs. .5, 6, 57) is shown. If
both faults were shown, the distributary would lie directly in the graben. The southern distributar_y
terminates at another master fault, which nﬁay have 'detérmined the site of mouth-baf de\)elopment
(fig. 57).

Because tﬁick sandstone typically is below the stratigraphic level of the Gillespie coai bed, which is
recognizable t‘hroug'hout most of the study area (figs. ‘39-45), the sandstong isolith map largely

depicts sandstone distribution below the coal bed. Therefore, peat deposition evidently postdated
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deltaic progradation. Perhaps deltaic progradation in the Gillespie/Curry cyéle represents a basin-
filling episode‘that established an extensive alluvial plain where widespread peat deposition took

place. Although evidence for deltaic environments exists in the Mary Lee and Gillespie/Curry cycles,

“ coal occurrence is difficult to relate to those environments.

Pratt Cycle

Characterisﬁcs

| The Pratt cycle_ generally varies in thickness from 150 to 250 feet throughbut the northern part of
the study area and thickens toward the south. The cycle attaihs a thickness of 500 feet in Sumter
County but is only slighfly more than 350 feet thick.in southern Tuscaloosa County (f.ig. 59). In
northern Pickens County, the 250-foot cycle-isopach contour reflects thickening along the
Gillespie/Curry trunk channel, and the 200-foot cycle-isopach contour locally parallels faults (figs. 57,
59). ‘

Like the Gillespie/Cufry cycle, the only sandstone type in the‘ Pratt cycle is lithic sandstone (fig. 60).
Although the thickness pattern of the Pratt cycle differs from that of the Gillespie/Curry cycle, the
distribu;cion of lithic sandgtOne is similar (figs. 57, 60). Net-sandstone thickness in the Pratt cycle is
more than 150 feet in southeast Tuscaloosa County, and numerous lobate and bifurcating trends are
visible in east Tuscaloosa and wes"c Jefferson Counties (fig. 60). Net sandstone th‘ickness incfeases
sharﬁly across a fault in southern Tuscaloosa County, and a linear sandstone trend in Pickens County
apparently coincides with a similar trend in the Gillespie/Curry cycle. Cross-section A-A' (fig. 39) shows
that thick sandstone of the linear trend is within the coal-bearing interval. iNo evidence exfsts for
bifurcafion of the trend, but in northern Pickens County, thick Pratt sandstdne is located in’imediately
north of that in the Gillespie/Curry cycle (figs. 57, 60). In Lamar and Fayette Counties, the sandstone is
generally less than 25 feet thick.

Coal abundance in the Pratt cycle increases toward the southeast (fig. 61). Fewer than 4 coal beds
are present in Sumter and western Pickens (founties, and in parts of Lamar and Fayette Counties; less

than 2 beds are present. More than 8 coal beds are present in the Pratt cycle of southwest Tuscaloosa
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County, and the 6-bed contour parallels a fault. Six to 8 coal beds are tybically present in east
Tuscaloosa and west Jefferson Counties, and 4 or more beds are present throughout most of the

study area (fig. 61). Inthe Pratt cycle, abundant coal coincides with net sandstone thickness exceeding

- 75 feet (figs. 60, 61). As in the Mary Lee cycle, coal beds are traceable well beyond the limit of the

lobate sandstone bodies and are interspersed with that sandstone (figs. 39, 45). _

Interpretation

The thickness pattern of the Prqtt cycle (fig. 60) demonstrates a turnavbout i_n Basin configuration. |
The trough of subsidence in southern Tuscaloosa County was oriented more toward the east than
during earlier cycles, and thickéning' of the Pratt cycle toward the southwest suggests that subsidence
wég much more rapid in Sumter County than in Tuscaloosa County. These changes in cycle-thickness
trends reflect the increasing influence of the Ouachita orogeﬁ in controlling subsidence in Alabama.
Thickening of the Pratt cycle along the trend of the Gillespie/Curry trunk channel indicates that thé
channel was slightly underfilled, so relict topography apparently was a local control on cycle
thickness. Local parallelism of the 200-foot contour to the same faulfs that c‘o‘ntrol'led Gillespie/Curry
sandstone thickness suggests that synsedimentary fault movement also was a control on cycle
thickness. |

Sandstone-isolith patterns indicate that Pratt deposition included reactivation of the
Gillespie/Curry trunk channel as evidenced by the elongate geometry outlined by the 50-foot contour
‘(fig_ 60). However, thick lithic sandstone north of the fault which controlled the posftion of the
Gillespie/Curry distributary suggests diversion of the channel to the north byvdifferential compaction.
Because the relationship between sandstone distribution and‘ coal distrjbution is similar in the Mary
Lee and Pratt cycles, lobate and elongate sandstone trends-in eastern Tuscaloosa and western
Jefferson Counties may be partly a produ;t of differential subsidenée. Therefore, recognition of
deltaic deposits is difficult, and most of the trends on the sandstbne-isolith map probably represent ‘

fluvial systems on a differentially subsiding alluvial plain.
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Although coal is most abundant between the two major lithic-sandstone trends in the Mary Lee
cycle (figs. 53, 55), abundant coal in the Pratt cycle coincides with thick lithic sandstone (figs. 60, 61).'
Coal is most abundant along the southeast part of the linear channel trend in southwest Tuscaloosa
County, so the channel apparently passed through an extensive wetland complex. Because sandstone
in the Pratt cycle of eastern Tuscaloosa and western Jefferson Counties defines a wider lobate
geometry than that in the Mary Lee cycle, the Pratt fluvial system evidently was less constrained along
depositional strike. Therefore, coincidence of abundant coal and thick sandstone in the Pratt cycle of
eastern Tuscaloosa and western Jefferson Counties evidently represents rapidly shifting fluvial

environments in a peat-rich, wetland setting.
Cobb Cycle

Characteristics
The Cobb cycle is more than 450 feet thick at the Tuscaloosa depocenter and is more than 500 feet
thick in Sumter County (fig. 62). South of the 350-foot contour, contours are closely spaced and define

an arcuate trend of thick sediment similar to the one that is visible on the Black Creek-Cobb isopach

map (fig. 46). North of the 350-foot contour, cycle thickness is fairly uniform and typically varies from °

250 to 300 feet.

In the Cobb cycle,"net-sandstone thickness exceeds 150 feet in southeast Tuscaloosa County and
~ exceeds 100 feet along a trend extending from southwest Tuscaloosa County to west Jefferson
’ County (fig. 63). Net sandstone thickness is less than 50 feet in west-central Tuscaloosa County and

along a northeast ‘trend that extends from northern Pickens County to southern Fayette County
However, sandstone is locally thlcker than 100 feet in Lamar County.

In Lamar County, a body of quartzose sandstone is grossly delimited by the 100-foot contour, and
the 50-foot contour probably represents the overall geometry of the sandstone body (fig. 63). The
main axis of the quartzose sandstone body is located on the northern margin of the fault predicted
on the basis of sandstone distribution in the Black Creek cycle; some linear trends outlined by the 100-

foot contour are peroendicular to the postulated fault.
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The Cobb cycle gene'raHy contains only 1 or 2 coal beds (fig. 64). Four coal beds are present in
west-central Tuscaloosa County, and coal is lacking in the cycle in western Lamar County where the

quartzose sandstone body is centered. Two to three coal beds are common in eastern Tuscaloosa

‘County where the lithic sandstone is more than 100 feet thick.

Interpretation | |

The arcuate trend Qf fhick sediment defined by the 350-fobt ﬁycle-isopach contour (fig; 62)
indicates thét subsidence in Alabarha occurred in response to a combination of Appalachian and
Ouachita tectonics. In the eastern.area, sediment thickness trends again were northeast, suggesting
renéwed thrust loading in the Abpalachians, and the orientatibn of western part of the trend reflects
continuétion of‘the rapid subsidence that was e_vident during Pratt deposition. The uniformity of
cycle thickness north“of the 350-foot contour indicates an extensive platform area in the northern
part of the study area.

Thickening of sandstone southeast of the 100-foot contour in southeastern Tuscaloosa and

* western Jefferson Counties (fig. 63) may be related to differential subsidence in that area and does

not provide conclusive evidence for any depositional system. However, most sandstone is present
below the coal-bearing part of the cycle (figs. 39-45), so both deltaic and alluvial environments may
be represented. Abseﬁ_ce of thick sandstone_ where the cycle is thicker than 400 feef in Greene and
Sumter Counties is indicative of distal environments. Thickening of sandstone on the platf_orm in the
northern part of the study area and the deposition of quartzose sandstone in southwest Lamar
County indicates the reestablishment of ﬁhoal-water conditions. - |

The thick quaftzose sandstone body defined by the 100-foot contour appears to be controlled by
the inferred fault in southwest Pickens County (fig. 63). The principal' northwest sandstone trend
parallels the fault, ind‘icating shoaling at the top of the fault scarp. PerHaps_the linear southwest
trends that are oriented perpendicular ‘to the main sandstone body represent channels or mass-flow

bodies that traversed the fault scarp.
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DEPOSITIONAL MODEL
The depositional model for the Black Creek-Cobb interval (fig. 65) was formulated using
distinctive paleogeographic elements from the isopach and coal-abundance maps made for this

study. Therefore, the model is an idéalized composite of the architectural elements fouhd in different

_cycles and is not a paleogeographic reconstruction. Ideally, a paleogeographic reconstruction depicts

elements that are present at the same time. Because this study was based on subsurface data,
interpretations from earliér outcrop studies were used to include in the model the nuances of
sedimentary process that are ﬁot available from subsurface data.

Cross sections (figs. 39-45) demonstrate that cyclicity is the salient ch‘aracteristic of the Black
Creek-Cobb interval. This cyclicity éan be related to relativé sea-level ‘variat‘i\on. Oh the basis of isopach
and isolith patterns, four major factors combine with the magnitude and periodicity of relative sea-
level variation to control the geometry of each cycle package (1) subsidence, (2) synsedimentary fault
movement, (3) relict topography, and (4) differential compaction. |

Because mudstone is continuous at tﬁe bése of each cycle, the entire stud); area was evidently
inundated by marine wai:er at the start qf deposition of ea;h cycle. According to Klein (1974), the
thickness of marine strata from the bése of a cycle to the lowermost shoreline strata of that cycle
ﬁrovides a minimum estimate of water depth. Hdwever, the model does not account for subsidence
and compaction. Even so, some mudstone, such as that.in the Black Creek and Gillespie/Curry cycles

méy have been deposited in water more than 300 feet deep. Hence, the thick, continuous mudstone

. units are interpreted to represent muddy, open-marine environments, such as shelf, slope, and

- prodelta (fig. 65).

Because coal groups generally are traceable throughout the study area, the sea had evidently.
retreated beyond the limits of the study area by the end of deposition of each cycle. On the basis of
highwall and core descriptions (Epsman and others, 1988; Pashin and Sarnecki, 1990), regression

vculminéted in the developrhent of an alluvial plain which included fluvial systems, lakes, and peat
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~ swamps (fig. 65). Therefore, the cycles of the Black Creek-Cobb interval represent a series of marine-

terrestrial environmental continua.

| These continua present difficulty in interpreting subsurface maps. One difficulty is that
sandstone-lsollth patterns represent a composite of several depositional systems. Another difficulty is
the overprint of subsidence on sandstone-isolith patterns In the Black Creek Cobb mterval the
greatest problem is recognizing shore-zone deposits, partlcular|y deltaic deposrts which have been
documented in outcrop (Ferm and others 1967;-Horne and others, 1976 Benson, 1979). The
GlllesprelCurry is the only cycle in which subsurface deltalc deposits are easily recogmzed Quartzose
sandstone, which is mterpreted to represent beach- barrler and open-marme sand bodies (fig. 65),
provides the best crlterron for recogmzmg shore-zone enwronments particularly in the Black Creek
and Mary Lee cycles where quartzose sandstone can be traced Iatera||y into lithic sandstone and coal.
Tidal-flat deposits have been recognized in the Pottsville (Hobday, 1974), and parts of the shoreline -
were evidently affected by mesotidal conditions (Horne,v 1979). Therefore, muddy shore-zone
environments, which include tidal flats and estuaries that are difficult to recognize in the subsurface,

were included in the model (fig. 65).

Using modern analogs as a guide, coal beds in the Black Creek-Cobb interval probably have a

. diverse origin. Marginal-marine peat domes are known from the Klang-Langat delta of Malaysia

(Coleman and others, 1970), and similar bodies may be present in the Black Creek-Cobb interval (f|g

65). However, marginal-marine peat bodles tend to be geographlcally restricted and thin, and thelr
|mportance as precursors to economic coal bodles is controversial (McCabe, 1984, 1987; Jones and
Cameron, 1988) Thick, widespread peat deposits are known from alluvial plains in Indonesia
(Anderson, 1964, 1983; Anderson and Maller, 1975) and are consrdered viable analogs for
Carboniferous coal (McCabe, 1984, 1987). The.geo_graphically extensive, mineable coal beds of the
Black Creek-Cobb interval may have formed in such a setting, although outcrop evidence suggests
that peat accumulated in Iow-lying swamps as opposed to raised swamps (Pashin and Sarnecki, 1990).

Low-ash peat is presently forming between Pleistocene beach ridges in Georgia that are as much as 70
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miles inland (Cohen, 1974); such peat may be an analqg for coal beds assbdated with quartzose
sandstone in the Black Creek and Mary Lee cycles.

Cycle-isopach maps indicate thet the regionel sdbsidence pattern varied with time in response to
tectonic activity in the Appalachian and Ouachita orogens. However, net lithic-sandstone thickness in
each cycle is greatest in southeast Tuscaloosa County regardless of the cyc_le'thickness pattern.
Therefore, regional sandstone daspersal was independent of subsidence, and the persmence of thack

lithic sandstone in southeast Tuscaloosa County mdlcates a’major sand source to the southeast of the
study area in the Appalachian orogen (fig. 65). Only in the Mary Lee cycle of Lamar County, where
lithic sandstone has been traced into deltaic deposits in Mississippi (Sestak, 1984), ‘is an Ouachita
source for lithic sandstone in Alabama probable.

'The distribution of quartzose sandstone is more varied than that of Iithie sandstone. However, the
quartzose sandstone may have the same source as hthlc sandstone, because quartzose sandstone
probably formed by the removal of labile grains by marine reworking (Mack and others, 1983).
Therefore, quartzose sandstone was probably derived from both the Appalachian and Ouachita
orogens. However, southwest crossbed.orientationé have censistently been recorded from quartzose
sandstone in Alabama (Metzger, 1965; Shadroui, 1986), iridicating that southwest currents, such as
tides and longshore drift, moved the sand. Because quartzose sandstone with southwest-dipping
crossbeds is widespread throughout the Appalachian region,(Heme, 1979), some sand may have been

transported into the basin from the northeast.
"HYDROLOGIC AND HYDROCHEMICAL ANALYSIS

INTRODUCTION
Hydrology is of fundamental importance in coalbed-methane exploration and production
because of the need to reduce reservoir pressure and dispose of produced water. A significant
amount of water must be removed from the reservoir to reduce fluid pressure, thereby facilitating
ihedesorptiqn of methane from coal. Coalbed-methane wells typfcally are drilled to a depth of 1,000

feet or more below the land surface df the Black Warrior basin (Sexton and Hinkle, 1985) and produce
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from 5 to 1,175 barrels of water per day (bpd) (0.1 to 29 gallons per minute). Pfoduced water ranges

from fresh to saline. Hence, drilling in areas of low-salinity water is desirable to avoid environmental

-problems related to water disposal.

The primary objective of hydrologic analysis was to identify hydrologic controls on the occurrence
and broducibility of coalbed methane. A secondary objective was to determine water-chemistry
associations. Water;level, water-yield, water-pressure, and water-chemistry data were interpreted to
evaluate hydrdlogic conditions in coal beds and assoéiated strata of the Black Creek-Cobb interval.

The data also were ‘analyzed to determine the hydrodynamics of the coalbed-methane reservoir.

METHODS
Hydrologic information.u;f.ed in the research was‘derived from the following sources (1) water- |
resource reports> and file data of the Geological Survey of Alabama, the State Oil and Gas Board, the
U.S. Geological Survey,van.d other ag?ncies, (2) water-analysis énd water-level ‘informati‘on
determined for wells in 1987-88,>(3) coal-mine operators, and (4) coalbed-methéne operators. The

sources and types of available information are shown in table 4.

Table 4. Types and sou rces of hydrologic information and water-analysis data

Hydrologic information Water analyses
Source " Records/files Hydrologic tests Partial Standard
Water or test well . 1,000 + 14 100 62
Oil and gas exploration well 30 - 30 S
Coalbed degasification well a2 Y 59 70
Surface runoff (unmined area) 32 ' - ‘ - 32
Surface runoff (mined area) _ 24 - - .24

Water-analysis and hydroldgic'data were analyzed and plotted using statistical and graphic
software packages. The critical values for regression coefficients presented in Rohlf and Sokal (1969)
were used to determine the statistical correl,atidn of data and specific parameters at the 95 percent or
higher confi_dence level. Data plots that appeaf in this_chapter include pressure-depth plots, the

trilinear "Piper" diagram (Piper,1944) and the polygon-shaped "Stiff" diagrarﬁ (Stiff, 1951).
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Water-SampIe Analy5|s

- The source of the surface-water data used in this report is Dyer (1982), and numerous water-

resource reports provided data on ground-water chemistry. Hydrologlc information includes water- -

level data and hydrologic well-'test.data to determine well yield and the water-transmiiting ability of
strata. This information is on file at the Water Resources Division of the Geological Survey of
Alabama. The location of wells for which water-analysis data were used is shown in figure 66.

Water samples were colleeted from 59 coalbed-methane wells and 13 water wells in Tuscaloosa
and Jefferson Counties in 1988. Standard analyses of the water samples were made in the
Geochemical Laboratory of the Geological Survey of Alabama. The procedures described in Brown
and others (1970), Skougstad and others (1979), and the U.S. Environmental Protection Agency (1979)
were used to analyze the samples The tnlmear dlagram (fig. 67) was used to plot. chemical data and
to determine water type, and the U.S. Geological Survey classification of water salinity (Swenson and

, Baldwin, 1965) was used to cIassnfy water according to total- drssolved-sohds (TDS) content, or degree

of mineralization. A subsurface salinity map was prepared by using the available water-analysis data
and ani interpretation of electric well logs (Epsman and others, 1983).

' The analyses of water samples include a determination of‘silica, calcium, magnesium, sodium,

| potassium, sulfate, chloride, bicarbonate, carbonate, nitrate, selected trace-metal contents, and the

physical properties of water. The pH of water samples was measured with an Orion Model 407-A pH

meter with an associated specific-ion electrode. Specific ‘condubctance was measured rn micromhos per

centimeter with a model MCI, Mark IV portable meter or Curtin Matheson Scientific Ine. digital

conductivity meter that was calibrated using standard solutions. Temperature was determined in the

, field by using a thermometer calibrated in degree-centigrade (°C) irrcreme’nts between -10°Cand 110

°C. For some samples, carbonate and bicarbonate contents were determined in the field by titrating

‘50 miIIiiIiters (ml) of well water with a standard sulfuric acid solution to end-poiht pH values of 8.4 and

4.5. Trace-metal content of the samples was determined using a Perkin-Elmer 2380 atomie-adsorption

spectrophotometer.
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‘Water-Level Measu r?enient
‘Water level was measured in 46 coalbed-rhethane wells in Tuscaloosa and Jefferson Counties in
1987 and 1988. The data were used for computing reservoir pressure and hydraulic head of coal-
bearing intervals. The instrument used is a battery-operafed Pewers Well Sounder. Waier ievej was
determined to the nearest 0.1 ft. The potentiometric-surface ‘map is based on water-level
measurements for wells referenced to a dat,um, the Natioqal Geedetic Vertical batum of 1929, which
commonly is known as mean sea level (msl). The potentiofnetric&urface map for the upper Pottsville
Forrhation was prepar_ed using water-level data from more than 1,000 water, test, and oil-and-gas
wells.
Pressure-depth quotients were determined from evailable water-level- and eonstrugtion

information for wells to determine the current pressure regimes in the coalbed-methane fields. To

~ determine pressure-depth quotient values, bottom-hole p}essure was calculated (fluid column length
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~ times 0.433 psi/ft) and then divided by total well depth. Pressure-depth qudtiénts were determined
for intervals more than 1,000 ft below the land surface. The 1,000-foot depth criterion was séiected
because Diamond and others (1976) have determined that the highesf potential for coalbed-methar{e
: productibn occﬁrs below that.-d_epth. Pressure-depth plot_s were used in the evaluation of sub'surface

water-circulation patterns in areas of active coal degasification.

. GEOLOGIC AND HYDROLOGIC,FRAMEWORK

The Pottsville Formation is‘a fradured rock systém characterized by low transmissivity, low
capacity for retention and storage of wéter, and normally low and erratic water yield to wells (Hinkle,
1976). Lithic sandstone hés limited effective porosity (Tucker and Kidd, 1973), although quartzose
sandstone‘ has enough porosity and permeability to be potenfcial petroleum reservoirs (Epsman,
1987). Tﬁese Iow-permeability‘rocks of the Pottsville yiéld a limited quanﬁty of water to wells.
Although the permeability of Qpper Pottsville coal is low, it exceeds that of other rock types and is
commonly highest along the face‘ cleat (Gas Research 'Institute, 1985). Therefore, fractures ‘play a
significant role in ground-water flow, and coal beds are viable aquifers (fig. 68).

The Pottsville Formation is overlain by unconsolidated siliciclasti'cs in the western part of the study
aréa. The unconsolidated units include Quaternary terraée deposiis and alluvium and Cretaceous
sand, clay, and gravel. Thé basal Cretaceous sand is a major aquifer that appears to be locally
interconnected hydrologically with the Pottsville Formation.

The mineralogy of strata ih the Pottsville Formation evidently effécts water-bearing properties
and water chemistry. Alfhough Pottsville strata are composed mainly of quartz, mica, and clay, other
minerals of geochemicél importance include pyrite (FeS,), siderite (FeCO3), abnd calcite (CaC03); these
minerais commonly occur in bands or in fractures. The underclay and mud;tone associated with the
coal-bearing intervals cohtaiﬁ kaolinite and illite (Rheams and others, 1987) which may play an
impo&ant role in ion-exchange procésses.

= The occurrence and movement of water in the Pottsville, particularly in the degasification fields

where permeability is low, is dependent on the type, openness, extent, and density of fractures in the
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rocks. The occurrence and movement of ground water also is dependent on“hydrologic conditions
such as the position of the water table and potentiometric surface relative to the land surface

(Harkins and others, 1980; Epsman and others, 1988) (fig. 68). The principal source of recharge to the

Pottsville Formation is considered to be rainfall, but some recharge by streams is possible (Harkins and

- others, 1980). In some coalbed-methane fields, mine dewatering may accelerate fresh-water recharge

(Epsman and others, 1988).

Hydrologic studies indicate that g;ound-water recharge through rainfall infiltration is‘.n_early 5
percent of the éverage annual precipitatioﬁ in the sfudy area,‘which is approximately 54 inches per
year (Harkins and others, 1980; Lineback and others, 1974). A low rate of recl'laa'rge is indicated by the
low median annual 7-day low flow of hinor streams, which is 0.05 million gallons per day per square
mile or less (Peirce, 1967). Additionally, the Pottsville has a limited ability to transmit water to streams
during dry weather. Hinkle (1976) indicatéd that the upper 300 feet of the Pottsville in Alabama
contains approximately 2.02 x 107 million gallons of water. The water typically has a low mineral

content and is of acceptable chemical quality for drinking. However, some water contains an

- excessive amount of iron and manganese and has a low pH.

Water movement in the upper Pottsville is multidirectional due to the complex geometry of
fracture 'systems (fig. 68). Flow génerally is toward topographically low areas where natural discharge
of water takes place (Hérkins and others, 1980). Movement of deep water may mimic this pattern to
some extent; however, where withdrawal of formation water caused by mine dewatering has
produced iow hydraulic head, vertical movement of water along fractures is pbssible. This condition is

apparentin Oak Grove field (Epsman and others, 1988).

POTENT>|‘0M ETRIC SURFACE
Water in the Pottsville Formation is unconfined in t‘he ‘shallow subsurface a»nd is either
semiconfined or confined at depth. Where an unconfined unit is involved, the potentiometric surface_
is traditionally referred to as the water table. Because a potentiometfic-surface map i§ é composite of

water-level measurements, the map can also be used to determine the downgradient direction of
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subsutfate water movement. The general flow direction is perpendicular to the contours shown on
the potentiometric map. Point values used in preparing a potentiometric—surface map can be used to
determine the hydraulit gradient, or change in hydraulic head, that dccurvs bver a specified .flow-path
‘dlstance | | »
The dlrectlon of shallow ground-water movement generally is toward surface dramage features,
.which include the Black Warrior Rlver, Mulberry Fork, Sipsey Fork, and Locust Fork (fig. 69). In areas

where the Pottsville is overlain by Cretaceous strata, the dominant direction of ground-water

movement generally is downgradient to the southwest. The potentiometric surface ranges from

more than 1,000 feet above msl in the northeasternmost upland area to |ess than 200 feet above msl

at the Cretaceous overlap. Areas where the water table has been depressed by mine dewatering
occur in Brookwood and Oak Grove fields. ngh potentlometnc-surface values that occur along the

Cretaceous overlap may be the result of recharge from outliers of Cretaceous sand. Hydraulic-

gradient values in the horizontal direction, which were estimated from water-level data for water |

wells, range from 0.0001 in the northeast upland areas 0 0.14 along bluffs of the Black Warrior River.

WATER-TRANSMITTING CHARACTERISTICS

Hydraulic conductivity and transmissivity values were determined from hydrologic test data for 14.

wells completed in the upper part of the Pottsville Formation (table 5). Hydraulic—conductivity values

mdlcate that the water-transmitting ablllty of Pottsville strata decreases as depth increases (fig. 70).

The hydraulic conductivity values below a depth of 150 feet typically are less than 0.1 feet per day .

(ft/d), and the assqciated transmissivity values, which were determined by multiplying the saturated
thickness of rock in open well bores by hydraulic conduttivity, also are very low (table 5). Storativity
values, where determined,‘ generally are 0.001 or less, indicating semi-confined to confined
conditions. Water-transmitting values approximate those cited for coal-bearing zones in other
regions (Fetter, 1980).

‘ Hydrologic test data for wells in Cedar Cove, Brookvtood, and Oak Grove fields also indicate that

permeability decreases with depth (McKee and others,ﬁ 1986). The permeability-versus-depth graph

.
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" Table 5. Hydrologic test data for wells

Hydraulic Estimated Base,
: conductivity transmissivity ) Welldepth open zone
Well no. County (ft/d) (ft2/d) Storativity (ft) (ft, msl)
Mar-1 | Marion 0.001 0.27 - 520 -68
TW-5 | Tuscaloosa 324 48.6 102 60 -459
TW-7 | Tuscaloosa 068 464 104 150 -306
TW-8 | Tuscaloosa 115 123 104 150 332
TW-10 | Tuscaloosa .001 134 10-10 200 -318
TW-12 | Tuscaloosa .025 482 104 2_67 -317
" TW-13 | Tuscaloosa 017 2.41 1073 166 -415
TW:17 | Tuscaloosa 044 434 104 170 .432
TW-18 | Tuscaloosa 015 2.18 10-3 226 -298
TW-25 Tuscaloosa - 1.28 1.31 103 150 -332 -
TW-26 | Tuscaloosa 1.64 174 - 124 271
Tw-27 | Tuscaloosa 0 01 107 268 -293
TW-28 | Tuscaloosa 007 1.00 105 - 248 -360
TW-30 | Tuscaloosa 126 10.1 103 124 .285
g 1
-4
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(o4
=
[75]
o .
._zr‘ 10 —
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w
2 1000 } t ¢
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Figure 70. Plot of hydraulic conductivity versus well depth, upper Pottsville Formation.
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presented in McKee and others'(1986) shows that the rock permeability in these fields is on 'th"e ordevr
of 100 millidarcies (md) (~0.24 ft/d) at a depth of 100 feet and decreases to less than 10 md (~0.027 ft/d)
at a depth of 1,000 feet or more. Low permeability values of 0.06 to 54 md (~0.01 to 0.1 3 fv/d) were
reported by Epsman and others _(_1 988) for the Mary Lee coai group at a depth of more than 1,000 feet
in Oak Grove field. As alréady‘ mentioned, the permeability of coal generally' exceeds that of other

upper Pottsville rock types.

RESERVOIR PRESSURE
Water contained in reservoir rocks occurs undef pressure termed reservoir pressure, formation
pressure, or fluid pressure (Tucker and Kidd, 1973). Two types of conditi_ons can exist in a water-
bearing unit (1) hydrdstatic conditions in which there is no flow, and (2) hydrodynamic conditions in

which there is flow. Hydrodynamic conditions are typical for a hydrologic uhit such as the Pottsville

‘Formation.

The upper Pottsville can be classified as a low-pressure reservoir relative to the vertical fresh-

- water hydrostatic gradient (0.433 psi/ft). The pressure-depth data indicate that reservoir pressure is at

6r less than hydrostatic (fig. 71). Quotients less than 0.32 psi/ft are associated with active déwatering
in underground coal mines and in coalbed-methane fields (fig. 72). The largest area of low reservoir
pr‘essure'(pressure-depth quotient less than 0.32 psi/ft) is approximately 40 square miles and is
centered near active mine-dewat'ering,opérations in Brookwood field that have been under way sinc_e
the early 1970's. Data from Oak Grove .field‘ (fig. 71) plot near the hydrostatic pressure line and are the
‘only data obtained from wells that had been on line for less than 3 mont_hs at the time of analysis.
Hence, the Oak Grove data ﬁaay represent haturél, near-hydrostatic conditions in the Black Warrior
basin. All other pressure-depth data indicate that pressure is not a function of depth owing to
extensive hydrologié'perturbation caused by mine and well dewatering.

The flow of water caused by differences in reservoir pressure can be characterized as lateral flow
that occurs due to a difference in pressure within the same interval and upward or downward flow

that occurs as the result of a vertical head difference. Pressure in producing intervals ranges from 0 to
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700 psi or more at about the same level in Brookwood, Cedar Cove, Deerlick Creek, Holt, and Peterson
fields and reflects potential for lateral movement of v;/ater toward Iow;pressu re zones. This.variablilty
of pressure indicates considerable potential for flow in most coalbed-methane fields (fig. 71).

Potential for limited upward movement of water in coalbed methane fields is indicated by
pressure data avallable for coal beds at the Rock Creek site (Gas Research Institute, 1989) and by drill-
stem-test data for deep formatlons at a test well site in western Jefferson County (table 6). The data
indicate a pressure differential in the subsurface that would be conducive to the upward movement
of mineraljzed. water along fractures (fig. 68). At the western Jefferson site, a considerable pressure
difference exists 'between shut-in intervals of the Mississippian Hartselle Sandstone and Bangor

Limestone and the lower Pottsville Formation, reflecting potential for upward flow.

~ Table6. Drill-s_tem-test data for a deep test well (DD-02),
western Jefferson County, Alabama '

[Well completed - March 1970; test conducted - February 1970;
. total depth - 6,060 feet. Interval tested (ft, kb) - feet below kelly bushing.]

interval tested Measured pressure Estimated
(ft, kb) Fluid Depth of pressure
Test — recovery | = gage Initial Final gradient
no. Formation name From To (ft) (1) (psi) (psi) Condition (psi/ft)
1 |Pottsville (lower) 2,810 . 2,975 120 2,971 102 131 flowing
. ' 376 296 shut-in . - 0.10
2 |Bangor Limestone 3,343 | 3,551 245 3,547 161 193 flowing
' 880 .. 880 shut-in 0.25
4 |Hartselle Sandstone |3,570 |3.,724 140 3,720 791 1,511 flowing
) 1,492 1,520 | shut-in 0.41
" 5 |Red Mountain 4,300 |4,416 150 4,412 100 130 | flowing
431 | - 615 | shutin [ 0.14

Note: Drill stem tests were performed to determine productivity, reservoir pressure, and water salinity at different depths.
The results of test no. 3 are not shown because of their inconclusive nature (leak in drill stem). Pressure gradient was
determined for each test interval by using gage depth and final shut-in pressure. Fluid recovery was not  adequate for
determination.of water salinity. Information from files of the Water Resources Division of the Geological Survey of Alabama.
‘'WATER YIELD OF WELLS
Water wells typically are completed in the near-surface part of the Pottsville at an average depth

of 150 feet. Water yield from these wells ranges from 17 to 7,650 barrels per day (bpd) on the basis of

a 72-well data set (Epsman and others, 1988). In contrast, coalbed-methane wells are commonly
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completed in uhweathered rock at a depth exceeding 1,000 feet and have ini;cial Water-yie_ld values
ranging frorﬁ 17 bpd to 1,175 bpd on the basis of a 420-well data set (fig. 73); average yield is qnly
103 bpd. Initial production rates are based on the results of 24-hour fests given on form OGB-9, First
Productibn or Retest Report, for each well on file with the State Oil and Gas Board.

The initial-test water yield of coalbed-methahe well§ épproximates the peak water-production
rate accoi'ding to data submitted to the Sfate 0Oil and Gas Board. This is due in part to the decline in
water yield with time that is asso‘cféted with dewatéring of coal beds. This aspect of wa;cer yield was
recognized by Ancell and others (1980) in a 2‘0-year production projection for 17 coalbed-methane
wells in the Warrior basin and also is readily apparen’; in production-declihe curves (Epsman and
others, 1988). Low yield (0 to 50 bpd) may be attributed to low formation pressure in areas of active
déwatering for coal mining and coal degasification (Pashin and 6thers,‘ 1989).

The water yield of coalbed-methane wells in the Black Warrior basin is typic‘ally less than 250 bpd.
More than 70 percent of the well-yield values are between 0 'and 250 bpd. V“alues‘ higher than 250 bpd
are associated with structural features, such as some faults and lineaments, where permeability of the
strata is increased. Sixteen areas of high initial'watevr production (>250 bpd per well) were identified
during hydrologic evaluation. Although data are scarce, these areas coincide partly with areas having'
peak gas production of more than 200 Mcfd (fig. 74). Afe_as with high water yield occur in

Brookwood, Deerlick Creek, Cedar Cove, Holt, Peterson, and Oak Grove fields. In three of the

identified areas in BrookWood and Cedar Cove fields, the water yield per well exceeded 1,000 bpd.

WATER CHEMISTRY
In the Black Warrior basin of Alabama, water chemistry is affected by the processes of oxidation,
carbonation, hydration, and ion exchange associated with the weathering of rock and soil. In

coalbed-methane fields, different water types may mix. These processes produce characteristic water

~ species (fig. 75). Within the zone of active water circulation, pyrite in the Pottsville Formation

apparently undergoes dissolution to form the soluble sulfate (5042-) and ferrous (Fe2+) ions. Sulfate

appears to undergo _redu_‘ction with depth to form hydrbgen sulfide (H,S) which is noticeable in the
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Figure 75. Idealized evolution of water species, Black Warrior basin.

foul, "rotten-egg" odor of some weIl-wafer s_amples. The ferrous ion apparently reaches equilibrium
with siderite (FeCO3) occurrjﬁg in the subsurface. The chloride and strontium content of the water
increases with depth and TDS content; siliéa content tends to décrease with regard to the .;.ame
factdrs. The sodium.ahd/or calcium and magnesium content tends to increase with depth.

Changes in the iron, bicarbonate, and sulfate content of water are probably caused by redox
reactions and pH changes that occur in the subsurface and along the flow path (fig. 75). Similar
changes havg been observed in other water-bearing units (Lawrence and othérs, 1976; Langmuir,
1969). Sulfate-reducing bacteria may also cause é depletion of sulfate and an‘increase in.pH

| (Langmuir, 1969). Decker and others (1987) indicated‘that the sour_ceb of bicarbonate (HCO#') in water
from the Pratf and M_ary Lee coal groups at the Rock Creek site in Oak Grove field is the reaction of
S04 with organic matfer to form, in part, HCO3". However, another possible source of the HCO3" is
dissolution of calcite that occurs in fractures; according to the available data, calcite may
reprecipitate at depth. The source of the sodium and chloride in deep subsurface water may be either

connate water or ion exchange with rock constituents.
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Linear-regression analysisiof water-analysis data from coalbed-methane fields (table 7) was
performed to determine which parameters correlate at a level of 95 percent or higher. Differences in
correlations of water analysis parameters for coal and siliciclastic strata are shown in figure 76. The
common associations for wat‘erA i‘n both types of strata include: (i) total well depth with initial water
yielld specific conductance, water temberature sodium content, -and chloride contént; and (2)
specific conductance with calcmm magnesmm sodium, potassium, bicarbonate, carbonate, chloride,
mercury, strontium, and TDS content. There also is a statistical correlation of specific conductance
with sulfate and fluoride content of water from sandstoné and mudstone. Water pH correlates
positively with bicarbonate, carbonate, and iron content. Trace elements that correlate with the TDS
content of water from coal beds are silver, arsenic, bariuin, cadmium, cobalt,,chrominm, iron,
mercury, lithium, manganese; nickel, lead, selenium, strontium, and zinc. |

Water salinity tends to increase rnarkedly with depth in the Black Warrior basin, asdemqnstrated
by vertical trends in sodium, chloride, and TDS content (fig. 77). The estimated depth to \n/ater
containing 10,000 mllligrams per liter (mg/L) TDS on the basis of geophysical Iogs and water-quality '
data is shown in flgure 78. In some cases, measured specific-conductance or resistivity values of water
samples were used to estimate TDS content. The map indicates that water contamm‘g 10,000 mg/L
TDS occurs 500 to 2,500 feet below msl within the Black Warrior basin and 1,500 to 2,000 feet below
msl in the coalbed-methane fields The irregular pattern of the contours is mterpreted to be an effect
of surface-water infiItration and mixing. In some areas, the contours reflect shallow occurrence of
saline water élong faults and below Cretaceous cover. Alnng-the southeast margin of the basin, very -
saline water occurs much deeper than in adjacent areas. This deep occurrence n‘iay be related to
intense fracturing along the Bluc Creelc anticline and associated Alleghanian structures.

Trilinear (Piper) diagrams were .made to iIIusirate the relationship ‘betwéen water type and
drilling depth (fig. 79), subsurface stratigraphy (fig. 80), and water salinity (fig. 81). Trilinear‘diagrams

show the relative percentage of the major cations (Ca, Mg, Na, K) and anions (SO, Cl, CO3, HCO3) in '
water, they can be used to show the chemical evolution of water as it moves along a flow path-and to

show differences in water chemistry. The diagrams reflect a transition from sllghtly mineralized
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Figure 77. Selected scattergrams showing relationship between salinity and depth.
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Figure 81. Piper diagram showing water salinity in relation to water type.
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" sodium- or calcium-bicarbonate water associated with Cretaceous sand and the upper Pottsville; to

moderately to hignly mineralized. sodium-bicarbonate-chlqride type water in the Black Creek-Cobb

interval; and to moderately to highly mineralized sodium-calcium-magnesium-chloride type water in

the deep Devonian and Mississippian strata that occur more than 2,500 feet below the land surface.

Typically, the water becomes more mineralized and alkaline (pH > 8) with depth, and the

‘concentration of some trace metals, including strontium and iron, increases.

Water chemistry varies among the coalbed-methane fields (table 7) and can be illustrated using
stiff diagrams (fig. 82). Stiff diagrams are made by plotting cation and anion concentration in
equivalents ner million rella‘tive to a vertical axis and commonly are used to. compare water from
different locations. Surface water and shallow subsurface water typically are low in mineral content
and are of the calcium-magnesium or sodium-bicarbonate type. However, runoff water from mines is
highly mineralized and ha§ high sulféte content. Water assocrated with coal-bearing ’intervérs and_b
with coal degasification typically is mineralized and is of a sodium'—bi;érbonate or sodium-chloride
type. Downward and lateral movement of weakly mineralized, sodium-bicarbonate water within
permeablé coai-beds may account for the difference in water type.

The salinity and isochlor maps of the Mary Lee coal group (figs. 83-85) indicate that northwest

lateral and downward movement of weakly mineralized water has taken place at the southeast edge

of the basin (fig. 68). Several fresh-water protrusioné extend northwest from the Blue Creek anticline,
suggesting that the structure has played a major role in recharge and the development of head along
the basin margin. The protrusions terminate sharply immediately northeast of t'he' Cretaceous

overlap, reflecting the increased depth of Pottsville strata and the ability of Cretaceous strata to store

“and transmlt meteoric water (fugs 83-85). Fresh-water protrusrons only correspond with a few

underground mines, so they apparently are natural rather than an artifact of mine dewatermg and
induced underpressure. .

Very saline water (TDS 10,000-35,000 rng/L) occurs in the Mary Lee coal group in the interior part
of the Black Warrior basin (fig. 85). Several Iocationé of high TDS content (10,000 mg/L) in the Mary

Lee coal group are shown on the salinity map; the water’ is sodium chloride in type. The high mineral
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OAK GROVE FIELD (1,104 FEET)
OAK GROVE FIELD (1,188 FEET)

PLEASANT GROVE FIELD (1,446 FEET)
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CEDAR COVE FIELD (3,115 FEET)

[ e ————=
+ DEERIJCK CREEK FIELD (2,507 FEET)
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Figure 82. Stiff diagrams for representati ve water, Black Warrior basin.

content may indicate a combination of upward movement of mineralized water and restriction from

recharge related to the northwest limb of the Blue Creek anticline. Water movement along fault

planes may be restricted owing to closure by the modern tectonic stress field, and clay-rich gouge and

termination of coal beds at fault planes probably inhibits lateral flow. Many areas having saline water

“contain numerous northwest-striking, normal faults. The faults apparently act in places as a barrier to

lateral flow that helps define the fresh-water protrusions.

identifying areas of high productioh potential. Once p&tentially productive areas are identified,

PRODUCTION ANALYSIS

INTRODUCTION

The ability to accurately estimate the productivity of coalbed-methane wells is a critical factor in

1

CWR.
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geologic factors may be evaluated to determine those factors that control the production potential
of the wells. However, a suitable measure of coalbed-methane productivity has not been identified in
the Black Warrior basin. Therefore, the principal objectives were to first define well productivity and

to then identify the impact of geology and well design on the producibility of coalbed methane.

METHODS

Engineering and production data were compiled and computed from the files of the State Oil and

Gas Board of Alabama. Completion evaluatlon included a review of Form OGB 7, Well Record and

Completion or Recompletion Report, to determlne the method of completlon such as open-hole,
perforated casing, or slotted casing, that was used in each well. Stimulation evaluation included a
_revuew of Form OGB-6, Report of Well Treatment, to determine the type of stlmulatlon used in the
wells, such as water-sand and foam-sand-water techniques.

Production evaluation utilized initial-production data for gas and water obtained from Form
OGB-9, First Production or Retest Report. The initial gas-production rate is generally based on the 24-
hour test performed early in the life of each well. The peak gas-production rate was obtained from
the Board's monthly production-history records for each well. The highest monthly gas volume was
identified, and that volume was divided by the nu‘mber of days ih the month to generate a daily rate.
The same procedure was used to calculate the peak water-production rate. The time to reach the
peak gas-production rate was taken as the number of months that had elapsed eince production was
first reported to the Board. B

Total prodoction time is defined as the total number of months that production was reported to
the Qoard. Theaverage gas production rate was computed by dividing the cumolative gas ptoduction
by the to.taliproduction time; that number was then divided by 30 days per month to obtain an
average dally rate. The declme time is defined as the number of months a well produces before the
production ceases to be highly variable and a steady productlon decline trend is established. This
value was determined from a plot of the production history and, for most wells, was found to occur at

or shortly after the time of peak gas production.
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Three other factors tested to determine their influence on the productivity of these wells are coal
thickness, depth to the Mary Lee coal béd, and well spacing. Net coal thickness and depth were
determined from expand_éd density logs. Well spacing is the number of acres assigned to the
individual well as determined from the Board's records.

These data were summarized, and a computer database was generated. In order to analyze
productivity, a variety of statistical procedures were emﬁloyed. Types of statistical analysis used
include statistical summaries, analysis of variance (ANOVA), and linear regression. Results of the
statistical analysis were then evaluated and interpreted in order to determine the geologic

significance and implications of the findings.

WELL DESIGN

Well Type and Production

Drillers have employed three major methods of prdduci_ng coalbed methane (Sexton and Hinkle,
1985). The first and most common type is the vertically drilled well or borehole (fig. 86). As of
December 31, 1988, more than 390 vertical wells had produce‘d‘ nearly 33 Bcf (billion cubic feet) of
methane (fig. 87; table 8). The second method Qf production is from "gob" wells (fig. 88), which are
vertical wells drilled into thé collapsed roof rock of underground coal mines after ‘mining. By the end
of 1988, 104 gob wells had produced more than. 34 Bcf of methane (fig. 88). The third method of
coalbed-methane recovery i§ by drilling hOriiontaI boreholes into the coal face in the undergrpund
mines. In horizontal boreholes, the produced methane is collected by an underground piping system
that is connected to a vertical borehole which transmit§ the gas to the surface. As of December 31,
1988, 19 horizontal boreholes had produced a total of 3 Bcf of methane (fig. 87; table 8).

Although 76kp'ercent of the wells in the degasification fields are vertical boreholes, 49 percent of '
the cumulative production has come from gob wells (fig. 87; table 8). Horizontal wells account for
only 4 percent of the cumulative production; only 19 boreholes were on line at the end of 1988. The
average cumulative préduction to date for a vertical well is 85 million cubic feet (MMcf) of methane,

whereas the average cumulative production to date for a horizontal well is 158 MMcf, nearly twice as
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Figure 86. Schematic of a verti cal well (not to scale).

much. In contrast, the average éumulative_ productionv to date for a gob well is 327 MMcf, nearly 4

times as much as a vertical well. However, gob and horizontal holes are restricted to éreas of

undéfground miningin Brookwood and Oak Grove fields and cannot be drilled on a.reg'ional basis.
Figure 89 depicts cumqlative production through December 1988 for each coalbed-methane field.

Table 8 depicts the producing method, the amount of production, and the number of wells for each

field. With the exéeption of Carrolls Creek field, .all fields have or will have vertical wells producing

coalbed methane. Because Brookwood and Oak Grove are the only fields with activé underground
mines, production from gob and horizbntal wells is restricted to those fiélds. Gob and.horizontal
boreholes have limited distribution a;nd cannot be evaluated in the same way as vertical bdreholes;
' which are present thrbhghout the degasification area; only data from vertical boreholes were used in

the regional production analysis.:



PRODUCING WELL TYPE

VERTICAL
GOB
B HORIZONTAL

90 wells (76 %)

CUMULATIVE PRODUCTION
3B (4 %)
B VERTICAL
BB cos
Bl HORIZONTAL
33 Bcf (47 %)

CUMULATIVE PRODUCTION
PER WELL (MMcf)

158 MMcf (28 %) 85 MMcf (15 %)

B VERTICAL
B cos
] HORIZONTAL

327 MMdf (57 %)

‘Figure 87. Methane production by well type through December 1988.
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Figure 88. Schematic of a gob well.

Completion
Of the 417 vertical wells evaluated for this study, 303 (73 percent) were completed open-hole.
Using this method, production casing is cemented into place immediately above the uppermost coal

bed that is to be produced. Wells completed with perfora';ed casing or slotted casing numbered 106

(25 percent), and 8 wells (2 percent) were completed with a combination slotted-casing and open- -

hole technique. Although most vertical wells in the degasification fields have been completed open-

~ hole (fig. 90), the most'common.ccsmpletion procedure used by coalbed-methane operators at
present is with slotted casing. The advantages of this method include better isolation of productive
strata and elimination of problems associated with wellbore caving. Most wells in Brookwood and

Oak Grove employ a single-zone completion in the Mary Lee coal group, whereas most of the wells in

§ 1
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CEDAR COVE - 2.9 Bef (4.1 %)
DEERLICK CREEK - 2.9 Bef (4.1 %)

PLEASANT GROVE - 0.17 Bcf (0.3 %)

PETERSON - 0.15 Bf (0.2%)

CUMULATIVE PRODUCTION = 70.1 Bcf
Figure 89. Cumulative methane production by field through December 1988.

~Table 8. Cumulative production (Mcf) by well type through December 1988

Vertical (cle]:] Horizontal
Freld Pro(c'i\;‘:;t)ion Number Pro(:xcc;)ion Number Prcz?\;‘xccft)ion Number
Oak Grove 12,410,032 221 365,259 1 32,342 5
Brodkwood 14,203,527 97 33,784,599 103 3,002,324 14
Pleasant Grove ' 171,191 4 - - - -
Holt 191,132 S - - - -
Cedar Cove 2,852,066 .18 - - - -
Deerlick Creek 2947886 38 - - - -
Peterson 150,367 6 - - - -
Carrolls Creek 0 0 - - - -
Blue Creek 0 0 - - - -
Unnamed field 2,727 .2 ‘ - - - -
Total 32,928,888 391 34,149,858 104 3,034,666 19

145
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ALL FIELDS

[0 OPEN HOLE - 303 wells (73 %)
El PERFORATED OR SLOTTED CASING - 106 wells (25 %)

Bl COMBINATION - 8 wells (2 %)

BROOKWOOD

- O OPEN HOLE - 89 wells (91 %)
Bl PERFORATED OR SLOTTED CASING -3 wells (3 %)

Bl COMBINATION -6 wells (6 %)

OAK GROVE | §

[0 OPENHOLE - 191 wells (87 %)
El PERFORATED CASING - 28 wells (13 %) o
Bl COMBINATION - 1 well (0.5 %) -

DEERLICK CREEK

[0 OPENHOLE-1 well (3%)
El PERFORATED CASING - 31 wells (97 %)
B COMBINATION - 0 wells (0 %) . |

CEDAR COVE

[ OPEN HOLE -3 wells (17 %) ‘ L
El PERFORATED CASING - 15 wells (83 %) —
Bl COMBINATION - 0 wells (0 %)

L

HWIn.

REMAINING FIELDS

[ OPEN HOLE - 19 wells (39 %) -
E PERFORATED CASING - 29 wells (59 %) N |
=l COMBINATION - 1 well (2%)

Figure 90. Completion methods by field through December 1988.
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the remaining fields are multiple zone completibns producing the coalbed-’r'nefhane resources of the
entirre Black Creek-Cobb interval. |

The prepénderance' of open-hole completions (fig. 90) refllécts practice by operators in
Brookwood and Oak Grove fields, which contain most of the wells analyzed. In the remaining fields,
perforated casing predominates, althou-gh open-hole completions are common. In all o.f,the‘ fields,
combination completions are few.

Stimulation téchnique varies, but‘most wells evaluated-were stimulated using water as the
injection fluid and sand as the propping agent. Wells were evaI'uated to determine the major fluid
injécted. The fluids used in well stimulation include water, foam, and gel; the fluids may be applied
alone or in combination. Some wells in Brookwood field were not stimulated. Although more of the
wells evaluated were stimu'late& with water and sand than with any othér metﬁod (fig. 91), the
current stimulation pracﬁce employed by most operators is the cross-linked gel-and-sand method.
One operator continues to use water and sand for well ‘stimulation (personal ﬁommunication)l ,

| Of the 413 wells evalﬁated, 196 wells (47 percent) were st‘imulated with water as the major fluid

(fig. 91). Foam, gel, and combination stimulations were used in fairly equal proportions ranging from

- 15t0 17 pekcent each. Deerlick Creek is the only field where the highest proportion of the wells have

been stimulated by a method other than the water-and-sand fracture; combination stimulations
comprise 81 percent of the stimulations in that field. All 17 wells that were not stimulated are in

Brookwood field.

WELL PRODUCTIVITY AND EFFECTS OF
COMPLETION AND GEOLOGY

Productivity
Three simple measures of coalbed-methane production are available in the State Oil and Gas
| Board's records (1) initial production rate (2) peak production rate, and (3) average production rate.
The average production rate is a long-term measure of a well's long-term ability to produce, whereas

the initial and peak rates occur in the first year' of production of wells drilled with a 40-acre or smaller
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ALL FIELDS ‘ . BN

E] WATER - 196 wells (47 %)
FOAM - 69 wells (17%)

B GEL-65wells (16 %)
COMBINATION - 63 wells (15 %)
[J NO STIMULATION - 17 wells (4 %)
Il NORECORD - 3 wells (0.1 %)

El WATER - 56 wells (57 %)

] FOAM - 0 wells (0 %)

1 GEL - 12 wells (12 %) !
COMBINATION - 13 wells (13 %) : L
NO STIMULATION - 17 wells (17 %)

NO RECORD - 0 wells (0 %)

OAK GROVE

El WATER - 99 wells (45 %) : _ ‘.
FOAM - 64 wells (29 %) o -
P GEL - 51 wells (23 %)
COMBINATION - 5 wells (2 %)
[0 NO STIMULATION - 0 wells (0 %)
Il NORECORD - 1 well (0.4 %)

DEERLICK CREEK

B WATER- 5 wells (14 %)
B2 FOAM - 0 wells (0%) v .
P GEL - 2 wells (5 %) ‘ . |
COMBINATION - 30 wells (81 %)
[0 NO STIMULATION - 0 wells (0%)

- M NORECORD - 0 wells (0%)

E WATER - 13 wells (72 %) o
7] FOAM -1 well (5 %) :

F GEL - 0 wells (0%)
COMBINATION - 4 wells (22 %)
NO STIMULATION - 0 wells (0%)
NO RECORD - 0 wells (0%)

REMAINING FIELDS | _

Bl WATER - 23 wells (58 %)

FOAM - 4 wells (10 %) |
P GEL - 0 wells (0%) '
1 COMBINATION - 11 wells (28 %)

NO STIMULATION - 0 wells (0%)

NO RECORD - 2 wells (5 %)

I

A\

¢||

Figure 91. Stimulation methods by field through December 1988.
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spacing. Results of linear regression indicate that both the initial and peak rates correlate positively

and significantly with the average rate, but the peak rate correlatés much more highly (fig: 92).

Hence, the peak rate is a better short-term measure of a well's Io‘ng-term performance. A least-

_* squares régression of the data is defined Iby the following equation that enables computation of

éi(pected long-term production performance:
AGR = 0.45 (PGR) + 10.5
in which AGR represents average pro‘d‘u.ction,' and PGlR represents peak production.
Cumulative reIativé—ffequency values for peak gas-production values (fig. 93) indicate that 28

percent of the Wells had peak production equal to or lower than 100 Mcfd, 52 percent had peak

" production equal to -or lower than 100 Mcfd, and 70 percent had peak production equallto or lower

than 150 Mcfd. By the end of 1988, only 21 percent of the coalbed-methane wélls in the Black Warrior
basin had prodﬁced more than 200 Mcfd. Observing the frequency gfaph, the 200 Mcfd peak rate '
appears to be a logical dividing point between low- and high-productivity wellﬁ. Using the 200 Mcfd
value as a guide, a map depicting trends of high and low productivity was developed‘ (fig. 94), and

completion practices were evaluated.

Completion and Geology

Completi’on practice has changed over the past few years. Whereas single-zone, open;hole '
completion was the standard me'thod‘used"by most operators, the present m'ethod. is to complete
multlple-zone wells with perforated or slotted casing. Whereas stimulation practice varied dunng the
first four or five years, operators are currently stimulating most wells with a cross-linked gel-and -sand

fracture or sand-and-water fracture. A statistical summary of coalbed-methane productnon

parameters is provided in table 9.

Plotting peak production rate against well permit numbers is a means of determining whether
production has changéd over time. Results of this analysis (fig. 95) indicate that, in spite of changing
completion practice, no correlation exists between production and time. Similarly, no significant

correlation exists between peak production and well spacing, and no statistical relationship exists
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‘Figure 93. Cumulative-relation frequency, peak gas production.

between peak methane production and geologic and hydrogic factors like well depth and net
completed coal thickness (figs. 92, 95). However, a weakly significant, positive correlation exists
betWeen \ivater production and peak methane production. |
Tables 10 and 11 were prepared for the evaluation of compietion and stimulation data. Table 10
shows the number of wells in each field, the completion method, and the number that had a peak-
production rate of more than 200 Mcfd, and the number that had a peak production rate of less than
200 Mcfd. The percentage of wells completed by a given method is basically the saine whether the |
production is more‘or less than 200 Mcfd (table 10; fig. 96). On the basis of this comparison, |
completion methtzd is apparently not a st.rong control on well productivity. -
' The number of wells in each field, the type of stimulation method employed, and the number of
wells with peak production greater and less thén 200 Mcfd are listed in table 11. As is the case for
completion method, the percentage of wells producing more and less than 200 Mcfd is essentially the |

~ same regardless of stimulation method (table 11, fig. 97). However, only 5 percent of the wells
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Table 9. Statistical summary of production parameters .

Parameter oNb::nl/)aetrig:s Mean Median Mode | 33?:;;: Minimum Maxih\um
| nitial gas rate (Mcfd) 397 81 55 17 105 - 1 1,191
Initial water rate (bpd) 396 132 64 6 171 ' 0 1,176
Peak gas rate (Mcfd) . 351 134 96 50 139 1 1,081
Peak gas time (months) 351 | 12 7 : 2 14 1 86
Peak water rate (bpd) 349 167 7 13 250 1 1,705
Average gas rate (Mcfd) 348 72 52 56 73 1 . 572
Total production time (months) 386 35 28 1 26 B 102
Decline time (months) . 139 14 9 2 14 1 60
Net coal thickness (ft) ‘ 305 7 6.6 5 28 13 295
Depth (ft) 320 1,347 1,144 . 1,789 434 681 2,375
Well spacing (acres) 417 45 40 40 19 10 80

producing more than 200 Mcfd were stimulated with foam, whereas 19 percent of the wells
producing less than 200 Mcfd were completed by that m..ethod. Additibnally, 9 perceht of the wells.
producing more than 200 Méfd were not stimulated, w‘h,ereas only 3 percent of the wells producing
less than 200 Mcfd were not stimulated. | ”

Seve(al factors may account for the poor performance of wells stimulated by foam. Most fbam
wells are in the original Oak Grove pattern, which contains mény of the oldest coalbed-methane wells
in the Black Warrior basin. Low production may be attributed in part to unrefined engineering
strategies, although peak' production'has not increased sigﬁific'antly with time a_nd engineering
édvances. Wells in the Oak Grove pattern are the most closely spaced in the basin (approximately 25
acres), thus poor performance may reflect competition among closely spaced wells for a limited
methane resource.

The surprisingly high pe‘rf\\ormance of unstimulated wells can be related directly to geology. All -
unstimulated wells with initial or peak production higher than 200 Mcfd are located 6n productive
lineament trends in Broo‘kwood field similar to the one in Oak Grove field (fi‘g. 12). The most notable
unstimulated wgll is the "glory holg" of Brookwodd field, which peaked higher than 1,000 Mcfd.

Hence, wells drilled into natural fracture networks do not necessarily need to be stimulated. In fact,
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Table 10. Comparison of completion methods used in wells producing
more and less than 200 Mcfd
Wells with peak production Wells with peak production
>200 Mcfd <200 Mcfd
Field : i
e | g | 2ot | e | aing | S
Brookwood 30 1 1 59 2 5
Oak Grove 26 - 1 165 28 -
Deerlick Creek - 4 - 1 27 -
Cedar Cove - 1 - 3 -
| Peterson - - - 7 16 1
Holt - - - 3 -
Blue Creek - - - - -
Pleasant Grove - - - 3 -
Carrolls Creek - - - 4 - -
Unnamed field - - -- 2 B -
Total 56 16 247 90 6
Percent of wells .76 21
- >200 Mcfd
Total-74 _
Percent of wells 72 26 2
<200 Mcfd
Total-343
Table 11. Comparison of stimulation methods used in wells producing
more and less than 200 Mcfd ‘
_ Wells with peak production >200 Mcfd - Wells with peak production <200 Mcfd
Fed Water | Foam | Gel |[Combo.| NS' | No62 |'Water | Foam | Gel |Combo.| NS' | No62
Brookwood 14 - 6 5. 7 - 42 - 6 8 10 -
Oak Grove 18 | 4 5 - - 1 81 60 | 46 5 - -
Deerlick Creek - - 3 - - 4 | - 2 27 - -
Cedar Cove 9 - - 2 - - 4 1 - 2 - -
Peterson - - - - - - 18 - - 5 - 1
Holt - - - - - - 3 1 - 1 - -
Blue Creek - - - - - - - - - 2 - -
Pleasant Grove - - - - - - - 3 - 1 - -
Carrolls Creek - - - - - - 2 - - - - -
Unnamed field - - - - - - - - - 2 - 1
Total 42 4 1 10 1 154 65 54 53 10 2
Percent wells 56 5 | 15 13 9 1
- >200 Mcfd :
Total-75
Percent wells 46 19 16 15 3 1
<200 Mcfd
Total-338

NS - Not stimulated.

2No 6 - No Form OGB-6 submitted.
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' WELLS PRODUCING
>200 Mcfd

B orenHoLE
D’ PERFORATED
@' COMBINATION

WELLS PRODUCING
<200 Mcfd

E OPEN HOLE

-———————————— D PERFORATED
I————— 2] COMBINATION

Figure 96. Comparison of completion methods used in wells producing more and less than 200 Mcfd.

- more than 85 percent of the wells with peak production';higher than 200 Mcfd are on the lineament

trends. Additionally, fracture treatments for wells outside of productive lineament trends may be

designed to duplicate geologic conditions in those trends:
CONCLUSIONS
GEOLOGIC CONTROLS ON COALBED-METHANE PRODUCTION

Structural Geology
The productivity map (fig. 94) demonstrates that highly productive trends in ihe Black Warrior
basin are localized and tend to be oriented northeast. Of all the geologic relationships discgssed in
this study, the clearest pattern with resbect to coalbed-methane production |s coi'ncidencé of highly
productive wells with northeast-oriented lineaments. Her;ce, examination of lineament patterns may

be the best method of locating prospective sites of exceptional productivity.
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WELLS PRODUCING
>200 Mcfd

B WaATER
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B eeL
COMBINATION
[] NOT STIMULATED
Jl NORECORD

WELLS PRODUCING
<200 Mcid

E] WATER.

FOAM
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COMBINATION
[] NOT STIMULATED
"] No RECORD

Figure 97. Comparison of stimulation methods used in wells producing more and less than 200 Mcfd.

In Oak Grove field, production is excepfionally high along northeast-striking structures (fig. 12),
whereas methane productio_n is low in an area containing n'umerous_.nOrthwest-trending faults
(Pashin and othefs, 1989). If highly productive trends are caused by northeast-oriented fracture
systems, why are the abundant northwest fracture systems unproductive? One explanation is that the
northeast-oriented compressive-stress (Engelder, 1982; Park and others, 1984) has closed fractures
6riented ‘perpendicular to the stress vector and has opened fractures oriented parallel to the vector.
Hence, permeability may be highgr along northeést-oriented fracture zones than along northwést-
oriented fra;ture zones. For example, the “glory hole” of Broquood field evidently penetrated a
lineament-related fracture zone oriented wifh an azimuth of 82°, and gas production peal-<ed after
the.édvancing mine face intersected the fracture zone, thereby causing rapid dewatering (Epsman»
and others, 1988). Alignment of the prqducing fracture zoné with the axi’s of maximum horfzontal
c‘ompression as determined by Park and others (1984) suggests that investigation of the relationship

between current crustal stress and methane productivity on a site-specific basis may have merit.

¢
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Furthermoré, some normal fau‘lts contaih clay-rich gouge that may inhibit pérm_eability, and fault
discontinuities in coal beds limit the areal extent of the available coalbed-methane reservoir.

Because stains and fillings are Iocully present on the face cléat, the face cleut evidently conducted
fluid and was thus open at one time. Eugineerin'g tests at the Rock Creek site revealed that the cone
of depression developed by dewatgring of the Pratt coal bed is elongate in the face—cle'at direction,
~but other beds .did not show arsimilar pattern (deer and others, 1986), perhaps due to interference
by other fracture systems. Even so, thé- Rock Creek results demonstrate that the face cleat can be an
important avenue of fluid transmission in coal, and some lineaments associated with high
productivity are nearly parallel to the face cleat (figs. 12,‘13). However, the northeast face cleat is
essentially Ubiquitous (fig. 10), whereas high-pruductivity trends are localized (fig. 94). Therefore,

enhanced methane production is apparently related to locally increased permeability. ‘

Coal Quality and Gas Composition

Methane has been produced from the Mary Lee coal group in areas containing coal with less than
37 percent volatile matter, which coincides with the approximaté lower limit of major catagenetic
(thermal) methane genefation (Juntgen and Klein, 1975). Hovuéver, biogenic and migrated gas may
form a significant resource in areas where volatile-matter content is higher than 37 percent, and
results of gas-composition analysis suggests that some methane may have migrated from
Missis_sippian source rocks. Thus far, gas-content and g_as-compo‘sit‘ion data are not available from coal
Alabama with more than 37 percent volatile matte‘r. Hence, the impact of coal rank on producibility is
uncertain. |

Coal gréde may be an important consideration in the ‘explorafion of areas where coal has a high
volatile-matter content. Because ash content is inversely re|ated to metha_ne content in coal (Wyman,
1984), high-ash‘ resources may have reduced potential. The low-quality coal belt coincides partly with
an area of high volatile-matter content, so resources may be limited in this area. The impact of sulfur

content on the producibility of coalbed methane appears minimal. Although some operators have
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reported sulfurous odors emanating from some wellbores, no significant impact on the quality of

methane and production water has been reported.

Sedimentolbgy

Statistical analysis.indicates that coal thickness is not a control on coalbed-methahe'production
(fig. 95). This result is surprising, considering that coal, which is the pfimary sourée rock and reservoir
rock, is a prerequisite for production..Lack of a corre»llation between coal thickness and production is
interpreted to reflect the influence of other factors, particularly permeability, on the producibility of
coalbed methane. Therefore, coal occurrence should be considered a critical production parameter
from the stand pqint of locating a resource base that may be'dgveloped.

Why is coal most abundant in southern Tuscaloosa and western Jefferson Counties? In short, coal
abundance can be re}I‘ated to depositiqnal environment and subsidence. Three facts stand out with
regard to coal abundance (1) coal abundance increases as net lithic-sandstone thickness increases, (2)
in Tuscaloosa and Jefferson Counties, coal abundance and net lithic-sandstone thickness increase
greatly as cycle thickness increases, and (3) in ‘Greene and‘ Sumter Cdunties, coal abundance and net
_Iithic-sandstone thickness do not increase greatly as cycle ;chickness increases.

Restriction of the thickest lithic sandstone to the southeast part of the study area reflects
proximity to a sediment source and dominance of fluvial sedimentation. Therefore, high sediment
input in southern Tuscaloosa and western Jefferson Counties helped maintain terrestrial
environments conducive to peat accumulation. Channel and flood-bés_in sedimentation also caused
splitting and proliferation of coal beds in this érea (Epsman and others, 1988). The remaining parts of
the study area were far from a sediment source and were dominated. by marine sedimenfation which
is conducive to mudstone and quartzose sandstone deposition. Conseduently, peat deposition only
occurred in these areas late in each cycle when most or all of the region was emergent.

The increase in coal abundance and net lithic-sandstone thickness with cycle thickness indicates
that subsidence acted in concert with ﬂuviallsedimer.\tation in the formation of abundant coal.

Splitting of coal across faults onto downthrown fault blocks has been documented by Weisenfluh and
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Ferm (1984), bEps’man and others (1988), and Pashin and others (1989), and southern Tuscaloosa and

western Jefferson Counties are part of a major trough of subsidence. Whether or not this subsidence -

occurred along faults, differential subsidence may result in the splitting of coal beds. However, in
Greene and Sumter Counties, where the Black Creek-Cobb interval is locally thicker than 2,400 feet,
subsidence was not near a sediment source, so environments conducive to peat deposition seldom

were developed.

Hydrology and Hydrochemistry

Pressure-depth quotients and water-level data suggest that natural reservoir pressure in the Black

Warrior basin is near hydrostatic and that dewatering for mining and degasification has induced"

underpressure in large areas. Areas of enhanced permeability where reservoir pressure can be
lowered rapidly by dewatering coal beds are important for the development of coalbed-methane

fields. Simply stated, lowering of reservoir pressure is critical to methane desorption from coal. If

reservoir pressure can be lowered by the rapid removal of subsurface water, a large proportion of the ‘

desorbed methane may be recoverable.
Areas containing water with low TDS content may be related to meteoric recharge of the upper

Pottsville along the southeastern edge of the basin. Therefore, the fresh-water tongues in that area

may be migrating along avenues of high permeability. For example, Pashin and others (1989) |

documented a fresh-water lens that oceurs along the productive lineament trend in Oak Grove field.
Hence, identification 6f areas cont_aining low TDS water may be an important consideration in
recognizing open fracture systems which may pvrovide the best drilling sites.

iNew areas favorablé for coalbed-methane drilling have been recognized southwest of the
present coalbed-methane fields, énd numerous wells have been drilled or at least permitted. Because
the upper Pottsville is overlain by Cretaceous sediment, which apparently acts as a sink for meteoric
water, low-TDS protrusions probably are not developed in the same way as in the coalbed-methane

fields. Therefore, potential exists for production of water with TDS content well in excess of 3,000

3
e
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mg/L, and drillers should perhaps economize their efforts to offset the added cost of producing -

coalbed methane from below Cretaceous cover.

REGIONAL CHARACTERIZATION OF COALBED-METHANE POTENTIAL

' Having identified geologic 'controls on the occurrence and producibility of coalbed methané, the

Black Warrior basm of Alabama was dlvnded into 6 distinct areas having dlfferent coalbed-methane

potentlal (flg 98; table 12). Essentlauy all parts of the study area have some coalbed-methane

potential, but that potential is variable. The criteria used to define the areas include, coal rank coal
abundance, depth to the coal group, and water sahmty In order of increasing potential, the Black
Warrior basin of Alabama was divided into areas A _through F.

Area A (fig. 98) comprises parts of Tuscaloosa, Walker, Cullman, Marion, Winston, Fayette, Lamar,

and Pickens Counties. At present, there is no coalbed-methane productidn in this area, although parts

of Deerlick Creek and Blue Creek fields are within the area limits. The Mary Lee coal group in Area A

has volatile-matter content ranging from 34 to 40 percent and vitrinite reflectance less than 0.8

’ percent (table 12), so little thermal methane generation evidently occurred in this area. However,

migrated and biogenic methane may be an economic resource. Where data are available, fewer than
10 coal beds are present in the Black Creek-Cobb interval. Water salinity isllow along the northeast
rim of area A (<1,000 mg/L TDS), but thick Cretaceous overburden in the western part of the area
may signify high TDS content in water of the upper Pottsville. In tkhe.eéstern part of the area, target
coal groups crop ou}t, so thin overburden is a concern. However, the Mary Lee cycle is at a depth of
1,800 feet in the southern part of the area. Overall, the coalbed-methane potential of area A is
questionable, particularly because coal rank is low.

Area\. B, in soutﬁern Walker and central Jefferson Counties, contains the northeast part' of Oak
Grove field which has not been drilled (fig. 98). The Mary Lee coal group contains 28 to 37 percent
volatile matter, and 15 to 25 coal beds are present in the Black Creek-Cobb interval (table 12);
Therefore, coal abundance is favorable, but rank is variable. Hydrologic evidence indicates that area B

has the potential to produce water with TDS values greater than 3,000 mg/L. Overburden is a concern
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Table 12. Regional characterization of coalbed-methane potential

Coal rank of Mary Lee cycle :
(%) Coal abundance in Depth to top of Water salinity (TDS) Proven
Area g ’ Black Creek-Cobb Mary Lee cycle of Mary Lee Coal roduction

Volatile Vitrinite interval (feet) ~ group (mg/L) P

matter reflectance ‘ ‘
A © 34t0 40 06t008 . <10beds - 600 to 1,800 1,000 to >3,000 No
B 28t037 | 08t01.0 15to25beds . "~ 0to600 >3,000 : No
C Nodata | 0.8to1.2 <20 beds, 600 to 4,800 no data, ' No

: locally <5 beds " . probably >3,000
D 22 to34 08to1.4 15 to 30 beds ] 600to 1,500 - >3,000 - Yes
E 19to 34 10to1.4 20 to 30 beds 600 to 2,100 - <3,000, Yes
. . locally <1,000
F No data 0.8t01.0 20 to 40 beds 2,700 to 3,300 <3,000, Yes
‘ : ‘ ' locally >10,000 .

because the Mary Lee, Pratt, and Cobb cycles crop out in the northeast part of the area. However, the
Mary Lee cycle is present at a depth of 600 feet in the western part of the area, and the Black Creek

cycle is deeper than 1,000 feet. Hence, the coalbed-methane potential of area B increases toward the

‘west.

- Area C is in southwest Lamar, most of Pickens, west-central Tuscaloosa, and northernmost Sumter
and Greene Countieé (fig. 98). Carrolls Creek field is the only coalbed-methane field in this area. A
vitrinite-reflectance meésurément of 0.86 froﬁ that field corresponds to a volatile;hatté'r content of
about 37 percent, which sugg‘es,ts that only migrated and biogenic gas are preserved in the reservoir.
Two coalbed-methane wells completed in‘ the Mary Lee coal group in Carrolls Creek field pro_duced
only 9 and 39 Mcfd of gas in initial tests. However, vitrinite reflectance is greater than 0.8 percent
throughout Area C and is 1.2 percent. jn Sumter County, indicating that some medium-volatile
bitqminous céal may be ‘present (table 12). The target coal groups have thick overburden, and the
Mary Lee cyde is at ‘a debth bf 4,800 feet. Fewer than 20 coal beds are presént in the study interval
throughout most of the area, and fewer than 5 beds are present locally. However; rﬁore than four
closely spa?ed coal beds occur in the Pratt cycle in parts of Pickens County. Another c§ncern in
developing Area C is the possibility of high TDS water related to deep burial of the Pottsville bélow

Cretaceous cover. Hence, Area C has variable coalbed-methane potential.
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Area D includes parts of Tuscaloosa, Jefferson, and Walker Counties and contains large portions
of Brookwood, Oak Grove, and Blue Creek fields (fig. 98); this area has been the site of extensive
d'everlopment. Volatile-matter content ranges from 22 to 34 percent (table 12), in‘dvicating that _coal

rank ranges from high-volatile A bituminous to medium-volatile bituminous.v In area D, 15 to 20 coal

beds are common, and the area locally contains more than 30 beds. Area D has proven production

along its southeast margin where TDS content is much less than 10,000 mg/L. However, several parts _

of the area cdntain formation water v\)i‘th TDS conteﬁt greater than 10,000 mg/L. The Mary Lee cycle is
ata depth between 600 and 1,500 feet, sb»overburden is not a major concern. On the basis of high-
rank coal and proven production, Area D has good coalbed-methane potential.

Area E is located in western Jefferson and eastern Tuscaloosa Counties and contains parts of Oak

Grove, Brookwood, and Cedar Cove fields (fig. 98); it contains 'abundant coalbed-methane .wells. The

area is similar in many respects to area D, but area E contains low-volatile bituminous coal with less
than 19 percent volatile matter (tahle 12); this is the highest rank coal known from the Black Warrior

basin. The northwest margin of area E is defined by fresh-waier_ tongues related to recharge along

the Blue Creek anticline, so TDS content is locally less than 1,000 mg/L. Area E has proven production

along its northwestern margin and has excellent coalbed-methane potential.

“Area F is in the southern Tuscaloosa County area and includes part of Cedar Cove field and an

undrilled part of Deerlick Creek field (fig. 98). More than 20 ’éoal beds occur in the area, and more
than 40 coal beds occur locally (table 12), althdugh coal-thickness data are scarce. Vitrinite reflectance
is higher than 0.8 percent, and area F contains a proven high-productivity trend in Cedar Cove field.
Hdwever, potential for producing high-TDS water (more than 10,000 mg/L) exists because coal-
bearing strata are overlain by thick Cretaceous sediment, and thé Mary Lee éycle is as deep as 3,300
feet. On the basis of geologic factors, areas D, E, and F offer fhe best coalbed;methane potential in
the Black Warrior basin of Alabama. Areas D and E /already' have numerous producing coalbed-

methane wells, so area F may be the most promising frontier area in Alabama.

1 }
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However, results of this investigation indicate that abundant, high-rank coal is not enough to

ensure economic methane production. High-productivity trends are localized (fig. 94), and geologic

. data suggest that these trends are predictable. Several highly productive trends occur along

northeast-oriented lineaments. These lineaments evidently are the surface expression of zones of
enhanced permeability that apparently are related to fractures. Productive trends also are associated
with areas of low reservoir pressure, and salinity maps indicate that fresh water has migrated toward
these areas from the southeast rhargih of the basin. The available data indicate that structure and

hydrology are critical production parameters that may be used to identify favorable well sites within

‘regions containing significant coal resources.

FUTURE NEEDS

Future studies of structural geology should concentrate on detailed, site-specific analysis of
lineament and fracture patterns. In this study, only a basic correiation between northeast-oriented
lineaments and exceptional methane production has been identified. Methodology must be
developed that may be used to identify which lineaments have the greatest potential and to
determine how geology, permeability, and production po.tential vary along Iinearhent trends.

Perhaps the biggest iemaining questions regarding coal qualify and gas composition pertain to
the relationship of gas contenfto coal rank. Does coal with volatile-matter content higher than 37
percent contain a significant‘ qoéntity of biogenic gas? Hés gas migrated from high-rank coal into
lower rank coal and into areas with exceptional permeability? If so, future gas-content and gas-
composition studies should include parts of the basin that have been overiookeci because of low coal

rank. Vitrinite-reflectance data are still so scarce that each new data point alters the map pattern

-significantly. Hence, detailed rank maps of the western part of the basin may reveal unforeseen areas

with significant coalbed-methane potential.
This study focused only on the regional aspects of sedimentology and coal occurrence in the Black
Warrior basin. Future research should focus on the geologic controls of coal-body geometry and the

criteria that may be used to predict the occurrence of thick coal bodies. How does coal-body
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geometry vary, and what are the sedimentologic and structural controls on that geometry" Do facies

changes comcnde with productive lineament trends as is the case in Oak Grove field?

Hydrologic investigation suggests that pumping of coalbed-methane wells has induced

underpressuring in large areas, thereby facilitating methane desorption. However, the rate at which
underpressuring can be induced and the area which a given well or set of wells may effectively
depressurize have not been addressed. Site-speafic hydrochemical studies may also have merit. For
example, the fresh-water lens that oceurs along the productive lineament trend in Oak Grove field
indicates connection with a fresh-water protrusion, and possibly, downward ‘percolation of surface
water. Do only fresh-water lenses coincide with productive iineaments, or can salinity anomalies in
general be used to identify zones of permeability?

A major implication of this research is that well and field design may be tailored to soecific
geologic settings. Although mt‘JCh‘Of this study emphasizes highly productive lineament trends, the
areas between those trends also offer significant economic potential. Perhaps the most important
avenue of research remainino is the development of a strategic well-siting and well-design plan. For
example, wells may be distributed along prospective lineament-related fracture zones, and some of
those wells may not need to be stimulated. Additionally, fracture treatments may be developed that
duplicategeologic conditions in natural fracture zones, and a well-spacing strategy needs to be

developed for areas between lineament trends that will optimize reservoir drainage. '
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Researchers at the Gas Research Institute’s Rock Creek test site provided helpful discussions of the

relationship between geological and engineering factors.
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