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Terminology of Major Structural Belts and the Fairway Region

There are several gas producing regions and structural belts within the Arkoma
basin of Arkansas and these geologic terms are widely used by oil and gas operators,
consultants, and academics who conduct geologic research in the west-central portion of
Arkansas. A general description of the structural belts from south to north are
summarized below and the reader is referred to the work of Arbentz (1989) for a more
detailed discussion of the structural elements of the region.

The entire Ouachita Mountains region south of the “Y” City Fault is commonly

referred to as the “central Ouachita thrust belt” (Figure 1). This belt contains three



segments including an exhumed core of tightly folded and thrusted lower Paleozoic rocks
referred to as the Benton Uplift (Miser, 1959; Lillie et al., 1983). The structural style,
deformational history, and thermal evolution of the Benton Uplift are unique and
different from the rest of the central thrust belt. The region shown in Figure 1 between
the Choctaw and Ross Creek faults and the “Y” City fault is referred to as “frontal
Ouachita thrust belt” and consists of one giant faulted syncline in the massive lower and
middle Atoka. North of Waldron, Arkansas, the Choctaw fault disappears in the core of
the Hon anticline which plunges northward. A few miles south of Waldron, the Ross
Creek fault takes over the role of the mountain front and continues eastward toward the
Mississippi Embayment. Surface attitudes of the thrust sheets in the frontal imbricated
zone are generally quite steep (45°- 65°) and local refolding of the faults can be observed
in plunge projection. Some Kklippen are recognizable by juxtaposition of out-of-place
facies and apparent younger-over-older thrust configurations.

The belt of rocks that lies immediately north of the frontal belt and to the south of
the fairway region is referred to in this paper as the “transition zone” and represents a
mildly compressed thin-skin fold belt detached along lower Atokan shales (Figure 1).
Compressional structures in the transition zone diminish northward as the fairway region
is approached. Many of the shallow thrust faults of the transition zone terminate in the
subsurface against south-dipping down-to-basin growth faults. Large open folds such as
the Backbone Anticline south of Greenwood, Arkansas represent the northern extent of
large-scale folding in the transition zone.

The “fairway region” is defined in this paper as the conventional gas fields

located north of the transition zone and consists of Atokan siliclastics with interbedded
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shales that were deposited in a continental shelf environment. Although compressional
structures are less prevalent in this region, normal faults are quite common and consist of
steeply-dipping to listric growth faults that had a profound effect on the syndepositional
accumulation of thick sandstone sequences. Historically, the fairway region has produced
the majority of natural gas within the Arkoma basin of Arkansas and these stratigraphic

sequences tend to have a higher degree of permeability and porosity.

Introduction

This project is a joint research effort to examine the gas reservoir characteristics
of “tight sandstone” in this region of Arkansas. The project is a collaborative effort
between the Arkansas Geological Survey and Southwestern Energy & Production
Company of Houston, Texas. The principal objectives of the project are to characterize
the reservoir properties of Pennsylvanian sandstones from three wells located in the study
area (Figure 1) and compare them with those of conventional sandstone reservoirs in the
fairway region located to the north. The clastic stratigraphic sequences that were studied
are typical of “tight sandstone” reservoirs (Chen and Robbins, 1991; Brown and
Woodward, 1993) and thus inherently possess low porosity and low permeability

characteristics necessitating well stimulation procedures for gas production.

Methodology

Well cuttings were sampled from the Arkla, Edwards “B” No. 1-6 and the Hunt,
USA No. 1-1. Core plugs were extracted from the Shell, C.M. Bettis No. 1-14. All three
wells are located in Scott and Yell Counties, west-central Arkansas (Figure 1). The

primary data compiled include well logs, photomicrographs, petrographic descriptions of



thin sections, porosity and permeability data from core, and vitrinite reflectance
measurements from interbedded shale samples. The pertinent data is compiled and
presented in Plates 1-3 for each well and additional data is presented in Appendices 1-4.
It is noted that porosity and permeability analysis was conducted only for the C.M. Bettis
No. 1-14 well and thin section descriptions are not available for the Edwards “B” No. 1-6
well. Well logs, including Gamma Ray (GR), Spontaneous Potential (SP) and Resistivity
(R), were acquired from the El Dorado office of the Arkansas Oil and Gas Commission.
Well cuttings and core plugs were sampled at the Norman F. Williams Well Log Library
in Little Rock, Arkansas. Core analyses were conducted by Omni Laboratories Inc. of
Houston, Texas. Organic geochemistry and vitrinite reflectance analyses of shale-rich
well cuttings for the Edwards “B” No. 1-6, and Hunt USA No. 1-1 wells were conducted
by Geotrack Inc. of Australia. These latter studies facilitate an understanding of kerogen
type, organic richness, and a thermal maturation profile associated with the depositional

and compressional tectonic history of the region.

Porosity and Permeability Analysis

Porosity and permeability data for Pennsylvanian sandstones in the fairway region
of the Arkoma basin have been collected and reviewed. Most of the data that is observed
is from the Atoka Formation, with lesser amounts of data derived from Morrowan age
rocks. The Atoka Formation is informally divided into lower, middle, and upper members
on the basis of three distinct geologic environments that reflect Atoka deposition in the

Arkoma basin (Houseknecht, 1986).



The lower Atoka distributary channel facies consists of sands that were deposited
on a relatively stable shelf (Johnson et al., 1989). The lower Atoka sequence consists of
fine to very fine-grained sandstones and produce natural gas at depths from 2,755 to
12,000 ft. with net pay ranging from 15 to 55 ft. Porosity ranges from 8 to 17.5% and
permeability ranges from 0.13 to 24 millidarcies (md) in the Arkansas portion of the
Arkoma basin (Figures 2 to 4).

Throughout the Arkoma basin, the middle Atoka sequence consists of submarine
fans and channels that are characterized by deepening water deposition during a time of
syndepositional extensional faulting (Johnson et al., 1989). The middle Atoka sandstones
produce natural gas from 2,237 to 8,000 ft. (Brown and Woodward, 1993). Porosity
values range from 5.9 to 13.19% and permeability ranges from 0.04 to 8 md (Figures 2
to 4).

The upper Atoka transgressive sandstones are characterized by deposition in
shallow to moderately deep water. Upper Atoka sandstone reservoirs range in depth from
1,958 to 5,120 ft. Porosity varies from 5 to 15%, and permeability ranges from 0.12 to
12.9 md (Figures 2 to 4). Morrowan sandstones and limestones are deposited in shallow
marine environments. Producing reservoirs are developed at depths of 5,300 to 8,100 ft.
with a reported porosity range of 7 to 14% and permeability range of 0.2 to 42 md (Chen
and Robbins, 1991; Figures 2 to 4).

Core plug samples from the C.M. Bettis No. 1-14 well were collected on site by
technicians from Omni Laboratories and were analyzed for porosity and permeability
determinations. Core samples were derived from depths ranging from 9,280.8 ft. to

11,073.45 ft. and are composed essentially of very fine to fine-grained sandstones. The
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Figure 2. Comparison of porosity data between sandstones in the fairway
region and tight sandstones in the Shell, C.M. Bettis No. 1-14 well.

tight sandstones are characterized by low porosity (0.2% - 5.1%; 2.1% on average) and

extremely low permeability values (0.0002 to 0.0035 md; 0.0012 md on average) as

shown on Figure 5. These values are indicative of a higher degree of mechanical and

chemical compaction, quartz overgrowth, dissolution of soluble materials, and increased

quartz and clay ingrowths compared to conventional sandstone reservoirs in the fairway

region.

Vitrinite Reflectance Analysis

Eleven (11) shale-rich samples were collected from well cuttings associated with

the Edwards “B” No. 1-6 well and eleven (11) shale-rich samples were collected from




well cuttings associated with the USA No. 1-1 well. Samples from both wells were

submitted to Geotrack Inc. of Australia for vitrinite reflectance (Ro) analysis to assess the
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Figure 3. Comparison of permeability data between the sandstones in the

fairway region and the tight sandstones in Shell, C.M. Bettis No. 1-14 well.
thermal maturation characteristics of interbedded sandstone reservoirs. Ro values from
both wells are very high and range from about Ro = 5.6 to 6.7% (Appendix 3). Gross et
al. (1995) reported that Ro values range from 2.17 to 3.23% in the C.M. Bettis No. 1-14
well. It is the opinion of the authors that these high levels of thermal maturity within and
along the frontal Ouachita belt are due to a combination of orogenic fluids, igneous

activity, and isostatic rebound of deeply buried rocks following cessation of tectonics.



These Ro values are typically beyond the limit for preservation of “conventional” dry gas,
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Figure 4. Comparison of permeability and porosity data between the
sandstones in the fairway region and the tight sandstones in Shell, C.M.
Bettis No. 1-14 well.

which seems to suggest that the methane preservation deadline in the foreland basin and

frontal thrust belt can be considerably greater than the presently accepted preservation

limit of 4.8 % Ro. For more vitrinite reflectance information on these two wells, please

refer to Appendix 3.

Well Logs - Photomicrographs and Thin Section Descriptions

Subsurface well logs of the three wells, which include Gamma Ray (GR),
Spontaneous Potential (SP), and Resistivity (R), were acquired for the corresponding
intervals that are analyzed for geochemistry, petrography, and core analysis. The

geophysical log intervals for the sampled ranges are shown on the left side of Plates 1-3



with corresponding photomicrographs, thin section descriptions, vitrinite reflectance

values, and core data information. In the study area, conventional well log analysis is
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Figure 5. Permeability vs. porosity plot for Shell, C.M. Bettis No. 1-14.

very difficult due to telescoped and thrust duplexes of stratigraphic units associated with

the Ouachita orogeny. John Allison of XTO Energy has considerable experience with gas



exploration in this region of Arkansas and provided the stratigraphic top and fault picks

that are marked on the well log portions of Plates 1-3.

Discussion

The three wells studied along the frontal Ouachita thrust belt show considerably
higher levels of thermal maturity compared to those in the fairway region and the central
portion of the eastern Arkoma basin adjacent to the Mississippi Embayment
(Houseknecht et al., 1992; Ratchford et al., 2006). The authors believe that the primary
geologic factor in the elevated vitrinite values for the three wells is due to their close
proximity to the core region of compressional deformation associated with the Benton
Uplift in the Ouachita Mountain region. Heated orogenic fluids expelled during the
Ouachita Orogeny would likely exert more influence on the thermal maturation process
in this region than other contributing geologic factors. Local stratigraphic facies with
higher permeability and porosity values were more susceptible to migrating orogenic
fluids and hence higher thermal maturities.

However, other contributing geologic factors such as local igneous activity and
deep burial of stratigraphic sequences have also had a profound influence on the thermal
maturation history in the Arkoma basin. The reader is also referred to the work of Byrnes
et al. (1999), who modeled the burial and maturation history and petroleum generation
timing of Arkoma basin rocks in Arkansas and Oklahoma. Byrnes et al. (1999) suggested
that 5,000 to 15,000 ft. of stratigraphic section has been removed from the Arkoma basin
region, and as much as 25,000 to 40,000 ft. has been removed from areas of the Ouachita

fold belt.



All of the three wells that are studied in this project were drilled from 1964 to
1982 and are reported as dry holes by the Arkansas Oil and Gas Commission. However,
productive gas wells are present within the transition zone and the more recently
developed Waveland gas field lies north, but proximal to the frontal Ouachita thrust belt
(Figure 1). Appendix 4 lists three (3) representative gas wells located within the
Waveland gas field to illustrate that gas production is feasible as exploration for
structurally complex reservoirs continues southward toward the frontal belt. The
technical advance of well stimulation and completion technologies greatly facilitates the
success in producing natural gas from tight sandstone reservaoirs.

Low porosity and permeability characteristics coupled with increased drilling
depths and structural anisotropy within and along the frontal Ouachita thrust belt will
likely result in higher exploration and development costs compared to the fairway region
located further north. Hydraulic and chemical stimulation procedures are likely needed to
enhance gas production from the fine-grained “tight sandstone” reservoirs along the

frontal belt.
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Vitrinite Reflectance Measurements -
Shell C.M. Bettis No. 1-14 Well
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= = = agglutinated foraminifera; scattered small carbonaceous fragments; common| micropores are barely visible within the
—+ g 1] erratically distributed fine crystalline siderite replacement; minor amount of | argillaceous matrix.
) ° g{ T finely disseminated replacement pyrite.
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= - - TS5 Fine-grained sandstone; faintly bedded; moderately sorted; highly
— s== compacted, common deformed ductile grains; intergranular areas are filled . s .
= P 1A 3 b " wihs. with 1 & g‘fh' e ol ) Micropores occur within argillaceous and/or
— LS < mos uartz overgrowths, with less common authigenic clay cemen . . .
1 / 11,000.15 | .. Al i o . PHgemie ciay altered grains (particularly mica), and are also <0.0001 0.4 2.68
8 - (including chlorite); titanium oxide occurs as a grain alteration and as i
S & T : . i . . . present between crystals of authigenic clays.
—+ - i intergranular cement; authigenic clays appear lightly stained with solid
B L %* Sulll = hydrocarbon.
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<, —r Fine-grained sandstone; bedded; locally disturbed by burrows or soft-
- ] | 4 1 — sediment deformation(?); highly compacted, common deformed ductile : -y i Several non-planar fractures that
. . . . . : Micropores occur within argillaceous and/or ) : )
B e |H- grains; a few discontinuous microstylolites; intergranular areas are e o are oriented at oblique- to high-
S Tt <] - - 11,007.85 |dominantly filled by erratically developed quartz overgrowth cement and A S ) ) angles relative to bedding; filled <0.0001 0.5 2.68
- . . . amount of microporosity is associated with ) L .
s} common authigenic clay cement; solid hydrocarbon also fills intergranular ralie s with authigenic quartz and solid
= ] IR pores and micropores associated with authigenic clays and altered grains; g Ve hydrocarbon.
= = Y - - minor authigenic titanium oxide.
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BN Fine-grained sandstone; localized faint traces of bedding; highly
— 2 T T == i compacted, moderately sorted; common ductile grains; common irregularly | Dominantly micropores that occur within
= 14 S K 11.016.30 distributed quartz overgrowth cement and authigenic clay cement (including|argillaceous and/or altered grains (largely <0.0001 29 269
r - 117 = o chlorite) fill intergranular areas; minor authigenic titanium oxide as grain | ductile grains); a smaller amount of micropores ' ’ ’
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1+ alteration and cement; solid hydrocarbon fills micropores associated with  |is associated with authigenic clays.
1= B | 4 1 authigenic clays and altered grains.
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2 s e e S e Fine-grained sandstone; bedding locally discernible, including a slightly
undulose bed contact marked by a fairly distinct change in grain size;
. —— = o _ moderately sorted; a few organic-lined microstylolites; highly compacted, |Micropores occur within argillaceous and/or
3 - 11,025.40 |common deformed ductile grains; intergranular areas are filled mostly by | altered grains (particularly mica), and are also <0.0001 2.1 2.68
- ] : N quartz overgrowths and authigenic clay cements, with solid hydrocarbon present between crystals of authigenic clays.
H 1t =5 also present in micropores; authigenic titanium oxide is scattered
= throughout the sample as a grain alteration and intergranular cement.
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e 4] ° K i Fine-grained sandstone; bedding defined by differences in grain sizes; an
= = organic-lined microstylolite at moderately high-angle relative to bedding;
- TS moderately sorted; highly compacted with common deformed ductile grains; . L
—t ) Y i £ ti 4 p' ; ” . . ) 'g A network of micropores occurs within
4 - / uartz overgrowths are the dominant cement, occurring as irregular rims on . . .
N- n 11,033.75 b et L . . . - swar o argillaceous and/or altered grains (particularly 0.0001 2.5 2.68
o A I_ quartz grains; authigenic clay (including chlorite) occurs as thin, partial ; .
T ey 1 . : ] . . : . i mica) and between crystal of authigenic clay.
= E- N ;7777} grain coatings; intercrystalline micropores associated with authigenic clays
i ErAE= B S and micropores in altered grains are filled/lined with solid hydrocarbon;
I 5en a—— trace replacement pyrite.
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1T 1_‘_ +4 o ey e e ol o S e Fine-grained sandstone; faintly bedded; moderately sorted; highly
= ] _if compacted, common deformed ductile grains; organic-lined microstylolite
T =1 & - subparallel to bedding; intergranular areas are dominantly filled with quartz | A network of micropores occur within A authigenic quartz-filled fracture
1 =t 11,040.50 |overgrowth cement, with a subordinate quantity of authigenic clay cement; |argillaceous and/or altered grains (particularly |is oriented at a low-angle relative <0.0001 2.4 2.68
i-.’ - = solid hydrocarbon fills micropores associated with authigenic clays and mica) and between crystal of authigenic clay.  |to bedding.
] = t T altered grains; authigenic titanium oxide is dominantly a grain alteration and
= \} T LR - TF also an intergranular cement; trace replacement pyrite.
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4 5 sl =11 1] Fine-grained sandstone; bedded; bedding disturbed by possible small- A few apparently discontinuous,
T ) B scale faults and fractures; moderately to poorly sorted; highly compacted, . . o quartz cement-filled fractures that
. : : . ; Dominantly micropores that occur within .
, , common deformed ductile grains; microstylolites appear to have formed . i are possibly related to the small-
= . . L argillaceous and/or altered grains (largely . .
<> 11,048.40 |along faults; dominantly quartz cemented with lesser authigenic clay cement . . i scale faults and/or microstylolites; | <0.0001 1.3 2.68
h : . B . . . . ductile grains); a smaller amount of micropores .
T _ = (including authigenic chlorite); solid hydrocarbon fills micropore associated|. : . . apparent aperture widths of
[ g . S . . o . . 1s associated with authigenic clays.
& —— with authigenic clays and altered grains; minor titanium oxide as a grain fractures decrease away from
1= H L] alteration and intergranular cement. faults.
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m é} : T Slightly argillaceous, fine-grained sandstone; appears brecciated with argillaceous
Tt & 1 ‘ZP% = r sandstone fill around breccia clasts; host brecciated sandstone is bedded and lacks
— — | e df:positional mat'rix; highly compacted, commgn deformed ductile grains; several Dominantly micropores that occur within A few authigenic quartz-filled
1L - il T d1scont1§;tl}cl)?s majOStlehth;l Cle;ﬁ Sand_ donnlnanﬁtly tc:r?entilclllby qualitz argillaceous and/or altered grains (largely fractures are oriented at oblique
1 [E b L ILHS635 [ o s et et R R R AR .. . |ductile grains); a smaller amount of micropores |angles relative to bedding; <0.0001 1.0 2.68
5 r S (including authigenic chlorite) forms thin grain coatings and also fills pores; detrital |, : . L. :
=% 1 1 i 1l 1 1 sedi a1 d breccia clasts: |15 associated with authigenic clays or occurs apparent aperture widths are
T E T 3 | l Tﬁ;g I clay matrix appears to fill intergranular areas in sediment fill around breccia clasts; i th - ] highl bl
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