






















































































































































































































































































































































































































































































































































































































































































Triangle Zone, Arkoma Basin, Oklahoma

Wapanucka is similar to in-line profile 164, except that
thrust w2 is not present. Note that thrust w3 folds the
overlying section, including the Wapanucka thrust sheet
and wl.

One of the advantages of 3-D seismic data is that time
slices provide a view very much like a geologic map. The
principal reflectors can be mapped in sequential sec-
tions to outline structures in three dimensions. The posi-
tion of a reflector in successive time slices is related to its
dip. The higher the dip, the narrower the reflector will
appear; conversely, the lower the dip, the thicker it will
appear. Variations in reflection amplitude can, however,
have the same effect as dip changes in a constant-ampli-
tude reflector (Brown, 1991).

Three time slices (Fig. 9) illustrate these structures in
map view. The time slice at 1,860 ms TWT shows the
Wapanucka thrust sheet forming an anticline bearing S.
40° W. The time slice at 2,000 ms TWT shows that the
Wapanucka thrust sheet has moved to the southwest,
and the footwall Wapanucka emerges in the core of the
anticline. The thrust that separates the reflections is also
folded, suggesting that the formation of this anticline
postdates the thrusting that repeats the Wapanucka
Limestone.

At 2,000 ms TWT, the azimuth of the anticline is S. 65°
W., more westerly directed. This change in azimuth may
be the result of differential transport of the thrust sheet,
which can be observed in the three in-line profiles of
Figure 5. Thrust w3 offsets the footwall Wapanucka and
has a relatively straight southwest-northeast trend sug-
gesting that it is younger and responsible, in part, for the
folding of the overlying anticline. The time slice at 2,400
ms TWT at the Hunton level is not as clear as the shal-
lower slices, but serves to illustrate the trend of the
northwest-vergent thrusts and the backthrust.

The reflection from the backlimb of the fault-bend
fold has very low amplitudes or is absent, probably ow-
ing to the increased convexity that defocuses the energy
or to the steeper dip that reflected the energy out of the
geophone array.

Upper Detachment

The triangle-zone model (Jones, 1982) requires the
presence of an upper detachment or “passive roof
thrust” (Banks and Warburton, 1986) that separates
strata of the frontal syncline from the underlying blind
thrusts. The upper detachment is the zone where the
duplexes of the triangle zone merge with the overlying
syncline. This upper detachment must be present in the
area, but does not have a clear seismic expression, prob-
ably because it is parallel to the bedding of the syncline
and is localized within shales that do not have any sig-
nificant acoustic impedance contrasts that would gener-
ate a reflection. The upper detachment of the triangle
zone should be below this reflection and parallel to the
bedding of the overlying syncline.

Thrusting in the Wapanucka Limestone

The most prominent structure in the data is the fault-
bend fold (Suppe, 1983) that repeats the Wapanucka
Limestone. The displacement on the underlying thrust
w1 progressively increases from southwest to northeast;
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Figure 8. In-line profile 120 illustrating the interpretation of the
faulting in the Hunton Group. Labeled features are discussed
in the text.

it varies from ~700 m in in-line profile 35 to ~1.6 km in
in-line profile 164, and it is >1.6 km in in-line profile 250
since the leading edge is out of the data (Fig. 5). The in-
crease in displacement along strike is also accompanied
by an increase in the ramp angle to the northeast.

The detachment for thrust wl is located ~60 ms TWT
below the hanging wall Wapanucka Limestone in the
Springer Shale. The calculated dip angles for wl vary
from ~11°in in-line profile 164 to 20° in in-line profile
250. The detachment for w2 is also in the Springer Shale,
whereas w3 has a detachment above the Hunton, in the
Woodford Shale (see in-line profile 120, Fig. 8).

Thrusts w2 and w3 have much less displacement; the
vertical throw of these faults rarely exceeds 20 ms TWT
(~40 m). Their average dip angle measured along the in-
line profiles is ~15°. Thrust w3 is fairly continuous, but
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Figure 9. Time slices at 1,860, 2,000, and 2,160 s TWT. See text for discussion.
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w2 is of very limited extent and dies out laterally. It is
likely that there are more of these small faults in the
lower Wapanucka Limestone, but they were not mapped.
The number of smaller faults increases exponentially
according to the fractal (scale-invariant) nature of fault-
ing (Yielding and others, 1992).

Hunton Faults in the Hunton Group

The faults that cut the Hunton Group have been inter-
preted as reverse. In-line profile 120 (Fig. 8) shows the
three main northwest-vergent thrusts and a backthrust.
The detachments are probably in the Simpson Group for
hl and h2 and in the Arbuckle Group or deeper for h3.
The interpretation of these faults as reverse is not obvi-
ous in many in-line profiles, but the interpretation of the
whole survey shows that there are repeated sections of
the Hunton. The reverse motion of these faults is seen
more clearly in some cross-line profiles. Cross-line pro-
file 10, on the northwest side of the survey, shows clearly
the reverse motion of faults h3 and h1 (Fig. 10). The off-
set of these faults is not great; therefore, the higher reso-
lution of 3-D seismic data is required to identify them.

Fault h3 is reverse in cross-line profile 10, but at in-
line profile 35 (Fig. 11), 2 km to the southwest, it is inter-
preted as a normal fault. This evidence suggests that

CROSS-LINE 10
SwW

235

these faults, interpreted as reverse, may have been nor-
mal faults reactivated during the Ouachita orogeny, as
postulated by Tilford (1990). Fault h3 reveals normal
separation at the southwest end of the survey where the
overlying Wapanucka thrust wl has the least displace-
ment, whereas at the northeast end of the survey, the
Hunton faults have reverse separation where displace-
ment on the Wapanucka thrust wl is greatest. These var-
iations suggest some connection between the amount of
compression and the reactivation of the normal faults.

Lateral Ramps

At the southwest end of cross-line profile 46 (Fig. 7),
the h2 and w3 thrusts merge at wl and cut the lower Wa-
panucka. Coincidentally, the hanging-wall Wapanucka
seems to end at this point. Southwest of wl, the lower
Wapanucka Limestone seems to be undisturbed. Fault
w1 appears to have determined the location of the lateral
ramps of h2 and w3 (and possibly the emplacement the
Wapanucka thrust wl).

Fault wl is seen in cross-line profile 46 as a reverse
fault and in cross-line profile 10 (Fig. 10).as a normal
fault. This change in fault-plane dip may have several
explanations. One possibility is that it was originally a
normal fault, but was reactivated as a reverse fault during

NE
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Figure 10. Cross-line profile 10 illustrating the reverse faulting of Hunton Group in strike view.
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Figure 11. In-line profile 35 showing h3 as a normal fault.

the Ouachita orogeny. Another interpretation is that the
change in dip of the fault plane is a product of rotation
along a tear fault. In any case, this fault seems to have
been formed prior to the thrusts and to have acted as a
buttress during compression. It is not clear whether this
fault cuts through the underlying Hunton Group.

3-D SUBSURFACE
STRUCTURAL GEOMETRIES

Figure 12A is an amplitude and time-contour map for
the hanging-wall Wapanucka thrust sheet. The varia-
tions in reflector amplitude are attributed mainly to re-
flector curvature. Higher amplitudes are associated with
the axial part of the fold where the dip is gentle. The am-
plitude of the backlimb of the fold is very low, where the
reflector is more convex. Minor variations in amplitude
can be related to lithologic variations or fluid content.
The structurally higher part of the fold is located in the
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north part of the area at time 1,640 ms TWT (~3,060 m),
and the lower part is at ~2,060 ms TWT (~3,820 m).

The amplitude-horizon map for the footwall Wapa-
nucka Limestone (Fig. 12B) shows a very good correla-
tion between blocks of different amplitudes and the
traces of the faults. The higher part of the unit is located
in the northeastern part of the area. The highest time
contour is 1,925 ms TWT, which corresponds to ~3,580
m, and the lowest is at 2,150 ms TWT (3,980 m). Faults
H1 and H2 in the amplitude-horizon map of the Hunton
Group (Fig. 12C) separate the southwest-trending, higher-
amplitude hanging-wall block from the lower ampli-
tudes to the northwest. The highest part is again in the
northeastern corner of the area, from 2,180 ms TWT,
which corresponds roughly to 4,040 m, and the lowest is
at 2,440 ms TWT, which is ~4,510 m.

Figure 13 shows perspective views of the surfaces of
reflector A, the Wapanucka thrust sheet, the lower Wa-
panucka Limestone and the Hunton Group. This view is
from the south-southwest and at an angle of 30°. The
similar surface geometries not only suggest that these
surfaces were involved in the same folding, but also that
their original configurations were more or less parallel. It
is clear from this perspective view that the southern limb
of the Kiowa syncline (reflector A) has been uplifted by
underlying thrusts.

From the time-contour maps and with a depth-con-
version table, the bearing and plunge of the fault-bend
fold can be calculated. Figure 14 is a stereonet with these
fold-axis data for the hanging-wall and footwall Wapan-
ucka Limestone and for the Hunton Group. The trend
and plunge of the Kiowa syncline were measured from a
geologic map and are shown for reference. The three
subsurface features plunge 2°-10° to the southwest. The
average trend and plunge of the Kiowa syncline are 243°
and 14°, respectively. This similarity indicates that the
Kiowa syncline and the three features in the Wapanucka
and Hunton were involved in the same folding event.
The scatter of the fold-trend data may be related to dif-
ferential transport along the thrusts.

SEQUENCE OF DEFORMATION

A sequence of deformational events based on the in-
terpretations above is proposed. The deformation began
in the foreland basin when the sub-Atoka sedimentary
section was involved in normal faulting (Houseknecht,
1986; Sutherland, 1988). The first thrust to develop was
w1, which formed as a fault-bend fold with its detach-
ment in the Springer Shale. This deformation initiated
the passive uplift of the overlying Atokan and younger
section. Thrusts w2 and w3 followed, slightly folding the
overlying Wapanucka section. The detachments for
these thrusts are in the Springer and lower part of the
Woodford Shales, respectively.

The normal faults that offset the Hunton Group and
deeper strata were reactivated as reverse faults during
the later stages of thrust emplacement. These faults
show a greater reverse displacement where the overlying
Wapanucka thrust has more displacement. They are still
normal, or the reactivation is less to the southwest,
where the Wapanucka thrust wl has less displacement.
This observation suggests that there is some direct corre-
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Figure 12. Amplitude and time-contour maps of (A) the Wapanucka thrust sheet, (B) the footwall Wapanucka,
and (C) the Hunton Group.
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lation between the Wapanucka thrusting and the reacti-
vation of the Hunton faults. The Hunton faults appear to
have been reactivated when the Wapanucka thrust sheet
was emplaced; however, the Hunton faults continued
moving and subsequently folded the entire overlying se-
quence.

Faulting in the Hunton Group and deeper strata has
been traditionally interpreted as normal (Wilkerson and
Wellman, 1993; Suneson and others, 1990; Bertagne and
Leising, 1989; Perry and Suneson, 1990). The conclusions
drawn from this study agree with those of Tilford (1990),
who proposed that some of the normal faults were re-
activated as reverse faults during the Ouachita orogeny.
Camp and Ratliff (1988) generated a balanced cross sec-
tion through the Wilburton field and interpreted a deep
gas-productive Arbuckle structure as a high-angle,
south-dipping reverse fault. They also suggested that at
least some movement on the reverse fault appears to
postdate the overlying thrusts in the Wapanucka Lime-
stone. The observations in this study agree with the con-
clusions of Camp and Ratliff (1988) that some of the
deeper faults are reverse and postdate the overlying Wa-
panucka thrust.

Figure 15 is a southeast-northwest schematic cross
section through the triangle zone between the Ouachita
Mountains and Arkoma Basin that shows the location of
the study area and its relation to the adjacent structures.
To the southeast, under the Choctaw thrust, there is evi-
dence for several additional imbrications of the Wapa-

SE NW
Ouachita Mountains Arkoma Basin
CHOCTAW  Craig KIOWA SYNCLINE CARBON
THRUST A"“‘?'.‘.'.‘P. ........................... FAULT
Kbsep --------------
..... '""""--~-~-..-.._,--'..._.___ Atoka | Formation ___.__...--—"""'
“'L‘awsf Aioka T
""""""""""" L detachment
i I Bt S =7 ... Wapanucka
..-..-..-..-..-..-..---; e ere IR S S e Limestone
/ﬂ §‘"___§_ Hunton
Woodford detachment : : Group
----------------------------------- 1 km

Study area ﬁ

1km|

Figure 15. Schematic cross section through the triangle zone of the Ouachita Mountains and Arkoma Basin, showing the study

area.
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nucka Limestone (Wilkerson and Wellman, 1993). The
thrusts in the Wapanucka Limestone in the study area
are interpreted to merge with the upper detachment of
the triangle zone, and the thrusting in the Hunton Group
is interpreted to be related to the Carbon fault to the
north.

The triangle-zone model explains the uplift of the .

limb of the frontal syncline by the emplacement of du-
plexes below, but in this area, between the Kiowa syn-
cline and the Choctaw thrust, there is an anticline-syn-
cline pair with a wavelength of ~2 km (Fig. 3). The Craig
anticline is interpreted to be produced by a reverse fault
in the Atoka Formation. This structure is interpreted as
an earlier structure that was subsequently folded by the
underlying duplexes, forming the Haileyville syncline
on the backlimb of the Craig anticline. It is not likely that
this anticline is related to the underlying duplexes.

Perry and Suneson (1990) and Reeves and others
(1990) published two seismic sections near this area
showing small triangle zones with duplexes involving
only strata of the Atoka Formation. This study suggests
that several triangle zones at different stratigraphic levels
with independent lower and upper detachments are
present: the main triangle zone that uplifts the frontal
syncline occurs at the Wapanucka level, and smaller tri-
angle zones in the upper Atoka Formation are respon-
sible for the smaller-scale folds.

The evidence presented in this study suggests that
compression during the Ouachita orogeny affected
deeper levels than generally recognized. The high resolu-
tion of this 3-D survey has permitted the recognition of
reverse faulting below the Wapanucka Limestone and
has helped constrain the timing of the events.

CONCLUSIONS

The interpretation of this 3-D survey has provided a
detailed structural picture of a part of the triangle zone of
the frontal Ouachitas, previously unattainable with 2-D
seismic and well data. This area is a triangle zone (Jones,
1982) with northwest-vergent blind thrusting under the
frontal Kiowa syncline. The southern limb of the Kiowa
syncline has been passively uplifted by the blind thrust-
ing at deeper levels. There are three levels of thrusting
involving the Wapanucka Limestone, the Hunton Group,
and (with smaller offsets) the Atoka Formation.

There are two different types of thrusting in the Wapa-
nucka Limestone. The first thrust to form, wl, records
significant transport with at least 1.5 km of displace-
ment. The later thrusts affecting the Wapanucka Lime-
stone, w2 and w3, have displacements on the order of
tens of meters. The detachments for the thrusts off-
setting the Wapanucka Limestone are localized in the
Springer Shale and in the lower part of the Woodford
Shale. The thrusts affecting the Hunton Group have two
detachments in the Simpson and Arbuckle Groups.

The 3-D seismic data clearly show that faulting in the
Hunton Group is mainly reverse. Three northwest-
vergent thrusts and a backthrust were identified in the
Hunton Group. Their displacements range from tens of
meters to as much as a few hundred meters. The location
of these thrusts may have been controlled by prior nor-
mal faults. For hl and h2, the detachment is interpreted

M. H. Valderrama and others

to be in the Simpson Group, and for h3 it appears to be in
the Arbuckle Group, possibly even deeper.

The amplitude-horizon maps are consistent with the
interpretation of the traces of the main faults and may
used as an interpretation tool. The time-contour maps
can be converted to depth with a time-depth conversion
chart and used to calculate the plunge of the folds.

The trend of the Kiowa syncline, and of folds within
the hanging-wall and footwall Wapanucka Limestone
sections and within the Hunton Group, is southwesterly
with an average plunge of 5°. The geometric correspon-
dence of these four features suggests that they were af-
fected by the same compressional events. The youngest
structures appear to be at the deeper levels, in the
Hunton Group, and they fold the overlying sequence.
This reverse faulting in the Hunton Group may be re-
lated to the Carbon fault, which crops out a few kilome-
ters north of the area.

Faulting under the Woodford Shale has been tradi-
tionally interpreted in 2-D seismic profiles as normal,
with minor reverse motion. Although basement-in-
volved reverse faults, like the Carbon fault, have been
mapped (Tilford, 1990), they have not been well docu-
mented. The 3-D data have a much higher resolution
than 2-D seismic data and clearly illustrate that com-
pression during the Ouachita orogeny was widespread
and affected levels as deep as the Hunton Group. Itis
possible that this could have been a mechanism for fold
development in other parts of the Arkoma Basin.
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Map-Scale Fold in the Ti Valley Thrust Sheet
of the Ouachita Fold-and-Thrust Belt,
Latimer and Le Flore Counties, Oklahoma

Russ D. Cunningham

The GHK Company
Denver, Colorado

Jay Namson

Davis and Namson, Consulting Geologists
Valencia, California

ABSTRACT.— A map-scale fold is expressed on the surface in the hanging wall of the Ti
Valley fault in the Ouachita Mountains of southeast Oklahoma. The Jackfork Sandstone
is the principal stratigraphic unit involved in the structure that formed in response to a
north-verging thrust fault ramping up-section from a lower detachment. This anticline
is informally named the Baker Mountain structure and overlies a blind duplex formed
on the hanging wall of the Ti Valley thrust sheet. The geometric components of the fold
include a south-dipping backlimb, faulted anticlinal crest, north-dipping forelimb,
forelimb syncline, and a hanging-wall cutoff. All these features are distinguishable in
the surface geology. Exploration opportunities in the Ti Valley thrust sheet include the
Jackfork Sandstone on the Baker Mountain structure and in the underlying Ti Valley du-
plex. Production has been established in several recently drilled wells in the 5,400-ft-
thick Jackfork Sandstone section; however, the exploration potential remains largely

untapped.

INTRODUCTION

The area of interest is located in the OQuachita fold-
and-thrust belt of southeastern Latimer and western-
most Le Flore Counties, Oklahoma (Fig. 1). This region is
in the Ouachita Mountains and is characterized by steep,
rugged terrain. A large, map-scale fold is exposed at the
surface in the hanging wall of the Ti Valley fault. The fold
is generated by a north-verging thrust fault ramping up-
section through the Jackfork Sandstone. The geometric
components of the structure can be traced in the surface
geology along strike for ~20 mi. The fold consists of a
steeply south-dipping backlimb, a faulted anticlinal
crest, a forelimb syncline, and a hanging-wall cutoff. The
stratigraphic units involved in the fold and exposed at
the surface include the Jackfork Sandstone, Johns Valley
Shale, and undifferentiated Atoka Formation (Fig. 2). A
geologic cross section has been constructed utilizing de-
tailed surface geology, seismic-reflection data, and lim-
ited subsurface geologic data.

BAKER MOUNTAIN STRUCTURE

The Baker Mountain structure (named here) is
located in the footwall of the Windingstair fault and the
hanging wall of the Baker Mountain fault (also named
here). The Baker Mountain fault is an imbricate thrust
of the Ti Valley fault and juxtaposes Mississippian—
Pennsylvanian Jackfork Sandstone in the hanging wall
opposite Morrowan-Atokan units in the footwall (Fig. 3).
This is the northernmost occurrence of the Jackfork
Sandstone in the Ouachita fold-and-thrust belt. Early
workers (summarized by Suneson, 1988) have consid-
ered the Ti Valley fault to be the boundary between Ar-

_buckle facies and Ouachita facies rocks. Although the Ti

Valley fault does mark a change in regional stratigraphic
correlations (Suneson, 1988, p. 33), recent drilling has in-
dicated that Arbuckle facies rocks of Cambrian through
Ordovician age (Viola, Simpson, and Arbuckle Groups)
exist in the Ti Valley footwall below a bedding-plane de-
tachment. This low-angle detachment is also the posi-

Cunningham, R. D.; and Namson, Jay, 1994, Map-scale fold in the Ti Valley thrust sheet of the Ouachita fold-and-thrust belt,
Latimer and Le Flore Counties, Oklahoma, in Suneson, N. H.; and Hemish, L. A. (eds.), Geology and resources of the eastern
Ouachita Mountains frontal belt and southeastern Arkoma Basin, Oklahoma: Oklahoma Geological Survey Guidebook 29,

p. 243-248.
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tion of the divergence of the Ti Valley fault and the Choc-
taw fault.

The Baker Mountain structure is interpreted to be a
fault-propagation fold formed by the Baker Mountain
thrust fault ramping up-section through the Jackfork
Sandstone. A fault-propagation fold consumes alil the
slip in the folding of the strata, and no slip is translated
out of the structure. Fault-propagation folds have a mini-
mum amount of shortening and are important hydrocar-

Study |
Area
N ' I

" [

" _J—\\\

MC INTOSH

ION

R. D. Cunningham and Jay Namson

bon traps in fold-and-thrust belts (Mitra, 1990). The
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Ti Valley Thrust Sheet

“core” of the structure and is intermittently exposed
along strike (Fig. 4). These Jackfork Sandstone outcrops
indicate erosion to a lower stratigraphic level on the
structure. This deeper erosion is caused by increased
structural uplift either on the Baker Mountain fault or on
one of the lower detachments in the Ti Valley sheet. The
forelimb of the structure dips 75° to the north. A forelimb
syncline is created as the Baker Mountain fault translates
slip to the north along a Jackfork Sandstone bedding-
plane detachment and then cuts up-section to form a
hanging-wall cutoff. The Jackfork Sandstone is present in
the subsurface in the forelimb syncline as evidenced by
the outcrop at Bear Suck Knob and Weber Mountain
(secs. 19-20, T. 4 N, R. 20 E.). A hanging-wall cutoff is
interpreted because the Jackfork Sandstone is not ex-
posed at the surface everywhere along strike. The fold
geometry illustrated in Figure 3 above the ground sur-
face is diagrammatic, and the exact amount of slip is
unknown.

EXPLORATION SIGNIFICANCE

The primary exploration target in the area of interest
is the Jackfork Sandstone. The Jackfork Sandstone is
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Figure 2. Stratigraphic chart of units in the area of interest.
Adapted from Whiteside and Grayson (1990).
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~5,400 ft thick and contains regionally correlatable units.
The section consists predominantly of sandstone units
and relatively thin interbedded shales. Porosity in the
sandstones can be as high as 15-18%, with permeabili-
ties in the tens of millidarcies. Natural-gas production
has been established in several wells in Tps. 3 and 4 N.,
Rs. 20 and 21 E. (Fig. 5). The H&H Star Daniel Hope well
located in sec. 4, T. 3 N,, R. 20 E., was completed in De-
cember 1992, flowing 5.7 MMcfgpd. Production is froma
lower sandstone unit of the Jackfork at ~18,800 ft that is
informally named the Hope sandstone. The correlative
stratigraphic interval is also productive at a depth of
9,000 ft in the H&H Star Lady Luck well located in sec. 21,
T. 4 N., R. 21 E. This well was completed in April 1993,
flowing 4.6 MMcfgpd. The large difference in depth of
this correlative unit is due to the structural complexity of
the region. The Hope well produces from the lowermost
sheet of the Ti Valley duplex whereas the Lady Luck is
productive from an upper sheet. This duplex is in the
footwall of the Baker Mountain fault. Because the sand-
stone is porous and productive in the footwall, it makes
an excellent exploration target in the hanging wall. The
Hope sandstone in the hanging wall of the Baker Moun-
tain fault is cutoff in the subsurface and may represent a
regional exploration play that is, as yet, untested. Other
porous Jackfork Sandstone units in structurally favorable
positions on the hanging wall of the Ti Valley fault may
also be prospective. The Ti Valley duplex and overlying
Baker Mountain structure afford an opportunity to pen-
etrate the entire Jackfork Sandstone section at least three
times with only one wellbore. Additionally, small-dis-
placement imbricate thrusts may create local structural
traps within the duplex or the Baker Mountain structure.
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Preliminary Interpretation of a Seismic Profile
and the Spiro Reservoir Pressure Data
in the Vicinity of the Wilburton Gas Field

Ibrahim Cemen, Zuhair Al-Shaieb,
R. Feller, and S. Akthar

Oklahoma State University
Stillwater, Oklahoma

0il and gas exploration in the frontal belt of the
Ouachita Mountains of southeastern Oklahoma was ac-
celerated during the mid-1980s by the discovery of gas in
Arbuckle carbonate and Spiro sandstone reservoirs in
the South Hartshorne, Southwest Haileyville, and Wil-
burton fields. Bertagne and Leising (1989), Bertagne and
others (1991), Reeves and others (1990), Perry and Sune-
son (1990), and Wilkerson and Wellman (1993) pub-
lished seismic profiles and stressed the importance of
structural interpretations of the seismic-reflection data
in the frontal Ouachita belt.

We have been working on constructing several struc-
tural cross sections in the Wilburton field area (Fig. 1) to
determine the detailed geometry of thrusting. The cross
sections are based on updated surface geology, recent
subsurface control, and our interpretation of 27 seismic
profiles provided by the Exxon Corp. We have also col-
lected pressure data from the Spiro reservoirs to deter-
mine the relation between structural configuration and
the pressure gradients of the Spiro reservoirs.

Figure 2 shows our interpretation of a north-south
seismic-reflection profile across the eastern end of the
Wilburton gas field. In the southern part of the profile,
the detachment surface is in the Woodford Shale. Well-
developed duplex structures are present on the footwall
block of the Choctaw fault zone where the floor thrust
(detachment surface) is within the Springer Shale. The
footwall block contains hinterland-dipping imbricate
thrust faults that are splayed from the Springer detach-
ment. Although the presence of a roof thrust in the foot-
wall block is questionable in this profile, it is clearly ob-
servable in other seismic profiles to the west.

There is a rough correlation between the pressure
data in the Spiro reservoirs and the duplex structures.
The highest pressure gradients found in the Spiro sand-
stones were brought to structurally higher positions
through the thrust faults in the duplex structures (Fig. 2).
By contrast, the structurally lower reservoirs exhibit
lower pressure gradients on both sides of the structurally
higher Spiro sandstone. Therefore, we suggest that the
thrusting in the duplex structures in the subsurface has
acted as a seal for gas in the Spiro sandstone.

There are many oil seepages in the frontal Ouachita
belt, however, and these suggest that not all the thrust
faults in the region have acted as seals for oil migration.
Our field observations indicate that these seepages are
close to the major thrust faults of the region such as the
Choctaw and Ti Valley fault zones. Moreover, the Spiro
sandstone is not productive in the hanging-wall block
(upper block) of any of these faults. Therefore, we tenta-
tively suggest that the overpressured reservoirs in the
Spiro sandstone can be found only in the subsurface du-
plex structures within the frontal Ouachita belt.

The presence of a triangle zone in the frontal Ouachita
belt has been proposed, first by Hardie (1988) and later
by Reeves and others (1990) and Perry and Suneson
(1990). Although our interpretations are only prelimi-
nary, there is a possibility that a triangle zone does not
exist in the Wilburton area. If the Carbon fault is a south-
dipping thrust fault (Neil Suneson, personal communi-
cation, 1994), it is possible that the Carbon fault is a splay
upward and to the north from either the Springer de-
tachment in the subsurface or the roof thrust to the west.
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Structural Analysis and Tectonic History of the Potato Hills,

Ouachita Mountains, Oklahoma

Mark W. Allen

EnecoTech Inc.
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ABSTRACT.—On the basis of thrust-fault intersections and opposing compressional
directions, the North and South Potato Hills thrusts are recognized as separate faults; a
window through a single fault is nonexistent. The northeastern, northwestern, and
western Potato Hills are key areas for interpreting the overall structure of the area. Evi-
dence that the two thrusts are separate faults includes: (1) the intersection of the North
Potato Hills thrust with the South Potato Hills thrust in the northeastern Potato Hills,
(2) the extension of the North Potato Hills thrust to the northwest in the northwestern
Potato Hills, and (3) the extension of the South Potato Hills thrust to the west in the
western Potato Hills.

Erosion through a folded thrust (i.e., the Potato Hills thrust) to produce a window
does not explain the structural geology of the Potato Hills. Seismic data, electric and
sample logs, and surface geology reveal the Potato Hills thrusts to be an out-of-se-
quence imbricate-fan thrust system. General north-south compression resulted in
north-directed, subhorizontal translation on the Potato Hills basal detachment. Imbri-
cations then developed out-of-sequence from north to south. Most thrusts lost dis-

- placement and eventually died out, transferring slip to a fold or distributing slip along

several splays.

INTRODUCTION
Location

The Potato Hills are located in southern Latimer and
northern Pushmataha Counties in the Ouachita Moun-
tains, southeastern Oklahoma (Fig. 1). They lie ~3 mi
south of the Windingstair fault and form a series of low,
isolated hills rising 200-500 ft above the surrounding
valley.

Previous Work

The structural relations and the tectonic evolution
of the Potato Hills have been controversial for more than
60 years. The Potato Hills have previously been inter-
preted as a window through either the Windingstair fault
(Miser, 1929) or the Jackfork Mountain thrust (Miller,
1955; Roe, 1955; Arbenz, 1968). Opponents of the win-
dow hypothesis include Misch and Oles (1957), Tom-
linson (1959), Pitt (1971,1974), Pitt and others (1982), and
Allen (1990,1991a,1992,1993,1994).

This paper summarizes my previous work involving
detailed field mapping, seismic interpretation, and log
analysis covering key areas in the Potato Hills, i.e., the
northeastern, northwestern, and western Potato Hills.

STRATIGRAPHY

The Potato Hills are a structurally complex area com-
posed of lower and middle Paleozoic strata. Rocks that
crop out range from Middle Ordovician Womble Shale to
the Mississippian Stanley Group (Fig. 2). A description of
these units is included in Stop 23 of this guidebook and
will not be repeated here. The key factor that controls
structural style is that the Bigfork Chert and Arkansas
Novaculite, both thick chert units, are “sandwiched” by
ductile shale units (Womble Shale, Polk Creek-Missouri
Mountain Shales, and Stanley Group).

STRUCTURAL GEOLOGY

The deformation style in the Potato Hills is folding
that resulted from thrust faulting. Five major thrusts are
present in the Potato Hills area and are responsible for
the structural features observed. The North Potato Hills
thrust, South Potato Hills thrust, and Cedar Creek thrust
are easily identified on the surface and in the subsurface
because they juxtapose Stanley Group strata against
older units. The Jackfork Mountain thrust and the Buf-
falo Creek thrust are not easily located in the field be-
cause they juxtapose Stanley against Stanley, and they

Allen, M. W., 1994, Structural analysis and tectonic history of the Potato Hills, Ouachita Mountains, Oklahoma, irn Suneson,
N. H.; and Hemish, L. A. (eds.), Geology and resources of the eastern Ouachita Mountains frontal belt and southeastern
Arkoma Basin, Oklahoma: Oklahoma Geological Survey Guidebook 29, p. 253-261.
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can only be identified inexactly in the subsurface. Steep
to vertical tear faults are present in the hanging walls of a
few thrusts. Some of these tear faults display horizontal
as well as vertical movement.

I will discuss the key areas from east to west, focusing
on the structural relations of the North Potato Hills thrust.
Proving that this thrust is not the northern boundary
fault of the previously proposed window is important for
interpreting the structural and tectonic history of the
Potato Hills.

OKLAHOMA
LATIMER COi.
PM
CHp ‘
TV’ ‘WS
~

PUSHMATAHA CO.

M. W. Allen

Northeastern Potato Hills

The North and South Potato Hills thrusts converge in
the northeastern Potato Hills (Fig. 8). Surface geology
supported by subsurface control indicates that the north
thrust and the south thrust are separate faults with differ-

-ent vergences (Allen, 1991a). The Sinclair No. 1 Coussens

(SW¥aSWYSEY sec. 21, T.3N.,R. 21 E.) penetrated the
South Potato Hills thrust at 1,862 ft and eritered the Big-
fork Chert in the North Potato Hills thrust hanging wall.

The area contains three major east-
plunging folds (Fig. 3) oriented, from north
to south, 089°/20°, 084°/20°, and 092°/18°
with axial-plane dips of 59°S., 86°S., and
77°8S., respectively. The orientations of the
folds resulted from north-directed com-
pression and indicate a structural and tec-
tonic relation to the South Potato Hills
thrust. This is indicated by the south dip
of the axial planes of the folds, their north
vergences, and their location in the South
Potato Hills thrust hanging wall.

In the northeastern Potato Hills, the
Jackfork Mountain thrust changes strike to
the northeast (Fig. 3), as determined by bed
orientations, and corresponds to the thrust
mapped by Suneson and Ferguson (1990)
that truncates the eastern end of the Buf-
falo Mountain syncline to the north. The
trace of the South Potato Hills thrust also
“curves” to the northeast (Fig. 3), suggest-
ing northwest transport. Joints in the Big-
fork Chert, located in the hanging wall
of the thrust, indicate a maximum stress
direction of N. 67° W. The change in strike
of the South Potato Hills thrust indicates
either (1) a late orogenic compressional
shift from the north to the northwest or
(2) the presence of an oblique ramp (Allen,
1991a). The trend of the three major east-
plunging folds in the hanging wall of the

-
“= NGRTH POTATO HILLS
THRUST

7 South Potato Hills thrust (Fig. 3) argues
against a change in direction of compres-
sion. The tectonic setting, the change in
strike of the South Potato Hills and Jackfork
Mountain thrusts, and the northeast align-
ment of parts of the Jackfork Mountain and
South Potato Hills thrusts in the northeast-
ern Potato Hills favor the existence of an
oblique ramp. The localized northwest
compression resulted from movement of
the South Potato Hills thrust over the ob-
lique ramp.

N
r Northwestern Potato Hills

Two hypotheses concerning the North
Potato Hills thrust are that (1) it is the north

boundary fault of a window (Miser, 1929;
Miller, 1955; Roe, 1955; Arbenz, 1968) or (2)

Figure 1. Potato Hills location map, Latimer and Pushmataha Counties,
Oklahoma. CH = Choctaw fault, PM = Pine Mountain fault, TV = Ti Valley
fault, WS = Windingstair fault, TS + CL = Tuskahoma syncline, CL = Clayton
horst. Cross section A—A’ is illustrated in Figure 6.

it is a backthrust in an imbricate-fan thrust
system (Allen, 1994). The previously pro-
posed window fault, thought to circle the
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Two exposures support extending the
North Potato Hills thrust to the west-north-
west as shown in Figure 4. A small fault

Chesterian

Meramecian

Stanley Group

mapped by Miller (1955) (NE%4 sec. 26, T. 3
N., R. 19 E\) offsets a Stanley marker bed
and intersects the projected trace of the
North Potato Hills thrust. The fault is down-

Mississippian Osagean

Kinderhookian

Upper

Devonian
Lower

Upper

Arkansas
Novaculite

thrown to the southwest as is the North
Potato Hills thrust. Additionally, Miller
(1955) mapped this fault as a normal fault;
this interpretation suggests extension,
which is inconsistent with the deforma-
tional style in the Potato Hills. Another key
feature is a small fold (CS¥%2 sec. 23, T.3N,,
R. 19 E.) (Fig. 4). The fold has a trend and
plunge of 283°/19° and indicates that com-
pressive forces were either south-south-
west or north-northeast. The trend of the
fold parallels the projected trace of the
thrust. The attitude and vergence of the

Missouri
Mountain Shale

north Potato Hills thrust are very different
from those of the proposed “window” fault.

/[ [/ [

Polk Creek
Shale

Western Potato Hills

In the western Po{ato Hills, the South
Potato Hills thrust has been mapped as
curving to the northeast (Miller, 1955) or as

Ordovician

Bigfork Chert

continuing to the west beyond the Potato
Hills (Pitt, 1974; Allen, 1992). Surface geol-
ogy and interpretation of well logs (mul-
tiple repeated Bigfork Chert through Stan-

Figure 2. Stratigraphic sequence, Potato Hills. Modified from Allen (1993).

Potato Hills, was called the Potato Hills thrust (Fig. 4) and
is composed of the North and South Potato Hills thrusts.
The key to resolving the controversy is locating the trace
of the thrust in the northwestern Potato Hills. '

The trace of the North Potato Hills thrust, where map-
pable, is ~6.5 mi long and strikes west-northwest. The
western end of the fault juxtaposes poorly exposed shale
of the Stanley Group on each side, making it difficult to
map. To the east, the thrust juxtaposes Womble Shale
through Stanley on the north against Stanley on the
south. Displacement decreases to the west. Where the
thrust is exposed in a stream cut, it dips ~40° N. and dis-
plays overturned beds and north-dipping axial planes of
minor folds, indicating south-directed translation. The
north dip is supported by subsurface information, in-
cluding logs from two wells drilled in the North Potato
Hills thrust hanging wall and a proprietary seismic line.
These indicate a curved, north-dipping fault plane. A
north-dipping fault plane is opposite to the regional tec-
tonic transport direction and, by definition, is a back-
thrust.

Womble Shale

ley intervals in the Gragg No. 1 Kenman
[NE“4NEW sec. 8, T. 3N, R. 19 E.]) indicate
that the South Potato Hills thrust does ex-
tend westward beyond the Potato Hills.
Two distinct compression directions can
be interpreted in the western Potato Hills.
The first is north-directed, resulting in the
South Potato Hills thrust. The second is
southeast-directed, resulting in fault A (Fig.
5). Fault A strikes north-northeast; this ori-
entation indicates east-southeast transport and suggests
that fault A is an antithetic backthrust that resulted from
volumetric crowding and hanging-wall rotation of the
frontal footwall ramp. The orientation and displacement
are controlled by the Buffalo Creek thrust from which it
originated. Therefore, fault A is analogous to but not
structurally associated with the North Potato Hills thrust.
Deformation in the western Potato Hills appears to
have been more extreme than elsewhere in the Potato
Hills as evidenced by steep to vertical beds and isoclinal
folding of the Arkansas Novaculite. The compressional
event directed to the southeast (related to fault A) ap-
pears to have been stronger than the north-directed
compressional event (related to the South Potato Hills
thrust) because the more intense folding has a consistent
southeast vergence. This intense folding was probably
not caused by movement on fault A, which has a small
amount of translation. A structure west of fault A must
also contribute to the southeast-directed compression.
Mapping west of the Potato Hills is not possible owing to
the presence of Sardis Reservoir. However, regional anal-
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ysis did reveal a possible transverse structure west of the
Potato Hills (discussed below) that may have directly or
indirectly influenced compression in the western Potato
Hills.

Approximately 5 mi southwest of the Potato Hills
(T. 1 N,, R. 19 E.) is the Clayton horst. This structure is
significant because there is >7,000 ft of uplift along near-
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vertical fault planes (Pitt and others, 1982). On the basis
of Cline’s (1960) map, the two major faults of the horst
strike N. 20°W. and N. 10°E. If the Clayton horst is pro-
jected northward, it would cross the area west of the
Potato Hills and may represent the transverse structure
(Allen, 1992). Evidence for this structure in the surface
geology includes a branching of lineaments from the

N
Sinclair No. 1
Coussens .¢.

Sm-Op

MDa

Figure 3. Geologic map, northeastern Potato Hills (from Allen, 1991a). Ow = Womble Shale, Ob = Bigfork Chert, Sm-Op = Polk
Creek—Missouri Mountain Shales, MDa = Arkansas Novaculite, Ms = Stanley Group. NPHT = North Potato Hills thrust,
SPHT = South Potato Hills thrust, JFEMT = Jackfork Mountain thrust. Small x’s mark locations of joint data.
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northward projection of the horst and an isolated out-
crop of Bigfork Chert (S2NE% sec. 30, T.3N.,R. 19E.) in
the Jackfork Mountain thrust sheet (Allen, 1992, fig. 6, p.
181).

The exact nature of this structure is unknown; how-
ever, it is possible that the surface geology reflects an
approximately north-striking ramp or compartmental
fault associated with the Windingstair fault. Compart-
mentalization is based on the Tuskahoma syncline to the
west of the structure juxtaposed against the anticlinal
valley containing the Potato Hills to the east. Also, the
apparent termination of the major structures and the
lack of any direct match-up across the transverse struc-
ture suggest.compartmentalization.

SUBSURFACE STRUCTURAL ANALYSIS
Subsurface Data

Structural relations in Figure 6 are based on seismic
interpretation, multiple well control, and surface geol-
ogy. The key wells are the Sinclair No. 1 Reneau and the
American Quasar No. 1-11 Cabe because they are the
only wells to penetrate the Potato Hills basal detachment
(Fig. 6). Electric and sample-log analysis of the No. 1
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Reneau indicates that three major and two minor faults
are present above the basal detachment. The well pen-
etrated the basal detachment at 5,780 ft and encountered
strata interpreted as Mississippian Stanley Group. Analy-
sis of electric and sample logs from the No. 1-1 Cabe in-
dicates several repeated Bigfork-Womble intervals above
the basal detachment at 7,812 ft that juxtaposes Womble
Shale in the hanging wall and Stanley Group strata in the
footwall. The well encountered 4,542 ft of Stanley in fault
contact with underlying sandstone of the Pennsylvanian
Jackfork Group.

A proprietary seismic line indicates several subhori-
zontal faults that ramp and imbricate as they approach
the surface. The chert units and sandstone beds in the
Stanley and Jackfork Groups produce reflection markers
on the seismic data. The No. 1 Reneau and the No. 1-11 -
Cabe logs were superimposed on the seismic line, and
rock types wete compared with reflections.

Interpretation

Electric and sample logs from the No. 1 Reneau and
No. 1-11 Cabe indicate multiple thrust faults separating
repeated and locally overturned lower and middle Paleo-
zoic strata. Cross section A-A’ (Fig. 6) shows that the

Fault mapped by
Miller (1955)

Figure 4. Geologic map, northwestern Potato Hills (from Allen, 1993). CCT = Cedar Creek thrust, BCT = Buffalo Creek thrust,
PHT = formerly proposed Potato Hills thrust. Tenmile Creek siliceous shale is the marker bed in Stanley Group. Refer to Fig-

ure 3 for other symbols.
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No. 1 Kenman-¢-

M. W. Allen

cct

—
\ ﬂ
Ms

COMPARTMENTAL
FAULT

BCT=Butfalo Creek thrust

CCT=Cedar Creek thrust

SPHT=South Potato Hills thrust

Figure 5. Geologic map, westem Potato Hills (from Allen, 1992). A, A1, and B refer to minor thrust faults. Dotted line in Sardis
Reservoir indicates former location of Buffalo Creek before the creation of Sardis Reservoir. Refer to Figures 3 and 4 for other

symbols.

major thrusts in the Potato Hills cut up-section from a
basal detachment but do not appear to rejoin at a higher
level. This interpretation is supported by (1) anticlinal
folds over most of the major thrusts and (2) the tendency
of the thrusts to splay after moving over a ramp.

Figure 6 shows several of the major subhorizontal
thrusts’ being terminated by dashed lines at their north-
ern ends or where they approach the surface. This ap-
proach was taken because (1) some may be blind thrusts

that do not reach the surface and (2) some juxtapose

Stanley against Stanley and their trace cannot be identi-
fied in the field. The thrust faults shown with a solid line
on Figure 6 can be identified on the seismic data, and
their traces can be mapped in the field. No attempt was
made to extend the faults beyond where the data al-
lowed. '

THRUST-BELT MODELS

An imbricate fan is a thrust system in which faults cut
up-section from a basal detachment but do not rejoin at
a higher stratigraphic level (Marshak and Woodward,
1988). Each thrust in an imbricate fan loses displacement
up-section and eventually dies out by transferring slip to

a fold at its tip or by distributing it along several splays
(Mitra, 1986). A duplex is a thrust system in which faults
cut up-section from a basal detachment and merge at a
higher stratigraphic level to form another continuous
detachment (Marshak and Woodward, 1988).

One fauiting sequence in thrust belis is called a break-
forward sequence in which structurally lower faults
(faults at greater depths) are younger than overlying
faults (Marshak and Woodward, 1988). In a thrust belt of
this type, the more external faults (farthest toward the
foreland) are generally the youngest, whereas the more
internal faults are the oldest. Break-forward sequencing
would suggest that the faults are progressively younger
toward the foreland; this is considered a “normal” se-
quence of thrusting (Marshak and Woodward, 1988). The
spatial arrangement of these faults implies that older
faults can be folded by younger faults.

A different faulting sequence in thrust belts is termed
out-of-sequence faulting in which structurally lower
faults are older than overlying faults (Marshak and Wood-
ward, 1988). Minor thrusts rooted in a major thrust are
sometimes interpreted as imbrications in the hanging
wall of an existing thrust sheet and are believed to de-
velop out-of-sequence (Jones, 1987). Boyer and Elliott



259

Tectonic History, Potato Hills

“UOWEOO] UOJOBS SS0I0 10} | a1nbi4 0} JajeY (K661 ‘Uelly Wouy) S|IIH O1eI0d [eNuad ‘(,y—Y) Uoloas SSoI0 [esonng 9 ainbi4

Z684 "UANY ‘MW
:Aq AB0j0ID

SPGL

Q 005}
dnosn Niopxoer E

dnoin Asjuels E

1SNHHL ST1IH OLVLOd HLNOS=1HdS
1SNHHL 334D ¥vQ3d=10D
1SNHHL STIH OLY10d HLHON=1HdN
1SNUHL ¥33HD 01V44nE8=108@
LSAYHL NIVLNAOW NHOANDOVI=1W4r

B1(INJBAON Sesue) iy
o1 1ey) wi0ibig E

9leys 21quom

NOILYNVIdX3

Oiviod

¢ UOllEw 04 B0

W

v
HL1NOS

S8vSL AL L8119
30Z2-NZ-14
aqed Li-1L ‘ON
HYSVND NVDIHIWY

ve0. Al 891 1D
302-NE-ZE
neauay L ‘ON
HIVIONIS

sz.Zz QL 0Z8 1D 00ZE QL 8vL 1D

30Z-NE-ZT2 302Z-NE-L2
aonia zz-1L ‘ON Mmeys L2-L ‘ON
AHINODLINOW AHIWODLNOW

H1HON




260

(1982) stated that an imbricate-fan thrust system is a
structure in which out-of-sequence thrusting could occur.

Field relations show only the sequence of termina-
tions of events and not the sequence in which those
events started (Jones, 1971). This limitation means that
the position and orientation of thrust faults have little
bearing on when each thrust developed and cannot be
used as sequence indicators. A timing indicator that may
be used is whether the thrusts have been folded by sub-
thrust stacking. Folded faults may be expected to occur
in any thrust belt if the stratigraphic section has contrast-
ing competencies and the sequence of thrusting is nor-
mal (Jones, 1971).

Interpretation of subsurface data (Fig. 6) indicates
that the faults cut up-section but do not rejoin at a higher
stratigraphic level as indicated by the folded strata above
the fault planes. Each thrust appears to have lost dis-
placement up-section and transferred slip to a fold or
distributed slip along several splays. The major thrusts
are not folded by subthrust stacking. These interpreta-
tions support an imbricate-fan thrust system in the area.

The tectonic implications of this interpretation are
that thrusting in the Potato Hills was north-directed
translation on a subhorizontal thrust fault defined as the
Potato Hills basal detachment. Imbrications developed
from the basal detachment sequentially from north to
south. Evidence for this out-of-sequence thrusting is the
absence of folded faults in the southern part of the Po-
tato Hills (Fig. 6).

TECTONIC HISTORY

The compressional event for which there is the most
evidence in the Potato Hills was directed N, 9° W.; this
conclusion is indicated by fault and fold orientation and
is based on the fact that minor-fold axes (Allen, 1990) are
perpendicular to the primary force in an orogenic belt
(Billings, 1972). A subtle compressional event directed S.
6° W. is indicated in the northern and central Potato
Hills. Evidence of south-directed compression dimin-
ishes southward and was not observed in the southemn
Potato Hills. South-directed compression resulted from
backthrusting on the North Potato Hills thrust. Tomlin-
son (1959), Pitt (1974), and Pitt and others (1982) indi-
cated multiple deformational events in the Potato Hills.
Interpretation of mesoscopic structures indicates that
this area was subjected to a progressive deformational
event (Allen, 1990). The previous interpretations of mul-
tiple deformational events were probably based on
structures created by backthrusting.

The anticline associated with the Cedar Creek thrust
(Fig. 5) contains parasitic folds on both limbs and near
the fold hinge (Allen, 1991b). Three common settings for
parasitic folds are (1) on the flanks of major folds, (2) in
regions of thrust tectonics, and (3) where the gliding of
an approximately horizontally stratified rock mass has
taken place (Wilson, 1982). The first two settings apply to
the Potato Hills, and the third setting is inferred on the
basis of the cross section in Figure 6. The low-angle basal
detachment beneath the Potato Hills illustrated in the
cross section (Fig. 6) suggests that the lower Paleozoic
strata were initially transported horizontally before fault-
ing and folding.
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Parasitic folds are probably best accounted for by
layer-parallel shortening (Ramsay and Huber, 1987) that
can create minor folds in a layered sequence before the
onset of significant folding (Davis, 1984). Parasitic folds
in the Potato Hills suggest that layer/-parallel shortening
(or “gliding” [Wilson, 1982]) was the fectonic mechanism

. responsible for deformation in the Potato Hills area.

HYDROCARBON POTENTIAL
Shallow Production

Shallow production from the abandoned two-well
Potato Hills field was established from fractured, vuggy
Bigfork Chert (with Womble Shale as the source) in the
central Potato Hills. On the basis of log analysis, the field
is a structural trap below the Cedar Creek thrust. The
structural style suggests a footwall trap with subthrust
closure produced by frictional drag.

The discovery well, the Sinclair No. 1 Reneau, was
spudded on May 9, 1959, and completed on March 17,
1960. The perforated interval was from 2,340 ft to 2,480 ft,
and the IPF was 1.85 MMcfgpd. The Wyoming Oil and
Gas No. 1 Lonnie Allen (C SEUNW, sec. 31, T. 3 N, R.
20 E.) was spudded on March 18, 1974, and completed
on May 8, 1974, extending the field to the west. The well
was perforated between 2,787 ft and 3,195 ft, and the IPF
was 2.2 MMcfgpd. The perforated intervals vary by sev-
eral hundred feet; however, they are the same strati-
graphic and structural interval; a compartmental fault
separates the two wells.

Deep Potential

Duplexes and imbricate thrust systems are recognized
as important components of most thrust belts and form
important structural hydrocarbon traps (Mitra, 1986).
One of the most common structural positions of du-
plexes is in the footwall of major ramp anticlines. Advan-
tages deep subthrust duplexes have over shallow struc-
tures are higher confining pressures and lower suscepti-
bility to invasion and flushing by surface water.

Interpretation of seismic data indicates that the gas-
productive Spiro sandstone-Wapanucka Limestone that
has been extensively developed to the north is present
beneath the Potato Hills at ~20,000 ft (Allen, unpub-
lished). This interval is allochthonous and occurs in a
duplexlike geometry below the Windingstair fault. The
Spiro-Wapanucka interval also appears to exist in nor-
mal-fault blocks at ~28,000 ft. The structural style is simi-
lar to that at Wilburton to the north and indicates that
the carbonate shelf extended this far south.

SUMMARY

On the basis of thrust-fault intersections and oppos-
ing compressional directions, I have shown the North
and South Potato Hills thrusts to be separate faults
(Allen, 1991a,1992) and that a window is nonexistent.
Erosion through a folded thrust (i.e., the Potato Hills
thrust) to produce a window does not explain the struc-
tural geology of the Potato Hills. Interpretation of seismic
data, electric and sample logs, and surface geology leads
me to suggest that the Potato Hills are an out-of-se-
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quence, imbricate-fan thrust system. General north-
south compression resulted in north-directed, subhori-
zontal translation on the Potato Hills basal detachment.
Imbrications then developed out-of-sequence from
north to south. Most thrusts lost displacement and even-
tually died out by transferring slip to a fold or by distrib-
uting slip along several splays.

The northeastern, northwestern, and western Potato
Hills are key areas for interpreting the overall structure of
the area. The intersection of the North Potato Hills thrust
with the South Potato Hills thrust in the northeastern
Potato Hills, the extension of the North Potato Hills
thrust to the northwest in the northwestern Potato Hills,
and the extension of the South Potato Hills thrust to the
west in the western Potato Hills clearly indicate that the
two thrusts are separate faults.

Two major subsurface structures are indicated by sur-
face geology on the eastern and western ends of the Po-
tato Hills. An oblique ramp is inferred to exist at the east-
ern end of the Potato Hills on the basis of local and re-
gional surface expressions of major thrust faults and fold
orientations. A transverse structure is inferred to exist to
the west of the Potato Hills on the basis of abrupt
changes in structural style and surface expressions of
major thrusts in the area. The transverse structure is
thought to be structurally related to the Clayton horst,
located a few miles southwest of the Potato Hills.
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Regional Variations in Quartz Deformation Mechanisms,
Eastern Ouachita Mountains
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INTRODUCTION

The Ouachita Mountains contain outcrops of a con-
tinuous late Paleozoic orogenic belt that borders the
southern margin of the North American craton. This
fold-and-thrust belt is made up of a thick sequence of
largely clastic Paleozoic rocks deformed during the Car-
boniferous Ouachita orogeny. Deformation arising from
this event has resulted in a complex but well-known
suite of macroscopic and mesoscopic structural features
including folds, faults, and cleavage (Stone and Haley,
1984; Arbenz, 1989; Nielsen and others, 1989). Less well
known is how deformation has been accommodated at
the microscopic scale.

Microstructures and textures form at different stress
levels and in different kinematic frameworks, and they
serve as a primary means for identifying operative de-
formation mechanisms, rock rheology, and dynamics
during deformation (Groshong, 1988; Knipe, 1989). The
integration of microscopic data with mesoscopic and
macroscopic observations increases validity of structural
interpretations (Schedl and van der Pluijm, 1988). Micro-
structural evolution is controlled largely by a combina-
tion of environmental factors such as temperature, pres-
sure, shear stress, fluid pressure, strain, and strain rate.
The purpose of this study is to examine regional varia-
tions in quartz deformation microstructures in sand-
stones of the Ouachita Mountains and the adjacent Ar-
koma Basin along a north-south transect in western Ar-
kansas. Because microstructures reflect the operative
deformation mechanisms in a rock, knowledge of re-
gional variations in microstructural type and abundance
provides constraints on the conditions of deformation
and provides recognition of rocks deformed under con-
trasting conditions. Where a change in fabric is readily
discernible, a deformation front can be located. Knowl-
edge of deformation conditions and structural bound-
aries allows testing of various models for the tectonic his-
tory of the Ouachita-Arkoma region.

GEOLOGIC SETTING

The Ouachita-Arkoma region in Arkansas is com-
monly divided into four tectonic provinces (Arbenz,
1989): (1) the Arkoma Basin, (2) the inner and outer fron-
tal imbricate zone, (3) the Benton uplift, and (4) the
southern central thrust belt (Fig. 1). This subdivision is

based on similar structural style and lithology, but is
somewhat arbitrary because structural and lithologic
changes are typically gradational. The rocks exposed
range in age from the Cambrian Collier Shale to the
Pennsylvanian Hartshorne Sandstone (Fig. 2). A brief
description of each of the tectonic provinces summa-
rized from Arbenz (1989) is provided below:

The southern part of the Arkoma Basin in Arkansas is
a compressional foldbelt of Carboniferous rocks inter-
preted as both a structural and depositional basin. The
northern margin of the west-striking basin is the autoch-
thonous cratonic foreland. The southern part of the ba-
sin is dominated by thin-skinned thrust sheets forming
broad synclines and narrow anticlines detached from
lower Atokan and older rocks along a décollement. To -
the north, high-angle growth faults characterize a grad-
ual passage from compressional to extensional “drape”
folds. The southern boundary of the basin is the Ross
Creek fault (Fig. 1) (Arbenz, 1984).

The frontal imbricate zoneis a thrust belt marked by
significant shortening of preorogenic and synorogenic
turbidites. The thrust faults dip steeply at the surface and
flatten with depth to a south-dipping basement décolle-
ment. Many closely spaced, north-verging thrust faults
characterize the western part of the belt; however, south-
verging structures are more common to the east. In the
eastern Ouachitas, the frontal imbricate zone is divided
into an outer and an inner zone separated by the Y City
fault (Fig. 1). This fault separates mostly Atoka Forma-
tion rocks to the north from mostly Jackfork Formation
rocks to the south. The Maumelle chaotic zone (Viele,
1966) refers to the transition zone between the Benton
uplift on the south and the frontal imbricate zone on the
north.

The Benton uplift is an east-northeast-striking anti-
clinorium along which pre-Carboniferous rocks are ex-
posed. The anticlinorium crosses the southern central
thrust belt obliquely. The uplift exhibits numerous
south-verging overturned folds, low-grade metamorphic
facies, and a penetrative north-dipping cleavage over-
printed by a crenulated cleavage that most workers in-
terpret as evidence for a second deformation phase.
Some workers consider the Benton uplift to be a large
anticlinorium made up of a series of stacked fold-and-
thrust nappes that extends westward into Oklahoma as
the Broken Bow uplift (Viele, 1966; Nielsen and others,

Sims, W. J., 1994, Regional variations in quartz deformation mechanisms, eastern OQuachita Mountains, in Suneson, N. H.; and
Hemish, L. A. (eds.), Geology and resources of the eastern Ouachita Mountains frontal belt and southeastern Arkoma Basin,
Oklahoma: Oklahoma Geological Survey Guidebook 29, p. 263-269.
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Figure 1. Sample location map with structural province boundaries modified from Arbenz (1984).

1989). The boundary between the Benton uplift and the
adjacent tectonic provinces is usually drawn at the con-
tact between the Arkansas Novaculite and the overlying
Stanley Shale. The structures of the uplift, however, likely
extend out into the surrounding Carboniferous strata.

The southern central thrust belt displays mostly north-
west verging folded and faulted Carboniferous rocks.
This belt is similar to the central belt north of the Broken
Bow uplift in Oklahoma in the western Quachitas and
lies south of the Benton uplift in Arkansas in the eastern
Ouachitas (Fig. 1).

Four distinct “stories” in the stratigraphic sequence in
the southern central thrust belt exhibit contrasting me-
chanical behavior and structural style (Fig. 2). The strati-
graphically highest (story 1) includes the succession of
massive turbidite fan complexes of the upper part of the
Stanley Shale through the Atoka Formation. The succes-
sion of fan complexes behaves mechanically as a single
unit. Parts of the succession are deformed in flexural
folds, and parts are broken by thrust faults. Story 2 (the
next lower level) is an intensely deformed detachment
zone composed of ductile shales and thin sandstones in
the middle and lower parts of the Stanley Shale. Story 2
includes the Hot Springs Sandstone Member of the Stan-
ley Shale. This sandstone is a quartz arenite under the
classification of Dott (1964). Alternatively, the top of this

ductile interval may represent a submarine angular un-
conformity (Babaei and Viele, 1992). The pre-Carbonifer-
ous sequence from the upper part of the Womble Shale
(Ordovician) to the Arkansas Novaculite (Mississippian—
Devonian) forms story 3 and displays folds with sharp
hinges and planar limbs characteristic of well-layered
rocks having high ductility contrasts. Story 4 is also duc-
tile and extends upward from the Collier Shale through
the interstratified Crystal Mountain and Blakely Sand-
stones to the Womble Shale. The sandstones in this story
form fold trains, and the shales are intensely folded and
sheared.

METHODS

I collected 33 samples along a strike-normal traverse
roughly following Arkansas Highway 7 (Fig. 1). Effects of
local deformation such as mesoscopic fold hinges or
fault zones were avoided in the selection of sample sites.
Thin sections from the samples were cut normal to bed-
ding and parallel to dip. Microstructural abundances
were determined by using a petrographic microscope
and point-counting 250 grains per thin section along
parallel, evenly spaced traverses. I counted all intragran-
ular, intergranular, and transgranular structures associ-
ated with the grain beneath the crosshairs. Therefore, the
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Observed Microstructures OlS| LOWER UPPER DIVISION
Grain-scale deformation observed in the ~ | UPPER ARKANSAS [ MIDDLE DIVISION
Ouachita rocks was accommodated by four < NOVACULITE
mechanisms: (1) dislocation flow, (2) pres- 3 MIDDLE LOWER DIVISION
sure solution, (3) recrystallization, and (4) o LOWER
microfracturing. Observed microstructures a o
were identified by using criteria stated - UPPER x MISSOURI MOUNTAIN SHALE
by Groshong (1988). Total microstructure % o
abundance for all samples in the study is =) » BLAYLOCK SANDSTONE
presented in Figure 3. = LOWER
Microstructures related to dislocation OPPER
flow include sweeping undulatory extinc- POLK CREEK SHALE
tion, patchy extinction and subgrains, de- BIGFORK CHERT
formation bands, and deformation lamel- ]
lae (Fairbairn lamellae). Undulatory extinc- z MIDDLE WOMBLE SHALE
tion is caused by a bending of the crystal 3]
lattice of more than a few degrees. Patchy 3 -« BLAKELY SANDSTONE ObyJ
extinction results from multiple extinction a
domains with sharp boundaries, unlike the o S MAZARN SHALE
sweeping of the extinction domain across LOWER %
the grain in undulatory extinction. Sub- CRYSTAL MOUNTAIN SANDSTONE o@
grains have crystallographic misorienta- COLLIER SHALE
tions of 1°-15°. Deformation lamellae are

defined by parallel zones of differing bi-
refringence. Deformation bands are 10—
100-mm-wide, tabular, high-strain zones,
where the crystal lattice has been rotated as
much as 30°. The bands commonly are subnormal to de-
formation lamellae where they are identified in the same
grain. These structures indicate crystal plasticity (Hirth
and Tullis, 1992), which is the permanent deformation of
single crystals by internal deformation mechanisms
without loss of cohesion between crystals.

Microstructures indicative of recrystallization are ser-
rated grain boundaries and mortar texture. Serrated
boundaries are caused by thermally activated grain-
boundary migration and denote the early stage ofnew
subgrain development. They are transitional to mortar
texture, identified on the basis of small grains formed
along original grain boundaries. White (1976) identified
the texture of well-developed subgrains and recrystal-
lized grains at grain boundaries and relatively deforma-
. tion-free interiors and called this “core-mantle struc-
ture.”

Pressure-solution microstructures observed include
sutured grain boundaries, overgrowth “beards,” and trans-
granular solution surfaces (stylolites). Pressure solution
is the result of diffusive mass transfer at low temperature
in the presence of fluids.

Figure 2. Stratigraphic column for the Ouachita Mountains and Arkoma
Basin rocks (Stone and Haley, 1984). Stories 1-4 are the divisions of the
southern central thrust belt referred to in the text.

Microstructures diagnostic of microfracturing include
fluid-inclusion planes (FIPs), microveins, and cataclastic
bands. FIPs, also known as Tuttle lamellae, are healed
extensional microfractures decorated by fluid inclusions.
They include both intragranular and transgranular types
and occur in single or multiple orthogonal sets. Micro-
veins are filled transgranular microfractures. Cataclastic
bands are discordant, tabular, subplanar zones of fine-
grained quartz.

The most commonly observed microstructures along
the transect are those resulting from dislocation flow
(undulatory extinction) and pressure solution (sutured
grain boundaries) (Fig. 3). Grain-boundary recrystalli-
zation is the least important deformation mechanism.

Regional Variation in Microstructural Abundance

Important patterns of regional variation in the relative
abundances of microstructures were observed (Fig. 4).
Samples from the Arkoma Basin are relatively unde-
formed and have accommodated strain primarily by dis-
location flow. Other mechanisms are relatively unimpor-
tant, although microfracturing (shown by FIPs) gradually
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increases to the south. Overall microstructural abun-
dance only slightly increases in samples from the outer
frontal imbricate zone; however, this increase is particu-
larly evident in sample Pa 8 in which all microstructural
abundances—including grain-boundary recrystalliza-
tion, dislocation flow, and pressure solution—are anom-
alously high. The microstructural abundance in Pa 8 is

likely the result of local deformation associated witha .

mapped thrust fault where the sample was collected. Mi-
crostructural abundance within the frontal imbricate
zone increases unevenly. Pressure solution increases the
most except in the Stanley Shale samples, which show
the highest percentage of undeformed grains. Unde-
formed-grain percentages decrease abruptly in the older
rocks of the Benton uplift. Pressure solution increases
greatly as does dislocation flow. These samples, along
with samples from the extremely clean quartz arenite
called the Hot Springs Sandstone Member, show the
greatest relative microstructural abundances of all the
samples collected. The samples from the southern cen-
tral thrust belt, excluding the Hot Springs Sandstone
Member, display little pressure solution. The exceptions
are samples Pj 38 and Pj 40, which have a relatively con-
stant abundance of dislocation flow microstructures.
Samples Pjv 39 and Pj 41 show low percentages of pres-
sure solution, microfracturing, and grain-boundary re-
crystallization.

DISCUSSION

The regional variations in microstructural abundance
compares favorably to the accepted division of the
Ouachita Mountains-Arkoma Basin region into tectonic
provinces (Figs. 2,4). The Arkoma Basin is well defined by
both relative abundance of all microstructures and the
southerly increase in microfracturing, especially near the
Ross Creek fault, the traditional boundary between the
Arkoma Basin and the outer frontal imbricate zone in Ar-
kansas. Variations in the relative abundances in the
outer and inner frontal imbricate zone are likely a result
of sample proximity to the major thrust faults, as well as

W.]. Sims

how the different lithologies accommodated the de-
formation. The anomalously high percentage of unde-
formed grains and low microstructure abundance in the
matrix-rich Stanley Shale sandstones as compared to
adjacent samples likely reflect accommodation of strain
by the matrix rather than deformation of the framework
grains. Complex differences and similarities are dis-
played in the Jackfork Formation sandstone samples
from the frontal imbricate zone and the southern central
thrust belt. Dislocation flow and grain-boundary recrys-
tallization show similar trends, whereas pressure solu-
tion and microfracturing vary greatly, showing a dif-
ferent set of operational deformation mechanisms. The
similarities in microstructural abundance of the pre-Car-
boniferous rocks of the Benton uplift and the extremely
clean quartz arenite of the Hot Springs Sandstone Mem-
ber of the Stanley Shale show the extension of structures
into the neighboring Carboniferous strata.

Most of the microstructures counted in the samples
are assumed to have formed in situ. This assumption is
valid for transgranular features, for microstructures
caused by impinging grains, and for microstructures that
transect contacts between grains and overgrowth ce-
ment (Onasch and Dunne, 1993). Many fluid-inclusion
planes that cut across grains were noted, as well as defor-
mation bands caused by impinging neighboring grains.
Optically discontinuous cementation rims were seen to
be deformed by impinging grains. In addition, contrast-
ing abundance was seen to correlate with structural po-
sition. Some of the microstructures observed in this
study are undoubtedly inherited from deformation in
the grains’ source terrane. A maximum of 5% of quartz
grains affected by pressure solution during diagenesis
has been generally assumed (Groshong, 1988; Knipe,
1989). Pressure-solution percentages in this study exceed
this number by a significant margin.

The microstructures observed in the eastern Ouachita
Mountains and their corresponding deformation mech-
anisms are typical of those formed under low-tempera-
ture conditions of deformation (Groshong, 1988; Lloyd
and Knipe, 1992). Groshong (1988) introduced the con-

cept of a deformation-mechanism associa-
tion as a tool for interpretation of structural

Undeformed |

provenance and tectonic analysis. A defor-
mation-mechanism association is defined

Cataclastic bands
Microveins
FIPs

Microfracturing

by Groshong (1988) as the deformation
mechanisms formed under the same envi-
ronmental conditions (temperature, con-

Overgrowths/beards
Sutured boundaries

Pressure Solution

fining pressure, differential stress, strain
rate, pore-fluid type, and pore pressure) in
the same rock type. Five deformation-

Mortar texture
Serrated boundaries

Grain Boundary Recrystallization

mechanism associations are recognized
and are presented in Table 1 (from Gro-

Deformation lamellae
Deformation bands
Patchy extinction
Undulatory extinction

Dislocation Flow

shong, 1988).

Microscopic deformation as observed in
the present study belongs to Associations II
(brittle-framework deformation; I1 P, IT F,
and II PF) and III (semibrittle framework

Percent Grains

Figure 3. Histogram showing the abundances of microstructures in all sam-

pled sandstones of the eastern Ouachita Mountains.

L ion-
50 60 deformation; III P, III F, and III PF). A few

examples of Association IV R mechanisms
are noted in the more highly deformed
rocks of the Benton uplift and the northern
part of the central thrust belt. Recrystalli-



2007
150
100

50

150
100
50

250
200
150
100

300
250
200
150
100

Quartz Deformation Mechanisms, Quachita Mountains

]

)

|

Phs 1
Phs 2
Pa3
Pa5

Arkoma
Basin

o]
[\

(s o]
©
a a

Pa6
Pa 12

QOuter

altaalall.

Al

Pj 13
Pj14
Pj 15
Pj17
Pj18
Pj19
Pj 20
Ms 21
Ms 23

Inner Frontal

267

Undeformed Grains

Microfractures

1D cataclastic band

] microvein

Il FIP

Pressure Solution

[ overgrowth/beard
I sutured boundary

Dislocation Flow

(11 deformation band
] patchy extinction
Il undulatory ext.

Grailn-Boundary Recrystallization

{1 mortar texture

Il scrrated boundary

Southern Central

Frontal
Imbricate
Zone

Imbricate Zone

Figure 4. Histograms showing abundances of deformation
by structural province. Sample locations in Figure 1.
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mechanisms and resulting microstructures in each sample, grouped
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TABLE 1. — DEFORMATION MECHANISM ASSOCIATIONS

(after Groshong, 1988)

CONCLUSIONS

Microstructural abundances observed in
this study indicate brittle and semibrittle

Association Characteristics deformation regimes. Strain caused by crys-
I Hydroplastic deformation; cohesionless particulate flow It)al-(l))lzﬁ;ic( Cg;lideh(ASSOiigg%O)n ’:I[‘Il)] is taken to -
without deformation of framework minerals. € 0-2% (Groshong, . This strain is

I Brittle-framework deformation; crystal-plastic defor- sufficient to form the'mesoscoplc struf:-
mation small with slight undulatory extinction and rare tures seen in the rocks in the Arkoma Basin
deformation lamellae. Crystal deformation by fracturing and the frontal imbricate zone and the Car-

or faulting (IT F) or pressure solution (Il P) or both (I FP), bOIlllfgijutShr ocks of the central thrust belt,

111 Semibrittle framework deformation; obvious crystal- gxc lj\ r(lig f e Hott_ Springs iandstone Mem-
plastic glide insufficient to produce grain-orientation EI. AS de olrmz:ilon-mec anism associa-

fabric; obvious undulatory extinction and/or deforma- tions are related to rock type, a deforma-

tion lamellae along with fracture (III F), pressure solu- tlontfr_opt canngt bﬁenml?glpeld m foTn;aUOIIzs

tion (111 P), or both (III FP). containing contras g ologies. 1herocks

. L . . of the Benton uplift and the northern part

v Tectonites; deformation induced crystallographic fabric;

glide tectonites (IV G) caused by glide mechanisms and ?f the (siquthem .cf; I?tt:lal (tih;ust be}t were.de-
;ecrys(,ital]'ization te::tonites (I;/ R) in which original grain doel;llr(l)ii n‘g ;ff?;, srtlraien (E’G(;I(;ngglgl rleggmme

oundaries are not preserved. . : ral ’ -

\% Annealed; no more than weak crystallographic fabric This strain amount is in general agreement

and original grain boundaries obliterated.

~ with most models of tectonic history of
the Ouachita Mountains in Arkansas. Tec-

zation noted in Association IV marks the upper limit of
low-temperature deformation. No deformation mecha-
nisms of Association V (annealed grain boundaries
formed under static conditions) were recognized. A crys-
‘tal-deformation front cannot be defined because no As-
sociation I (hydroplastic) deformation mechanism was
noted. Frictional grain-boundary sliding indicative of
hydroplastic deformation is difficult to identify in natu-
rally deformed rocks because grain shape, size, and in-
ternal structure may be unaffected by the deformation
(Knipe, 1989). A crystal-plastic front exists between the
rocks of the frontal imbricate zone and the Benton uplift.
This front cannot be defined precisely between samples
Ms 23 and Ocm 24 or samples Mhs 31 and Ms 32 because
of the change in rock type. All the samples studied ex-
hibit significant Association Il F mechanisms; Associa-
tion III FP is evident in the more arenaceous samples
from the inner frontal imbricate zone, the Benton uplift,
and the southern central thrust belt. Association IV R is
noted in these same rocks.

In a previous study of microstrain features of rocks of
the Benton uplift (Karlo, 1977), little evidence of micro-

scopic strain was reported in the sandstones studied. °

Evidence of plastic flow and tectonically induced shape.
change were not reported. Microstructures indicating
pressure solution were lacking, and undulatory extinc-
tion was uncommon. In the shaly sandstones, the grains
were reported to be unfractured. Karlo (1977) sought to
explain the “ductility” noted in rocks of the Benton uplift
by theorizing the presence of pore fluids under pressure.
These results differ from the present study, in which
intragranular deformation is common in the samples
with the greatest relative deformation. Evidence of crys-
tal-plastic deformation was seen in all samples; disloca-
tion flow is a very important mechanism in samples from
the Benton uplift and the northern part of the central
thrust belt.

tonites of Association IV are rare, and low-
temperature deformation is therefore sug-
gested.

The opportunity exists for an expanded study to take
more samples of appropriate lithology along the High-
way 7 transect and transects to the east and west, in
rocks in Arkansas and Oklahoma. The information on
how deformation is accommodated at the microscopic
scale is needed as quantitative data to support current
ideas of formation of the Ouachita Mountains. Deforma-
tion-mechanism maps could be constructed with suf-
ficient data. These maps would identify regions in stress—
temperature and stress-grain size space where different
rocks are dominated by different deformation-mecha-
nism associations.
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Thermal Maturity of Surface Samples
from the Frontal and Central Belis,
Ouachita Mountains, Oklahoma

Brian J. Cardott

Oklahoma Geological Survey
Norman, Oklahoma

ABSTRACT.— The frontal and central belts of the Ouachita Mountains, Oklahoma, con-
tain oil, gas, and solid hydrocarbons (asphaltite and asphaltic pyrobitumens). The pres-
ence of hydrocarbons implies available mature hydrocarbon source rocks. This paper
documents the level of thermal maturity of potential hydrocarbon source rocks of Or-
dovician to Pennsylvanian age in the study area.

The level of thermal maturity was determined by measuring the random vitrinite
reflectance of 36 surface rock samples of post-Silurian age and the random graptolite
reflectance of two surface rock samples of Ordovician age. The mean random vitrinite
reflectance (R,) ranges from 0.47% to 1.12%. The mean random graptolite reflectance is

0.66% and 0.82%.

All the samples in this study are early mature with respect to the generation of liquid
hydrocarbons (“oil window”) and thus have the potential of generating and preserving

liquid hydrocarbons.

INTRODUCTION

A cooperative geologic mapping program {COGEOMAP)
of the Ouachita Mountains was begun in 1985 by the U.S.
Geological Survey, Arkansas Geological Commiission,
and Oklahoma Geological Survey. An evaluation of po-
tential hydrocarbon source rocks was included in the
Oklahoma part of the program. Hydrocarbon source
rocks are characterized by the quantity and type of or-
ganic matter and level of thermal maturation (Tissot and
Welte, 1984). The objective of this study was to deter-
mine the thermal maturity by organic petrography (vitri-
nite-reflectance analysis) and the quantity of organic
matter by organic geochemistry (total organic carbon
and extractable organic-matter analyses) of shale and
chert samples collected in conjunction with detailed sur-
face mapping and during reconnaissance. Weber (1992)
reported the results of quantitative organic-geochemical
analyses of 50 surface samples. This paper presents the
resuits of the vitrinite- and graptolite-reflectance analy-
ses of those samples.

PREVIOUS INVESTIGATIONS

Curiale (1983), Fallin (1985), and Suneson and Camp-
bell (1990) summarized the occurrence of oil, gas, and
solid hydrocarbons (asphaltite and asphaltic pyrobitu-
men) in the Ouachita Mountains of Oklahoma. The pres-
ence of hydrocarbons implies available mature hydro-

carbon source rocks. The section comprising the Ordovi-
cian Womble Shale through Devonian-Lower Mississip-
pian Arkansas Novaculite contains oil-generative, type II
kerogen, and the section comprising the Arkansas No-
vaculite through Middle Pennsylvanian Atoka Formation
contains gas-generative, type Il kerogen (Curiale, 1983;
Curiale and others, 1984; Fowler and Douglas, 1984;
Zemmels and others, 1985; Guthrie and others, 1986). On
the basis of plots of extractable organic matter (EOM >60
ppm) vs. total organic carbon (TOC 0.5 wt%), Weber
(1992) concluded that, of the surface samples analyzed
in the study, one Woodford Shale (Upper Devonian-
Lower Mississippian) sample, two Caney Shale (Missis-
sippian) samples, and one Atoka Formation sample had
fair to good oil-source potential. However, these out-
crop-sample, organic-richness measurements may be
minimum values (Clayton and Swetland, 1978).
Houseknecht and Matthews (1985) illustrated an iso-
reflectance map of the Ouachita Mountains based on 89
surface samples of primarily Carboniferous strata. Ther-
mal maturity of the Oklahoma segment, based on 32
samples, was shown by R, values ranging from 0.24% in
the west to 3.96% in the core area (Matthews, 1982). Vit-
rinite-reflectance values in the present study area are
from 0.24% to 1.16%. Houseknecht and Matthews (1985,
p. 344) concluded that “in the Oklahoma portion of the
Ouachitas, thermal maturity increases with stratigraphic
age, thermal-maturity contours parallel structural grain,

Cardott, B.J., 1994, Thermal maturity of surface samples from the frontal and central belts, Ouachita Mountains, Oklahoma, in
Suneson, N. H.; and Hemish, L. A. (eds.), Geology and resources of the eastern Quachita Mountains frontal belt and south-
eastern Arkoma Basin, Oklahoma: Oklahoma Geological Survey Guidebook 29, p. 271-276.
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Figure 1. Locations of outcrops and exposui'es sampled in the Ouachita Mountains, Oklahoma (modified from Weber, 1992).

and older strata on upthrown sides of thrust faults are
more thermally mature than younger strata on down-
thrown sides. Sedimentary burial appears to have ex-
erted a dominant influence on thermal maturation, al-
though tectonic burial was also important.” Guthrie and
others (1986), using the samples from Houseknecht and
Matthews (1985), established the relations among vitri-
nite reflectance, illite crystallinity, and organic geochem-
istry as thermal-maturity indicators.
By combining structural mapping with vitrinite-re-
flectance measurements, Underwood and others (1988)
described three types of thiermal-maturity anomalies
(maturity inversion, shear-heating aureoles, and abnor-
mal maturity gradients) within the frontal belt of the
Ouachita Mountains in Arkansas.

SAMPLES AND ANALYTICAL METHODS

Staff members of the Oklahoma Geological Survey
collected 51 grab samples of indurated shale and chert
from outcrops and exposures of the Collier Shale (Upper
Cambrian-Lower Ordovician), Bigfork Chert and Polk
Creek Shale (Upper Ordovician), Arkansas Novaculite
(Devonian-Lower Mississippian), Woodford Shale (Up-
per Devonian-Lower Mississippian), Stanley Group and
Caney Shale (Mississippian), Jackfork Group (Lower
Pennsylvanian), Springer Formation (Upper Mississip-
pian-Lower Pennsylvanian), Johns Valley Shale (Lower
Pennsylvanian), and Atoka Formation (Middle Pennsyl-
vanian) in Oklahoma (Fig. 1, Table 1).

Approximately 100 g of each sample was crushed to
—20 mesh (<0.85 mm), which is the minimum grain size
preferred for petrographic analysis, whereas finer sam-
ples (higher-number mesh sieves) are used for complete
chemical maceration. Kerogen (insoluble organic mat-
ter) was isolated with HCl and HF acids by using stan-
dard procedures.The dried kerogen concentrate was
mixed with epoxy and prepared as 32-mm-diameter pel-
lets. The sample surface of the pellets was ground with
400- and 600-grit silicon carbide papers and polished
with 0.3- and 0.05-pm aluminum oxide slurries. The pel-
lets were stored in a desiccator for at least 15 h before
performing the reflectance analysis; the reflectance anal-
ysis was completed within two days after polishing to
avoid the problem of surface oxidation.

The reflectance analysis measures the percentage of
incident white light reflected from a polished surface.
Random vitrinite reflectance (plane-polarized light, fixed
stage) was measured on all post-Silurian samples with a
Vickers M17 research microscope system, with a Gamma
Scientific DR-2 digital radiometer and D47A photomul-
tipler detector, at 500x magnification, in monochromatic
green light (546 nm), with immersion oil (n, = 1.5180),
and calibrated with glass standards following ASTM (1992, D
2798). Random graptolite reflectance was measured on
the Bigfork Chert and Polk Creek Shale samples with the
same system and under the same conditions. Cardott
and Kidwai (1991) summarized the use of graptolite re-
flectance as a thermal-maturation indicator for Ordovi-
cian samples. The Collier Shale sample was not analyzed
petrographically owing to lack of vitrinite or graptolites.
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TABLE 1. — VITRINITE REFLECTANCE, GRAPTOLITE REFLE

CTANCE, AND ORGANIC GEOCHEMICAL DATA

Sample OPL? Location® R, (%)° R, range (%) nt S.D.c TOC (wt%)* EOM (ppm)#
Atoka Formation
1 637 32-3N-15E 0.65 0.49-0.79 46 0.08 0.95 167
2 639 21-2N-15E 0.81 0.57-0.96 58 0.08 0.66 87
3 669 35-4N-16E 0.70 0.57-0.82 35 0.06 0.22 10
4 670 23-4N-18E 0.91 0.72-1.04 34 0.08 0.41 20
5 671 28-4N-19E 0.94 0.81-1.07 48 0.07 0.51 14
6 672 32-5N-20E NAP NA NA NA 0.32 10
7 673 29-5N-19E 0.76 0.58-0.91 68 0.09 0.89 160
8 680 23-5N-21E 0.93 0.75-1.03 55 0.07 0.62 16
9 681 5-4N-22E 0.90 0.75-1.03 37 0.08 0.59 10
10 682 21-5N-22E NA 0.78-0.99 10 NA 0.78 10
11 683 21-5N-23E NA 0.78-1.06 7 NA 1.20 63
12 684 30-5N-24E 0.92 0.80-1.04 34 0.07 0.49 10
13 743 2-4N-17E 0.52 0.41-0.66 110 0.05 1.00 116
14 744 34-5N-18E 0.61 0.56-0.68 39 0.03 0.42 42
15 746 5-4N-18E 0.60 0.49-0.71 37 0.06 0.50 134
16 747 24-4N-17E 0.78 0.65-0.89 37 0.08 1.50 168
17 749 28-4N-18E NA 0.70-0.92 7 NA 1.20 146
18 757 21-4N-18E NA 0.65-1.06 9 NA 0.74 30
19 925 4-4N-23E 1.02 0.85-1.16 38 0.08 1.80 1,212
Johns Valley Shale
20 648 9-1S-16E 0.86 0.71-1.00 51 0.09 0.34 65
21 674 3-3N-19E 0.96 0.82-1.06 49 0.06 0.30 10
22 676 26-4N-20E 0.92 0.76-1.06 50 0.08 0.77 38
23 686 24-4N-22E 0.97 0.81-1.08 50 0.06 0.45 15
24 748 2-3N-17E 0.71 0.56-0.83 31 0.07 3.00 356
25 755 12-3N-18E 0.82 0.75-0.92 30 0.05 2.40 573
Springer Formation
26 636 1-1N-12E NA 0.54-0.85 8 NA 0.52 50
27 745 5-4N-18E NA 0.46-0.77 12 NA 0.30 75
Jackfork Group
28 641 19-1N-15E 0.65 0.46-0.81 100 0.07 2.00 . 310
29 685 34-4N-23E 1.11 0.93-1.28 46 0.08 0.82 22
30 689 25-2N-21E NA NA NA NA 0.29 10
31 924 31-4N-23E 1.04 0.91-1.19 44 0.08 0.49 52
Caney Shale
32 649 4-15-16E 0.53 0.40-0.67 39 0.08 5.40 1,570
33 678 11-4N-21E NA 0.51-0.64 2 NA 4.60 6,294
34 810 6-4N-21E NA 0.45-0.75 15 NA 4.40 2,816
Stanley Group
35 643 9-1S-14E NA 0.51-0.79 17 NA 0.39 120
36 647 26-2N-25E 1.12 0.91-1.27 40 0.10 0.94 170
37 675 16-3N-20E 0.64 0.52-0.79 50 0.06 0.32 46
38 677 2-3N-21E 0.74 0.62-0.83 32 0.06 0.19 32
39 687 1-2N-21E 0.73 0.63-0.85 33 0.06 0.24 49
40 688 2-2N-21E 1.01 0.85-1.18 44 0.08 0.17 12
41 690 7-2N-23E NA 0.90-1.04 9 NA 0.23 41
42 691 33-3N-23E 0.98 0.84-1.08 30 0.06 0.22 44
Woodford Shale
43 638 5-2N-15E 0.52 0.39-0.69 81 0.07 3.30 1,153
44 679 11-4N-21E 0.63 0.51-0.79 40 0.09 3.60 2,436
45 809 15-4N-20E 0.64 0.55-0.76 35 0.06 2.00 514
46 8i1 6-4N-21E 0.62 0.52-0.76 35 0.08 8.50 3,342
47 914 4-2N-15E 0.52 0.45-0.67 34 0.05 5.30 2,248
Arkansas Novaculite
48 645 13-2S-11E 0.47 0.37-0.57 50 0.05 12.50 3,300
Polk Creek Shale
49 644 14-25-11E 0.66 (gr) 0.52-0.77 50 0.06 6.10 980
Bigfork Chert
51 920 9-1S-12E 0.82 (gn) 0.58-1.00 60 0.10 NA NA
Collier Shale
50 646 17-5S-24E NA NA NA NA 0.29 50
agklahoma Geological Survey Organic Petrography Laboratory eStandard deviation.

sample number.

bgection-Township-Range.

cMean random vitrinite (gr = graptolite) reflectance.
dNumber of reflectance measurements.

fTotal organic carbon (weight percent; from Weber, 1992).
gExtractable organic matter (parts hydrocarbons per million

parts rock; from Weber, 1992).
hNA = Not available.




274

Bitumen

B. J. Cardott

L N
and srtvriﬁi::y High-Gray
Degraded Vitrinite
84 Vitrinite I
7_
6-
£ -
m
= 44
2
3 .
1_
HHH ] ﬂ”ﬂﬂ‘ Hﬂ f” H”ﬂﬂﬂ W
I I I 1 T T T ] T | T L
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 15

RO" (O/o)

Figure 2. Vitrinite-reflectance histogram of sample 7 (OPL 673; Atoka Formation) showing the distribution of low-gray (0.58—

0.91% R,) and high-gray (0.93-1.46% R,) vitrinite.

RESULTS

The mean random reflectance value, reflectance
range, number of measurements, and standard devia-
tion of low-gray vitrinite or graptolite are presented in
Table 1; low-gray vitrinite (described by Bostick, 1979) is
the indigenous vitrinite population interpreted as the
lowest-reflecting vitrinite on a reflectance histogram (bar
plot of reflectance vs. frequency). The vitrinite particles
range in size from about 10 to 100 um and are usually
<20 um. Particles <7 pm (measuring-spot size) were not
measured. Barker and Pawlewicz (1993) recommended a
minimum of 20-30 reflectance measurements for statis-
tically valid mean vitrinite-reflectance values. A mini-
mum of 30 reflectance measurements from high-quality
(nonpitted, nonweathered) particles was used in this
study. Several samples (6, 10, 11, 17, 18, 26, 30, 35, 41,
and 42) were vitrinite deficient with fewer than 30 reflec-

Figure 3. Photomicrograph of sample 16 (Atoka Formation) showing
the reflectance variability of low-gray (0.86% R,) and high-gray vitrinite
(1.10% R,) (reflected white light, 140-um field width).

tance values after four analyses (two pellets polished
twice) and were determined to be invalid for thermal-
maturity evaluation. Some samples (e.g., numbers 27, 33,
and 34) were not analyzed completely because nearby
samples were (numbers 15, 44, and 46, respectively).

High-gray vitrinite is recycled from older rocks and
has a higher reflectance than low-gray vitrinite (Bostick,
1979). On a reflectance histogram, low-gray vitrinite usu-
ally has a Gaussian distribution with reflectance values
(R,) spanning ~0.3%, beginning from the lowest-reflect-
ing, high-quality vitrinite grain, at maturities indicated
by R, values of <1.0%; the distribution increases with in-
creasing maturity. High-gray vitrinite is identified byR,
values in a reflectance histogram that are higher than
those in the tail of the low-gray vitrinite distribution. Fig-
ure 2 is a reflectance histogram of an Atoka Formation
sample showing the distribution of low-gray and high-
gray vitrinite. The separation between low- gray and
high-gray vitrinite is at 0.92% R, Figure3isa
photomicrograph of an Atoka Formation sam-
ple showing the broad reflectance distribution
of low-gray and high-gray vitrinite. The Penn-
sylvanian samples had an abundance of high-
gray vitrinite, redeposited from older rocks dur-
ing the Ouachita orogeny. Houseknecht and
Matthews (1985) did not identify and remove
recycled vitrinite from their reflectance his-
tograms. They indicated that, for that reason,
their mean vitrinite-reflectance values were
probably higher than accurate values.

Because all the samples are from the surface,
the probability that some of the samples are
weathered is great. Lo and Cardott (1994) found
that vitrinite reflectance decreased by as much
as 0.2% R, (absolute) in naturally weathered
surface samples from southern and eastern
Oklahoma. Vitrinite grains showing petro-
graphic signs of weathering (microfractures,
dark reaction rims; Fig. 4) were not included in
the tabulation of mean random reflectance.

The spread of vitrinite-reflectance measure-
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ments is from 0.12% to 0.41%; graptolite-reflec-
tance measurements have a spread of 0.25%
and 0.42% (Table 1). A standard deviation of
0.07 or less is ideal for mean vitrinite-reflec-
tance values of <1.0% measured on kerogen
concentrate samples (Hunt, 1979). The stan-
dard deviation of mean vitrinite-reflectance val-
ues in this study ranges from 0.03 to 0.10. The
spread of reflectance values and standard de-
viations increase with increasing thermal matu-
rity. Even though high-gray vitrinite values were
selectively removed from the reflectance histo-
grams, samples with a standard deviation of
>0.08 and a reflectance (R,) range of >0.3% may
have slight overlap with high-gray vitrinite.
Graptolites have biaxial optical character with
stronger anisotropy, broader reflectance range,
and higher standard deviation than vitrinite
(Goodarzi, 1990).

DISCUSSION

The mean random vitrinite-reflectance (R,) values of
36 post-Silurian surface samples from the study area
range from 0.47% to 1.12% (Table 1). The mean random
graptolite-reflectance values of the Polk Creek Shale and
Bigfork Chert samples are 0.66% and 0.82%, respectively.
Graptolite reflectance is not equivalent to vitrinite reflec-
tance; however, the correlation is not known. Bertrand
(1990) indicated that, at the same maturity level, grapto-

- lite reflectance is slightly less than vitrinite reflectance.
Goodarzi (1990) and Goodarzi and others (1992) showed
that graptolite reflectance is greater than vitrinite reflec-

tance at the same maturity level. Goodarzi and others’

(1993) indicated that a graptolite reflectance of 0.7-1.7%
is equivalent to a vitrinite reflectance of 0.5-1.3%.

The early-mature zone with respect to the generation
of liquid hydrocarbons (i.e., the “oil window”) correlates
with a vitrinite reflectance of 0.5-1.3%. All the samples in
this study are within the early-mature zone and have the
potential for generating and preserving liquid hydrocar-
bons if they meet the requirement for organic richness
(minimum of 0.5 wt% TOC) and contain oil-generative
organic matter (kerogen types I or 1I). Weber (1992)
showed that at least one sample from each formation
had a minimum of 0.5 wt% TOC (Table 1).

Figure 5 is a map of vitrinite- and graptolite-reflec-
tance values. The mean reflectance values vary spatially
as a result of thrusting. There is a general trend of in-
creasing thermal maturity from west to east in the nerth-
eastern part of the study area. However, there is not a
general trend of increasing thermal maturity with in-
creasing age, as reported by Houseknecht and Matthews
(1985). Samples of younger strata (Atoka Formation,
Johns Vailey Shale, and Springer Formation) have higher
mean vitrinite-reflectance values than nearby samples of
older rocks (Caney Shale, Woodford Shale, and Arkansas
Novaculite). In addition to attributing these reflectance
values to depositional and tectonic burial (preorogenic
and synorogenic coalification), the abundance of high-
gray vitrinite in the Pennsylvanian samples could have
skewed the mean vitrinite reflectance to a higher value
(e.g., sample 2 has a reflectance range 0f 0.39%). Further-
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Figure 4. Photomicrograph of sample 24 (Johns Valley Shale) showing
" microfractures and dark reaction rims of weathered vitrinite (reflected
white light, 90-um field width).

more, Mississippian sample 40 (1.01% R,) may contain
only high-gray vitrinite, a conclusion based on a com-
parison with sample 39 (0.73% R,), which was collected
nearby from the same unit (Stanley Group). Variation of

' phytoclast size and quantity can also affect the mean

value. Within the Stanley Group, sample 39 had easily
recognizable low-gray vitrinite, whereas samples 40 and
42 had many small phytoclasts. Moreover, the vitrinite-
reflectance values of pre-Mississippian rocks containing
type II kerogen could be suppressed (Price and Barker,
1985). :
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Subsurface Temperatures in the Arkoma Basin,
Southeastern Oklahoma

Youngmin Lee, Kevin F. Chen, and David Deming

University of Oklahoma
Norman, Oklahoma

ABSTRACT.— We collected 345 bottom-hole temperatures (BHTs) from log headers of
199 oil and gas wells located on a N-§ cross-section through the Arkoma Basin, south-
eastern Oklahoma. Fifty-six sets of multiple time-temperature measurements were cor-
rected by means of a Horner plot. An average depth-time correction scheme was ap-
plied to the remaining 221 BHTs that were not suitable for a Horner plot correction. A
total of 277 corrected BHTs was used to estimate equilibrium formation temperatures

in the Arkoma Basin.

The average geothermal gradient is 23°C/km. However, there is considerable lateral
variation. The average geothermal gradient in the southern part of the basin is 20°C/km,
exceeds 30°C/km in the middle part of the basin, and is 24°C/km on the northern part of
the basin. This variation in geothermal gradients could be due to the changes in thermal
conductivity, changes in radioactive heat generation in basement rocks, or heat trans-
port in the basin arising from ground-water flow.

INTRODUCTION

0il and gas are produced by the thermal maturation
of organic matter in sedimentary basins (Tissot and oth-
ers, 1987; Mackenzie and Quigley, 1988). Understanding
the thermal history of a sedimentary basin is therefore
crucial to understanding the timing and extent of hydro-
carbon generation. Because subsurface temperature is
sensitive to ground-water movement, studies of past and
present temperature can also provide insight into the
nature of regional ground-water flow systems that may
play a crucial role in oil migration (Hubbert, 1953; Hit-
chon, 1984; Toth, 1988; Garven, 1989). Knowledge of
these factors enhances our theoretical understanding of
the processes of hydrocarbon generation and migration
and provides practical information that can be incorpo-
rated into exploration strategies for specific basins.

Alogical starting point for a thermal history study is
the present-day thermal state. Knowledge of the present-
day thermal state, based on direct measurements of tem-
perature, provides a solid starting point for extrapolating
back in time. The present-day thermal regime is also-in-
dicative of hydrodynamic processes within a basin that
affect temperature and redistribute heat. Once the pres-
ent-day thermal state is understood, the thermal analysis
can be extended into the past through the interpretation
of paleothermal indicators such as vitrinite reflectance
(e.g., Deming and Chapman, 1989).

In this paper we report preliminary results of our
study of present-day temperature in the Arkoma Basin in

southeastern Oklahoma. The Arkoma Basin is a prolific
natural-gas province (Houseknecht and others, 1992},
and as of the end of 1988, there were 22 oil and gas fields
located in the nearby Ouachita Mountains (Suneson and
others, 1990; Tilford, 1990).

GEOLOGIC SETTING

The Arkoma Basin is a peripheral foreland basin asso-
ciated with the Ouachita fold belt of southern Arkansas
and southeastern Oklahoma. It is bounded to the north
and northwest by the Ozark uplift and the central Okla-
homa platform, respectively, and to the south by the
Choctaw fault and in Arkansas by the Ross Creek fault
(Johnson and others, 1988).

Figure 1 shows the location of a geologic cross section
(A-A) through the Arkoma Basin; the cross section anda
generalized stratigraphic column are shown in Figures 2
and 3, respectively. For detailed summaries of the geo-
logic history and setting of the Arkoma Basin, the reader
is referred to Amsden (1980), Houseknecht and others
(1983), Zachry and Sutherland (1984), Johnson and
others (1988), Sutherland (1988), and Vanarsdale and
Schweig (1990).

TEMPERATURE DATA

The type of temperature data that is usually available
from sedimentary basins is bottom-hole temperatures
(BHTSs), temperatures measured at or near the bottom of

Lee, Youngmin; Chen, K. F; and Deming, David, 1994, Subsurface temperatures in the Arkoma Basin, southeastern Oklahoma,
in Suneson, N. H.; and Hemish, L. A. (eds.), Geology and resources of the eastern Ouachita Mountains frontal belt and south-
eastern Arkoma Basin, Oklahoma: Oklahoma Geological Survey Guidebook 29, p. 277-282.
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Figure 1. Location map showing cross section A—A’ and wells
used in construction of cross section (after Johnson, 1986).
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Figure 2. North-south cross section through the Arkoma Basin in southeastern
Oklahoma (after Johnson, 1986). Unit symbols explained in Figure 3.
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a borehole during geophysical logging. Unfortunately,
BHTs are of poor quality. They tend to be lower than
equilibrium formation temperatures because of the
cooling effect of drilling fluid circulating at the bottom of
boreholes. Corrections can be made for drilling distur-
bances, but the information needed to make accurate

- corrections is usually not available (Deming, 1989). It is

therefore necessary to take the presence of error into ac-
count when trying to estimate equilibrium formation
temperature from raw BHTs.

In general, the process of reconstructing basin tem-
perature from analysis of BHT data requires three steps.
First, raw data are extracted from well-log headers and
screened. At this stage, temperatures that appear to be
abnormally high or low are excluded. Temperatures
measured at a shut-in time of less than 4 h after the ces-
sation of drilling fluid circulation are also excluded. Sec-
ond, raw BHTs are corrected for drilling disturbances. A
number of correction schemes are available (e.g., Bul-
lard, 1947; Lachenbruch and Brewer, 1959; Luheshi,
1983; Shen and Beck, 1986); these were reviewed by
Deming (1989) who offered practical recommendations.
Rarely, however, does sufficient information exist to al-
low accurate corrections to be made; the best that can
usually be hoped for is to reduce the systematic bias in-
troduced by the drilling disturbance. A third stage of in-
terpretation is essential. In the third stage, the corrected
data are averaged through some interpretive model that

-
~aay
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Boggy Fm. Pbg averaged, resolution suffers although error is

5 a, Savanna Fm. Psv reduced. . .
H o From examination of well-log headers on
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Figure 5 shows estimated subsurface tem-
Figure 3. Generalized stratigraphic column for the Arkoma Basin (after Car-  peratures along cross section A-A’ forn =1,
dott and others, 1986, p. 13). n =10, and n = oo, If n = oo (Fig. 5A), the esti-
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problems related to temperature measurement
and correction. -

INTERPRETATION

Geothermal gradient is directly proportional
to heat flow and inversely proportional to ther-
mal conductivity. The relatively low thermal
gradient in the southern part of the basin and
the relatively high thermal gradient in the mid-
dle part of the basin may simply be due to var-
iations in the thermal conductivity of sedi-
mentary rocks in the Arkoma Basin. We are cur-
rently proceeding with thermal conductivity
measurements to test this hypothesis and esti-
mate heat flow.

If the results of our thermal conductivity
measurements show that heat flow varies along
cross section A-A’ in a manner analogous to the
geothermal gradient, hypotheses involving heat
transport or lateral variations in the concentra-
tion of radioactive heat-generating elements
must be considered.

Ground-water flow has the potential to be
an effective agent for redistributing heat in
sedimentary basins. For example, Deming and
others (1992) concluded that regional ground-
water flow is probably responsible for system-
atic variations in near-surface heat flow ob-
served in the North Slope Basin, Alaska. In the
case of the Arkoma Basin, the topographic
slope would be consistent with regional flow

0 50 100
Temperature (°C)

Fiéure 4. Corrected bottom-hole temperatures from the Arkoma Basin.
A least-squares fit yields an average geothermal gradient of 23°C/km.

mated temperatures are the same as those determined
by the average-gradient model (Fig. 4), in which case
there is no lateral variation across the basin. If n=1 (Fig.
5B), the estimated temperature field shows high-fre-
quency variations in temperature across the basin that
are probably unrealistic. If n = 10 (Fig. 5C), estimated
temperatures and geothermal gradients across the basin
show a large lateral variation, but the isotherms are still
smooth, indicating that random error has probably been
reduced in comparison to the situation shown in Fig-
ure 5B. :

The estimated temperatures (Fig. 5C) along cross sec-
tion A-A’ vary from ~20°C near the ground surface to
>140°C at the Precambrian boundary in the southern
part of the basin. The average geothermal gradient in the
southern part of the basin is 20°C/km, exceeds 30°C/km
in the middle part of the basin, and is 24°C/km in the
northern part of the basin. At a depth of 2 km, the lateral
variation in basin temperature is ~20°C, four times the
estimated level of random error in the corrected BHTs.
Our interpretation is that the estimated temperature
field shows a real change in average thermal conditions
through the Arkoma Basin and is likely not an artifact of

from south to north with concomitant heat
transport. The magnitude of heat transport by
ground-water movement has an exponential
dependence upon the depth and velocity of cir-
culation. If the depth of circulation reaches sev-
eral kilometers, near-surface heat flow can be
reduced significantly for relatively low (0.1-
1.0 cm/yr) Darcy velocities. High permeability
aquifers and conspicuous signs of underground flow
(e.g., artesian flow) are not a prerequisite.

Variations in the concentration of heat-producing ra-
dioactive isotopes in Precambrian basement rocks (gran-
ite and rhyolite) could also be responsible for the ob-
served (Fig. 5C) variation in thermal state. This hypoth-
esis could be tested through measurements on basement
rocks, but samples may not be available. The observed
variation in thermal state could be due to some deep-
seated, unexplained variation in background heat flow.
However, the depth at which such a variation arises
could probably not be greater than the wavelength of the
observed change in the basin (about 60—-70 km).
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SUMMARY

The average geothermal gradient in the Arkoma Basin
estimated from 277 corrected BHTs along a north-south
cross section is 23°C/km. However, the geothermal gra-
dient shows considerable horizontal variation. On the
southern end of the cross section, the average geother-
mal gradient is ~20°C/km, exceeds 30°C/km in the mid-
dle, and is ~24°C/km on the northern end. The observed
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variation in geothermal gradients could
be due to changes in thermal conductiv-
ity, changes in radioactive heat genera-
tion in basement rocks, or heat transport
in the basin arising from ground-water
flow. We are proceeding with thermal-
conductivity measurements on Arkoma
Basin rocks for the purpose of estimating
heat flow and evaluating these hypoth-
eses.
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In-Situ Stress Orientation, Western Arkoma Basin
and Ouachita Mountains, Oklahoma

Neil H. Suneson

Oklahoma Geological Survey
Norman, Oklahoma

ABSTRACT.— Wellbore-breakout analysis is a common technique for determining in-
situ horizontal-stress orientations. Four-arm caliper logs from 24 wells in the Atkoma
Basin and Ouachita Mountains of Oklahoma were examined to determine contempo-
rary stress orientations. Twenty wells contained usable data that indicate aN. 20°E. +
20° breakout orientation. The direction of Sy, and probable direction of induced hy-
draulic fractures is about N. 70°W. (west-northwest). This direction is oblique to that of
the midplate stress province (which includes the Arkoma Basin and Ouachita Moun-
tains) of other workers. The origin of the anomalous stress orientation is unknown, but

may be related to the deep gravity minimum centered in the Ouachitas.

INTRODUCTION
Identification

Wellbore breakout is one type of elongation in the
cross-sectional shape of a wellbore. It can be identified
on four-arm caliper logs that typically are run with dip-
meter or formation-microscanner logs. More recently,
borehole televiewers (BHTV) have been used to map
wellbore breakouts. Ideally, breakout results in a well-
bore that is approximately elliptical in cross section; its
short axis is in-gauge (equal to the drilled diameter of
the hole), but its long axis is enlarged (greater than the

AUTHOR’S NOTE: I collected the data for this study in 1988 and
1989 and analyzed those data between 1988 and 1991. Since
1989, a large number of new exploratory and development wells
have been drilled in the Oklahoma part of the Arkoma Basin and
Ouachita Mountains. Four-arm caliper logs were run in many of
those wells, making them suitable for wellbore-breakout analy-
sis. I have not attempted to acquire those logs and begin a more
thorough study of contemporary in-situ stress in southeastern
Oklahoma. Rather, this study is based on 24 wells drilled before
1989. The results are preliminary; however, the consistency of
the in-situ stress orientations reported here suggests that addi-
tional data are unlikely to change the principle conclusions of
this study.

Operators with the necessary data are welcome to submit
those data to me for breakout analysis. Four-arm caliper logs are
generally run in conjunction with the following logs: dipmeter,
high-resolution dipmeter, stratigraphic high-resolution dip-
meter, formation microscanner, formation microresistivity scan-
ner, and fracture identification. Additional data for breakout
analysis will permit more thorough study of stress orientations in
the Arkoma Basin and Ouachita Mountains, as well as identifica-
tion of possible local perturbations in the regional stress field.

drilled diameter) (Fig. 1). In practice, the short axis of a
breakout zone typically is slightly larger than the drilled
diameter; in rare cases, the short axis is smaller than the
drilled diameter. Zones of breakout vary in length; the
lower detectable limit is defined by the length of the pad
on the four-arm caliper tool, although BHTV can detect
smaller zones. The tops and bottoms of breakout zones
should be abrupt (Fig. 2); a circular or slightly out-of-
gauge hole should abruptly become elliptical. In prac-
tice, however, the tops and bottoms of breakout zones
vary from abrupt to gradual (Fig. 3).

Wellbore breakout is distinctive from other kinds of
hole elongations. Cox (1970) first recognized a uniform
direction of borehole elongation over a large area in
Alberta, Canada; Cox determined that it was not related
to stratal dip and that departures from that direction
were, in some cases, associated with deviated wells. Bab-
cock (1978) distinguished breakout from long elonga-
tions caused by mechanically generated wear on the
sides of deviated wells during drilling. Bell and Gough
(1979) showed that breakouts are not related to rock
type, age of strata, dip, or hole deviation. Zones of hole
enlargement formed by preferential erosion of less com-
petent or more fractured rocks by drilling fluids (one or
two axes) are termed “washouts” (Dart and Zoback,
1989). Dart and Zoback (1989) distinguished randomly
oriented washouts that form in easily eroded rocks from
preferentially oriented washouts (POWs). POWSs are
probably zones of breakout that form in easily eroded
rock types (Fig. 3). Bell and Babcock (1986) suggested
that high mud pressures could result in the wellbore’s
being hydraulically fractured; the fractured rock would
be selectively eroded by the drilling fluid, leaving a zone

Suneson, N. H., 1994, In-situ stress orientation, western Arkoma Basin and Ouachita Mountains, Oklahoma, in Suneson, N. H,;
and Hemish, L. A. (eds.), Geology and resources of the eastern Ouachita Mountains frontal belt and southeastern Arkoma
Basin, Oklahoma: Oklahoma Geological Survey Guidebook 29, p. 283-291.
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hmax

Figure 1. Ideal cross section of wellbore
showing relation of wellbore breakout to
Shmax and Spmin (from Dart, 1990, p. F8).

of elongation with a long axis perpen- '

dicular to that of a breakout (discussed
below). Other types of hole elongation
may be caused by unequal mud caking
on enlarged holes (Bell and Babcock,
1986) and plastic deformation of the
borehole (Dart and Zoback, 1989).

The recognition of different types of
borehole elongations led several investi-
gators to establish criteria for distinguish-
ing breakout from mechanically gener-
ated wear, washouts (erosion) of certain
rock types, elongation parallel to induced
and natural fractures, and unequal mud-
cakes. Some of the criteria that have been
suggested are (1) caliper tool must rotate
(caused by cable torque) above and be-
low the breakout and cease rotation in
the zone of breakout; (2) one caliper
(small axis) must record the drilled or
slightly enlarged hole diameter; if the
small-axis caliper is slightly larger than
the bit size, it should show less variation
than the large-axis caliper; (3) the top and
bottom of the zone of breakout must be
abrupt—the hole diameter must increase
sharply; (4) the borehole must be within
5° of vertical; (5) the length of the break-
out zone should be greater than 1 ft; and
(6) the direction of elongation should not
be parallel to the hole deviation (Plumb
and Hickman, 1985; Bell and Babcock,
1986; Bell and others, 1992). Figure 2 il-
lustrates many of these criteria.

In addition to establishing criteria for
recognizing breakout in wellbores, Dart
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(1987), Zoback and Zoback (1989), Zoback and Zoback (1991), and
Zoback (1992a) ranked breakout data in terms of quality. Some of
these criteria are similar to those used for distinguishing breakout
from other types of hole elongations and include (1) degree of tool
rotation, (2) abruptness of termination, (3) amount of hole deviation,
and (4) amount of washouts. Other criteria are (5) smoothness of well-
bore, (6) scatter of data, and (7) frequency, overall length, and consis-
tency of occurrence in an individual well,

In general, the most important criteria for individual breakout rec-
ognition and quality were found to be (1) the relation of caliper-size
variation, (2) well deviation (for highly deviated wells), and (3) absence
of extensive washouts. Tool rotation and abruptness of termination
affect the quality, but not the recognition, of individual breakouts.
Direction of hole deviation is not important. Number and consistency
of breakouts are a general measure of the quality of the data set but are
not a measure of individual breakout quality. Although scatter of the
data can make “true” breakout orientation difficult to recognize, it is
significant and may have geologic implications (e.g., Dart, 1990; Bell
and others, 1992), _

Origin

Wellbore breakout forms as a result of unequal horizontal compres-

sive stresses around a wellbore; it is directly related to the present-day
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Figure 2. Part of four-arm caliper log from the ARCO No. 1 Hart well illustrat-
ing a zone of breakout (15,615—15,621 ft). Note that (1) the top and bottom
of the zone of breakout are abrupt, (2) the small axis is in-gauge, and (3)
tool rotation (denoted by P1AZ) stopped through the zone of breakout.
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state of stress in the Earth’s crust. The only serious dis-
agreement with this observation was that of Babcock
(1978), who published the first paper using extensive
breakout data and suggested that breakout forms as a
result of preferential erosion parallel to natural fractures.
The natural-fracture origin was quickly challenged
(Bell and Gough, 1979; Zoback and Zoback, 1980; Gough
and Bell, 1981,1982), and by 1986, Babcock agreed that
breakout forms as a result of in-situ stress around a well-
bore (Bell and Babcock, 1986). The relation of breakout
to in-situ stress was confirmed by Gough and Bell (1981,
1982), who showed that breakout directions are perpen-
dicular to fractures formed by hydraulic-fracturing op-
erations, and by Hickman and others (1985) and Stock
and others (1985), who used a BHTV to distinguish natu-

P1AZ (DEG) — CAL 1 (IN)

-~ CAL 2 (IN)

-40.00 360.00 6.0

285

ral fractures from zones of breakout. Several other types
of data have been used to measure stress orientation and
have confirmed that wellbore breakout results from un-
equal horizontal stresses around a wellbore; these data
include (1) overcoring, (2) core-disking, (3) petal-center-
line fractures in cores, (4) stress- and strain-gauge grids,
(5) tiltmeter studies, (6) fault-plane solutions, (7) slip azi-
muths of Quaternary faults in surface excavations, and
(8) alignment of recent volcanic vents (Zoback and Zo-
back 1980; Gough and Bell, 1981; Bell and Babcock, 1986;
Paillet and Kim, 1987; Plumb and Cox, 1987; Dart and
Zoback, 1989).

Much recent research on wellbore breakout has fo-
cused on the exact mechanism of borehole elongation
and the relation of breakouts to the magnitude of in-situ

stresses (e.g., Gough and Bell, 1982; Bell
and Gough, 1983; Mastin, 1988; Zheng and
others, 1989; Moos and Zoback, 1990; Sha-
mir and Zoback, 1992). For the purposes of
this paper, breakouts are considered to be

16.0 ...zones of spalling and fracture on op-
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posite sides of a well bore, which elon-
gate it in cross section from circular to
approximately elliptical. Breakouts gen-
erally form by compressive failure of
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the rock at the borehole wall and tend to
occur at the azimuth along the well bore
where the compressive stress is great-
est....Theory predicts that the most

\

compressive stress at the borehole wall
exists at the azimuth parallel to the least
compressive remote stress that acts per-
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pendicular to the borehole axis. (Mastin,
1988, p. 9187)

All the research that uses breakout to iden-
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tify the orientation of the relative maxi-
mum (Spma) and minimum (Symi,) horizon-
tal-stress directions assumes that the well-

bore is approximately vertical and there-
fore parallel to the third principal-stress
direction (S,). Comparison of stress direc-

tions based on interpretation of breakout
data with those determined by other
methods (particularly hydraulically in-
duced fractures) suggests that this assump-

tion is valid (Plumb and Cox, 1987; Mastin,
1988).
Additional recent research has (1) treated

wellbore-breakout data statistically (Dart,
1987; Plumb and Cox, 1987), (2) investi-
gated breakout data on a regional to world-
wide basis and related stress orientations to
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crustal kinematics (Zoback and Zoback,
1980,1989; Zoback and Zoback, 1991; Zo-
back, 1992a), (3) attempted to explain anom-

Figure 3. Part of four-arm caliper log from the ARCO No. 1 Hart well illustrat-
ing two zones of breakout (15,746-15,752 ft and 15,763—15,774 ft). Note
that the lower zone does not show an abrupt top or bottom, but that tool
rotation stops. The upper zone shows an abrupt top and bottom, but is en-
closed within a zone of probable preferentially oriented washout (POW) in
which tool rotation either slows, stops, or rotates normally. The orientation of

both zones of breakout is about N. 20° E.

alies in the predicted stress patterns (Bell
and others, 1992; Zoback, 1992a,b), and (4)
used in-situ stress orientation for evaluat-
ing hazards associated with seismic and
aseismic deformation and the potential for
slip along known faults (Dart and Zoback,
1989; Dart, 1990). Zoback and Zoback (1991)
and Zoback (1992a) have identified what
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they call the “midplate stress province” of the North Amer-
ican plate. This province extends from near the Rocky
Mountain front east to the western Atlantic continental
shelf, and from the Gulf Coast in the south to the Arctic
Circle, and includes all of Oklahoma. The maximum
horizontal-stress direction (S,,,) (compressive) is ori-
ented east-northeast to northeast and is caused by litho-
sphere-scale “ridge push” from the Mid-Atlantic Ridge.

Hydrocarbon Exploration and Development

Knowledge of contemporary in-situ stress orientation
is important for optimal development of oil and gas
fields, particularly in areas where hydraulic fracturing is
routine. Bell and Babcock (1986), Dart and Zoback
(1989), and Dart (1990) have shown that the engineering
and design of drilling and hydraulic fracturing opera-
tions can be affected by in-situ stress conditions. For ex-
ample, hydrocarbon reservoirs can be more effectively
drained if development wells are more closely spaced
perpendicular to the direction of induced fractures
(Brown and others, 1980), i.e., parallel to the direction of
breakout. If the length of the induced fracture is known,
the most appropriate spacing for wells parallel to the di-
rection of the fracture can be determined. .

In addition, Bell and Babcock (1986) showed that the
ability to predict induced-fracture orientation is impor-
tant when an exploration well has missed its target; in
some cases, it may be possible for an induced fracture to
connect with the missed target, e.g., a reef. They also
suggested that correct prediction of fracture orientation
is an aid to blow-out control because it enables relief
wells to be better located.

SOUTH-CENTRAL U.S. STUDIES
Previous Work

The most thorough studies of in-situ stress in Okla-
homa are by Dart (1987,1990). The data presented in
these reports were used by Zoback and Zoback (1989) to
document the tectonic stress field in the conterminous
U.S. and by Zoback (1992a) in her World Stress Map

project. There is some overlap in the studies by Dart
(1987,1990); although not stated, the data presented in
Dart (1990) for the eastern parts of the Anadarko and
Marietta Basins appear to be a refinement of those pre-
sented in Dart (1987). The earlier study, however, covers
amuch larger area and includes wellbore-breakout data
from the Ouachita Mountains and Arkoma Basin. .

Breakout data from the eastern part of the Anadarko
Basin in Oklahoma yield a consistent east-northeast (N.
78° E.) maximum horizontal principal-stress direction
(Shmax) (Dart, 1990). This direction is similar to that of the
North American midplate province (Zoback and Zoback,
1991; Zoback, 1992a). The in-situ stress orientation in the
eastern part of the Marietta Basin is less well con-
strained. Wellbore enlargements consist of generally
northwest-oriented breakouts and generally northeast-
oriented fracture-related enlargements (Dart, 1990).
Shmax in the Marietta Basin is N. 41° E. The northeast-ori-
ented fractures consist of induced fractures, natural frac-
tures, and/or joint sets. Dart (1990) suggested that the bi-
modal data set in the Marietta Basin may be typical of
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data collected in areas where wells are drilled between
subparallel faults that strike oblique to S, ,,,.

Dart (1987) reported breakout data from one well in
the Arkoma Basin and one well in the Ouachita Moun-
tains in Pittsburg County, Oklahoma. The Arkoma Basin
well showed a mean breakout direction of about N. 65°

- E., which suggests a north-northwest direction for Shmax-

Dart (1987) assigned a relatively low confidence level to
this orientation. The most common breakout direction
based on total footage was about N. 45° W., which sug-
gests a northeast direction for S, ,,. However, there was
significant scatter in the direction of individual break-
outs; Dart (1987) considered this data set “no good.” Dart
(1987) examined 14 wells in the Arkoma Basin in Arkan-
sas. Six wells were shown as having a statistical quality
rating of A, B, or C; the directions of Shmax from these
wells are (from west to east) N. 33°E. (AR 15 [Dart’s well
designation]), N. 17°W. (AR 10), N. 65°E. (AR 7), N. 40°
W. (AR 12), N. 85°W. (AR 4), and N. 42°E. (AR9). AR 7
and AR 12 are within a few miles of each other. The re-
port by Dart (1987) contains no reliable breakout data for
wells in the Ouachita Mountains, and the data for wells
in the Arkoma Basin in Oklahoma and Arkansas show a
great deal of scatter.

Present Study
Results

Throughout this section, the term “breakout” refers to
features on the four-arm caliper logs that are interpreted
as wellbore breakouts. In some cases, other types of hole
elongations were recorded as breakouts; however, analy-
sis of the data (below) shows that these kinds of elonga-
tions can be recognized when a sufficient number of
wells have been studied.

The four-arm caliper logs from 24 wells in Oklahoma
were examined for this study. The well locations are
shown in Figure 4. Ten wells are located in the Ouachita
Mountains (surface location south of the trace of the
Choctaw fault). Thirteen wells are located in the Arkoma
Basin; sixin T. 5 N., R. 18 E. One well is located in the
Gulf Coastal Plain just south of the western end of the
Ouachita Mountains.

Table 1 summarizes the breakout data for the Okla-
homa Ouachita Mountains and Arkoma Basin. “Depth
logged” refers to that part of the well for which four-arm
caliper data were available. “Quality of breakout” is a
qualitative ranking of the quality of the breakout data
used in constructing the rose diagrams (Fig. 5). The rank-
ing (A is excellent, D is poor) is based on several criteria:

1) Tool rotation—The quality of the breakout data is
degraded if the caliper tool was not rotating or did not
stop rotating in the zone of breakout.

2) Shape of breakout zone.—The quality is degraded
if hole elongation was not abrupt or was very slight or if
the short axis was significantly enlarged relative to bit
size. POWs are included with the breakout data because
they grade into each other and reflect unequal horizontal
stresses around the wellbore.

3) Log quality.—The quality of the breakout data is
degraded if log curves overlap and/or the caliper curves
are difficult to read. The columns labeled “number of
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Figure 4. Map of Arkoma Basin and Quachita Mountains showing major structural features, numbered well locations, and ref-
erence line(s) that approximate breakout orientations. Circled well locations did not show a preferred breakout orientation.

breakouts/feet logged” and “feet of breakouts/feet
logged” reflect how much breakout is present in a well
(over the interval logged) and is another qualitative indi-
cator of data quality. Large numbers in these columns
indicate that breakout zones are common; small num-
bers indicate that breakout zones are rare.

Figure 5 is a series of rose diagrams showing the direc-
tion of breakout for the 24 wells used in this study. The
upper hemisphere is based on the number of feet of
breakout over the logged interval; the lower hemisphere
is based on the number of breakouts. The heavy lines
plotted on the outside of the rose diagrams (Fig. 5) also
are plotted in Figure 4 through the welllocations and are
used merely as a reference line; they may represent the
approximate breakout direction(s) but have no statistical
significance. The data for three wells (nos. 19, 23, and 24)
were too scattered to determine an approximate break-
out direction.

Figure 6 is a histogram of the interpreted approximate
breakout directions shown on Figure 5 (rounded to the
nearest 10°). Some wells showed more than one break-
out direction; both are plotted on Figure 6. The most

common breakout direction is N. 20° E., and nearly 70%
of the wells had a breakout direction of N. 20° E. = 20°.
The N. 20° E. direction becomes more significant if sev-
eral apparently anomalous “breakout” directions are
considered. The N. 60°W. and N. 30°W. directions occur
in well no. 21. This well is highly deviated (maximum 23°)
(Table 1), and the borehole was extremely irregular, sug-
gesting that the data may be in error. The two N. 20° Ww.
directions were from wells (nos. 2 and 5) that also
showed N. 10° E. and N. 20° E. breakout directions, sug-
gesting that the N. 20° W. directions may represent pre-
existing fractures or joints. The N. 80° E. direction is also
from a well (no. 14) that showed a N. 20° E. breakout di-
rection and may represent preexisting fractures. The N.
20° W. and N. 80° E. directions are perpendicular and
parallel, respectively, to the general structural grain of
the Ouachita tectonic belt in this area; fractures with
these orientations are not unlikely. If the anomalous data
from wells nos. 21, 2, 5, and 14 are eliminated, all the
breakout directions for the 21 wells for which an approxi-
mate direction could be determined are from N. 10° W.
to N. 40° E. and 85% are N. 20° E. + 20°.
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TABLE 1. — WELLBORE-BREAKOUT DATA, ARKOMA BASIN AND OUACHITA MOUNTAINS » OKLAHOMA

N
S &
5 o & S o AN
& @ $. ;fQ 4’? y 7 §$ égy S
§ fo &F & & &7 FHF
é? 5 ; 4,‘&@ 5 g’o & & ~é& &
& Date  Depth S IS & & & &8
& Well logged logged & & & °§' S& &
< (operator, no., farm)  County Sec./T./R.  molyr (v ¥ FTY L& & & &8
1 Grace 1 Mitchell Pittsburg 8/5N/14E 7/80 7,400-9,850 2.5 11 79 C 5 3
2 Beren 1-30 Turner Pittsburg 30/5N/15E  10/81 1,785-3,615 2 7 97 C 4 5
3 Samson 1Bobo Pittsburg 16/5N/17E  7/78 8,200-9,351 5 4 73 C 4 6
4 Beren 1-1Alexander Pittsburg 1/4N/14E 4/81 2,483-3,183 35 6 72 B 9 10
5 Kerr-McGee 1-31 Pittsburg 31/3N/14E  6/79 54-2,642 2.5 7 65 C 3 3
Lee Scott
6 Getty 1-14 Sweetin Pittsburg 14/3N/15E  7/822 12,380-13,860 7.5 5 31 B 3 2
7 Texaco 1-16 Isbell Pittsburg 16/3N/5E 2/85 5,966-13,852 13 6 186 B 1 2
8 Exxon 1 Circle F Latimer 22/6N/21E 1/86 9,000-12,875 4 14 118 C 4 3
Ranch
9 ARCO 1 Sharp * Latimer 2/5N/17E 11/88 13,800-15509 3 18 226 B 11 13
10 ARCO 3 Costilow Latimer 14/5N/18E 5/88 13,054-14,140 7 12 73 A 11 7
11 ARCO 2 Yourman Latimer 15/5N/18E  6/87 10,820-11,246 2 1 16 B 2 4
12 ARCO2-16 Latimer 16/5N/18E  6/88  12,787-13,961 3 6 22 B 5 2
Kilpatrick
13 ARCO 2 Fazekas Latimer 17/5N/18E  12/87 12,958-14,990 4 8 57 B 4 3
14 ARCO 2 Bennett Latimer 19/5N/18E 9/88 11,500-13,476 6 5 41 C 3 2
State
15 ARCO 2 Paschall Latimer 21/5N/18E 10/88 13,154-14,256 11 5 24 B 5 2
16 Shell 32-27 Williams Latimer 27/5N/19E  12/80° 1,190-14,294 7 49 679 B 4 5
17 ARCO 1 Hart Latimer 6/4N/19E 1/89 15,400-17,764 12 41 759 A 25 46
18 Exxon 1 Retherford Latimer 5/3N/18E 1/84 1,943-7,352 6 25 167 C 5 3
19 Getty 1 Calhoun Le Flore 2/7N/24E 3/80 4,202-9,649 4.5 4 211 C 1 4
20 Sohio 1-7 Le Flore 7/IN/23E  5/87 623-8,015 45 23 621 C 3 8
Weyerhaeuser
21 ARCO1-19Ingersoll Atoka 19/IN/13E  10/87 12,600-15,060 23 32 971 D 13 39
22 Exxon1-“A” Mullin  Atoka 32/3S/11E  1/78 9,070-13,188 55 48 364 C 12 9
23  Sohio 1-29 Trotter Pushmataha 29/1N/18E  4/84P 650-6,798 8 4 26 C 1 0
Dees
24 Jones & Pellow Pushmataha 27/1S/15E  9/81 6,225-10,467 7.5 8 56 C 2 1
27-1 Smith
4Spud date. Log date not given on log. BDate of last log.

Figure 5 (opposite page). Rose diagrams showing breakout orientations for wells shown in Figure 4. Upper hemisphere shows
total feet of breakout; lower hemisphere shows number of breakouts. Heavy lines just outside diagram are reference lines that
visually approximate average breakout orientations, but have no statistical significance. These lines are the same as those
plotted on Figure 4.
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Interpretation

Based on 20 wells for which good
and consistent borehole-elongation data
were available, the approximate average
breakout direction in the Arkoma Basin
and Ouachita Mountains in Oklahoma is
N. 20° E. This finding suggests that Sy ,,,,
(and the orientation of induced hydraulic
fractures) is N. 70° W. (west-northwest).
This direction is significantly different
from the east-northeast direction found
by Zoback and Zoback (1991) and Zoback
(1992a) for the “midplate stress province”
of the North American plate. qu

Anomalies in regional in-situ stress ori-
entations are not uncomimon. Bell and
others (1992) discussed three alternatives
to explain the anomalous stress regime in
the southwestern part of the Aquitaine
Basin, France: (1) boundary zone between
anorthern European stress province and a Pyrenean
stress province, (2) geomechanical discontinuities in the
structurally complex Aquitaine Basin, and (3) weak hor-
izontal-stress anisotropy. None of these explanations
satisfactorily explains the anomalous Arkoma Basin-
Ouachita Mountain stress direction. Unlike the Pyre-
nees, the Ouachita Mountains are not actively overriding
the Arkoma Basin. Breakout direction in the structurally
complex Ouachita Mountains is the same as that in the
structurally simple Arkoma Basin. The widespread and
relatively consistent west-northwest direction suggests
that horizontal stresses are unequal in magnitude but
uniform in direction. )

Zoback (1992a) discussed several “second-order
stress sources” that affect regional stress patterns. Those
that are associated with flexural stresses include “sed-
iment loading, particularly along continental margins;
glacial rebound; seamount loading; and the upwarping
of oceanic lithosphere oceanward of the trench” (p.
11,720). These processes occur in areas of active tecton-
ics and/or sedimentation and are not relevant to the

" Atkoma Basin-Ouachita Mountains. Zoback (1992a) also
suggested that buoyancy forces related to lateral differ-
ences in crustal density can affect regional stress pat-
terns; however, all the examples cited are from areas of
active tectonism. Lateral crustal-strength contrasts are
restricted to transform plate boundaries, such as along
the San Andreas fault.

The origin of the west-northwest S;,,.,, direction is un-
known. One possibility is that it is related to the -110-
mgal east-northeast-trending gravity low centered in the
Ouachita Mountains just southeast of the Potato Hills
(Kruger and Keller, 1986). This minimum is probably
caused by a structurally(?) thickened Carboniferous sedi-
mentary section in conjunction with an upper- and/or
lower-crustal downwarp (Kruger and Keller, 1986, p. 683).
A possible objection to the gravity minimum as a cause
for the anomalous S, ,,,, direction is that well number 20
is located near the center of the minimum, whereas all
other wells are on the steep north flank of the minimum.
Future work, particularly in areas south of and outside
the gravity minimum, may clarify whether it is the cause

NUMBER OF WELLS
- N W H» OO N OO

N. H. Suneson

BREAKOUT ORIENTATIONS
Figure 6. Histogram of approximate breakout orientations.

of the anomalous stress orientation in the Arkoma Ba-
sin—-Ouachita Mountains area.
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Paleozoic Rocks of the Western Frontal Ouachita Mountains
and Arkoma Basin, Arkansas: Summary
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GEOLOGIC SETTING

Paleozoic rocks in the western frontal Ouachita
Mountains are intricately folded, complexly thrust-
faulted, and mildly to severely sheared. The exposed
rocks are mostly Devonian through Middle Pennsyl-
vanian and include the Arkansas Novaculite, Stanley
Shale, Jackfork Sandstone, Johns Valley Shale, and Atoka
Formation. Most of these rocks are considered to be of
deep-marine origin. Their thickness ranges from ~50,000
ft in the south to <30,000 ft along the northern part of the
frontal Ouachita Mountains. The effects of the late Pa-
leozoic compressional forces that formed the Ouachita
Mountain fold belt also lessen in intensity toward the
north. Rock types in decreasing order of abundance are
shale, sandstone, siltstone, chert-novaculite, conglomer-
ate, tuff, and limestone.

In the southwestern Arkoma Basin there are expo-
sures of thick, interbedded sequences of deep-marine
sandstone and shale of the lower Atoka Formation (Mid-
dle Pennsylvanian). These lower Atokan rocks grade and
thin toward the north across postulated large, “buried,”
generally downthrown-to-the-south growth faults into
shallow-marine and deltaic facies. Thin to thick intervals
of shallow-marine and deltaic sandstone, shale, and
some thin coal beds occur in the overlying middie and
upper Atoka, Hartshorne, McAlester, and Savanna For-
mations—all of Middle Pennsylvanian age. In places the
stratigraphic succession is disrupted by large, mostly
northward-translated thrust plates. The strata are usu-
ally inclined rather steeply along the crests of anticlines
and gently in the broader synclines.

GAS AND COAL PRODUCTION

Since the discovery of the shallow Mansfield gas field
in March 1902, many hundreds of shallow to rather deep
wells have been drilled, and considerable dry-gas re-
serves have been proved in the western Arkoma Basin of
Arkansas. Most gas production has been from shallow-
marine and deltaic sandstone sequences of the Atoka
(Middle Pennsylvanian) and Hale Formations (Early
Pennsylvanian). Some gas production, however, has

been from proximal deep-marine sandstone of the lower
Atoka Formation and older platform limestone and chert
sequences. Future natural-gas exploration should be
focused primarily on deeper drilling targets. Drilling ac-
tivities will be strongly aided by seismic evaluations to
pinpoint growth faults, stratigraphic traps, unconformi-
ties, depositional trends, and other features.

Low-volatile bituminous to semianthracite coal has
been mined in the western Arkoma Basin of Arkansas
since 1840, although large-scale production did not be-
gin until about 1880. The most productive coal seam—
the lower Hartshorne coal—underlies alarger area than
any other coal in Arkansas. It averages about 3 ft thick,
but locally exceeds 8 ft. Whereas in 1958 there were some
44 active coal mines in or near this area, at present there
is but one underground mine near Hartford, Arkansas,
and a few small surface ventures. The coal reserves and
recoverable reserves are estimated at 2,080 and 1,040
million short tons, respectively.

RESULTS OF RECENT GEOLOGIC MAPPING

Many of the maps and illustrations shown in the poster
session accompanying this meeting were generated by
an intensive 7Y%-year field and aerial-photographic map-
ping project undertaken by Boyd R. Haley and me in
central and west-central Arkansas. This program was
part of a still larger cooperative venture (COGEOMAP)
with the Oklahoma and the U.S. Geological Surveys that
was designed to generate geologic maps and reports pro-
viding information on the complex structure, stratigra-
phy, and mineral resources in the Quachita Mountain
orogen. In addition, important biostratigraphic evalua-
tions of the lower Paleozoic strata of the Ouachitas in-
clude studies by Ray Ethington and Jim Stitt (University
of Missouri~Columbia), John Repetski (U.S. Geological
Survey), and others.

In Arkansas, 178 geologic maps have been completed
at a scale of 1:24,000 and then reduced and compiled for
publication at a scale of 1:100,000. A few of the many
geologic features that are newly illustrated in the western
frontal Ouachita Mountains and Arkoma Basin on the
COGEOMAP maps include (1) the duplex, triangle, or

Stone, C. G., 1994, Paleozoic rocks of the western frontal Ouachita Mountains and Arkoma Basin, Arkansas: summary, in Sune-
son, N. H.; and Hemish, L. A. (eds.), Geology and resources of the eastern Quachita Mountains frontal belt and southeastern
Arkoma Basin, Oklahoma: Oklahoma Geological Survey Guidebook 29, p. 293-294.
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“teepee” nature of the structure in Atokan rocks along
Dutch Creek in Scott and Yell Counties; (2) revisions of
the Choctaw “frontal” thrust-fault zone west of Waldron,
Scott County; (3) décollements in the Stanley Shale west
of Potter, Polk County; (4) complex backthrusting at a
number of sites—east of Acorn, Polk County, and else-
where; and (5) curious lineaments trending northwest
and northeast noted on aerial photographs at several lo-
calities in western Polk County.

In addition, the poster session includes several theo-
retical cross sections depicting the depositional systems
and structural origins of the Ouachita Mountains and Ar-

C. G. Stone

koma Basin beginning in early and extending through
late Paleozoic time. The thin, preflysch, lower Paleozoic
strata of the Ouachita trough record the development of
the broader early basin from a continental rift into a nar-
rower but deep ocean basin. Extensive late Paleozoic
compressional forces along the southern margins of the

- basin aided in the northward deepening and migration

of the Ouachita trough while >45,000 ft of Carboniferous
deep-marine turbidites were deposited. Eventually, in
very late Paleozoic time, the Quachita Mountains were
further thrust-faulted and uplifted into a complexly de-
formed mountain range.



