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Depth Below Sea Level (km)

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-
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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-

15,700
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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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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.



