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Fault damage zone at subsurface: A case study using 3D seismic
attributes and a clay model analog for the Anadarko Basin, Oklahoma

Zonghu Liao', Hui Liu?, Zheng Jiang®, Kurt J. Marfurt!, and Ze’ev Reches*

Abstract

Using 3D seismic attributes and the support of a clay model that served as an analog, we mapped and an-
alyzed a 32 km (20 mi) long, north-south-striking, right-lateral fault in the Woodford Shale, Anadarko Basin,
Oklahoma, USA. Volumetric coherence, dip azimuth, and curvature delineated an approximately 1.5 km (ap-
proximately 5000 ft) wide damage zone with multiple secondary faults, folds, and flexures. The clay analog
enabled us to identify these features as belonging to a complex transpressional Riedel structure. We also suggest
that the damage zone contains dense subseismic fractures associated with multiscale faulting and secondary
folding that may correspond to highly permeable features within the Woodford Shale.

Introduction

Fractures, fracture clusters, and tensile zones are typ-
ically below seismic resolution (Munthe et al., 1993; Fos-
sen and Hesthammer, 2000; Al-Dossary and Marfurt,
2006); thus, their distribution is sometimes indirectly de-
duced from their location with regard to large-scale
structures (Lisle, 1994; Chester et al., 2004) or 3D seismic
attributes (Chopra, 2010). Lisle (1994) shows that the
strain associated with the local curvature of large-scale
folds may lead to the local development of fracture net-
works. Roberts (2001) uses this concept to estimate the
fracture distribution from curvature computed along
seismic horizon maps, and Hart et al. (2002) apply it
to the Pennsylvanian Paradox carbonates in New
Mexico. Many authors have attempted to derive geologi-
cally based approaches to predict fracture intensity; for
instance, McLennan et al. (2009) combine outcrop obser-
vations from Hennings et al. (2000) with multivariate
analysis of the structural properties of the Oil Mountain
anticline, near Casper, Wyoming, to create predictive
fracture models. These studies indicate that we can re-
late fracture intensity to bedding curvature and its gra-
dient in which curvature provides a direct measure of
accumulated strain. However, natural fractures may also
be related to regional deformation (Kelley and Clinton,
1960; Reches, 1976), diagenesis (Ellis et al., 2012), and
unloading (Faulkner et al., 2010), with no clear relations
to local curvature or strain. Some recent studies that cor-
relate fracture distribution with 3D seismic attributes

have focused on anticlinal structures, in which the frac-
ture intensity is related to curvature, change of curva-
ture, and local strain (Gao, 2013; Wilson et al., 2015).

To investigate the fracture distribution at the subsur-
face, we interpret and analyze the damage zone of a
large strike-slip fault, following the well-documented
observation that damage zones are dissected by multi-
ple faults, and fractures, and generate local folding
(Harding, 1974; Dieterich and Smith, 2009; Faulkner
et al., 2010). Faults and fault-related folds control the
subsidiary fractures that in turn may control the migra-
tion, accumulation, or leakage of hydrocarbons in sedi-
mentary basins (Aydin 2000; Faulkner et al., 2010).
However, we should always remember that, within a
short distance (of the order of tens of meters) from
the fault zone, the locus, abundance, openness, and
other fracture attributes likely to affect the fluid flow
may significantly change even in the same structural po-
sition relative to the larger structure (Ellis et al., 2012).

This study focuses on the Woodford Shale, an impor-
tant hydrocarbon source rock of Upper Devonian to
Lower Mississippian age (Anadarko Basin, central-
western Oklahoma; Figure 1a) that has produced dry
gas and oil from an approximately 30-50 m thick reser-
voir since 2004 (Comer, 1991; Lambert, 1993; Cardott,
2012). The Anadarko Basin is dominated by large trans-
pressional tectonism.

Hydraulic fracturing, along with horizontal drilling,
has revolutionized the development of unconventional
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reservoirs (Abousleiman et al., 2007; Waters et al., 2009;
Badra, 2011). The artificial fracturing is likely to reac-
tivate natural fractures and open weak cemented zones
(Busetti, 2009). Natural fracture systems can improve
production efficiency (Gidley, 1989); however, such
fractures can also connect reservoirs with neighboring
aquifers. Therefore, mapping the distribution of natural
fractures plays an important role in designing the depth
and orientation of the horizontal wells, as well as the
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Figure 1. (a) General location of the study area (blue star) in
the Anadarko Basin, Oklahoma (base map modified from
Northcutt and Campbell, 1995). (b) TWT map of the top of
the Woodford Shale showing gentle dipping (<2) toward
the southeast. The structural time map reveals structural el-
ements, including the north-south ERF zone within the black
dashed rectangle, and the normal fault (in the dotted red line)
perpendicular to the ERF. (¢) Seismic amplitude vertical cross
section along AA’ (b). The three vertical red lines, marked
BB’, are the interpreted major segments of the ERF zone
through the cross section. The pink and green horizons indi-
cate the top of the Woodford Shale and the top of Hunton For-
mation, respectively.
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location and extent of completion strategies (Gale et al.,
2007).

We analyze a complex fault/fracture system in the
Woodford Shale seen on selected volumetric seismic
attributes (Marfurt and Rich, 2010) with the support
of a clay analog model (Reches, 1988; McClay and Bo-
nora, 2001), similarly to Staples (2011) who uses clay
models to help interpret complex fracturing inferred
from a 3D reflection seismic survey acquired over
the Woodford play in northeast Oklahoma. Mechanical
and experimental analysis provides laboratory analogs
from which the development of subseismic features can
be understood (Naylor et al., 1986; Reches, 1988).

We begin with a review of the geology of the study
area and describe some of the geometric features exhib-
ited in a strike-slip system. Next, we describe our clay
model experiment and we compute volumetric seismic
attributes from a 3D megamerger seismic reflection sur-
vey (Figure 1a). Finally, we couple the structural fea-
tures observed on the seismic volumes to those of
the clay model to predict the internal structures of
the damage zone of the strike-slip fault.

The El Reno fault zone, central-western Oklahoma

The selected study area is in the Anadarko Basin,
Oklahoma, USA (Figure 1a), which is deformed during
the late Mississippian by structural inversion of the
southern Oklahoma aulacogen. The structural develop-
ment of the basin is dominated by complex transpres-
sional tectonism, as a combined influence of the
Wichita thrust system and the subsequent Arbuckle
thrust system. The strike-slip faulting in the south-
western Arbuckle Mountains generated the strike-slip
faulting in the Anadarko Basin (Perry, 1989).

Our focus is the Woodford Shale unit (Upper Devon-
ian to Lower Mississippian), which includes important
petroleum source rock within the United States Mid-
continent. This unit was deposited under anoxic condi-
tions in the Anadarko Basin during the Kaskaskian
marine transgression (Johnson, 1988; Lambert, 1993;
Paxton et al., 2006; Cardott, 2012). The Woodford Shale
is a laminated, organic-rich unit with alternating brittle
and ductile layers (Slatt et al., 2010). The fractures in
the brittle layers (rich in quartz and calcite) are normal
to the bedding and often filled with bitumen (Bernal
et al., 2012). The ductile layers (rich in clay and organic
carbon) are typically deformed by shear flow (Re-
ches, 1987).

In the study area, the two-way traveltime (TWT) map
of the top of the Woodford Shale (Figure 1b) gently
dips (<2) toward the southwest, with the paleoshoreline
located in the northeast and the depocenter in the
southeast (Gupta, 2012). Two major fault trends are
approximately perpendicular to each other and can be
observed on the TWT structural map. Our study focuses
on the El Reno fault (ERF), a significant north—south-
striking structure in the eastern part of the study area
(Figure 1b). The vertical seismic section perpendicular
to the ERF (Figure 1c) indicates that, at the level of the
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Woodford Shale, the ERF displaces rotated layers with
a throw exceeding approximately 80 m in places.

Several structural features suggest that the ERF is a
strike-slip system. First, it is a vertical fault zone that
comprises several subparallel, vertical segments (Fig-
ure lc), typical of strike-slip faults (Harding, 1974,
1985; Christie-Blick and Biddle, 1985). Second, it has
relatively small throws (up to 80 m) compared to its
large horizontal (32 km, Figure 1b) and vertical (at least
500 ms, Figure 1c) extents, which strongly suggests that
the predominant displacement is subhorizontal. Finally,
the sense of vertical throw varies among different strati-
graphic levels. As an example in Figure 1c, the west side
is downthrown at location B, whereas the east block is
downthrown at location B'.

Strike-slip faulting in clay experiments
Clay cake models have been widely used to study
strike-slip faulting (Cloos, 1932; Wilcox et al., 1973;
Freund, 1974; Naylor et al., 1986; Reches, 1988; McClay
and Bonora, 2001). In a typical experiment, a soft layer
(wet clay or loose sand) overlies a two-block rigid layer
that represents the basement and the separation be-
tween the two blocks emulates a strike-slip fault (Fig-
ure 2a). The soft layer undergoes simple shear parallel
to the basement fault, and this shear leads to the develop-
ment of several distinct secondary structures (Naylor
et al., 1986): (1) Riedel shears (R), small strike-slip fault
trending approximately 15° relative to the basement
fault, with slip direction subparallel to the basement
fault; (2) conjugate Riedel shears (R")
that strike at approximately 75°-90° to
the basement fault, only occasionally ob-
served; (3) short-lived splay faults near
the tips of the Riedel shears striking at
more than 17° to the basement fault;
and (4) P-shears that typically appear
after an advanced stage of deformation,
and connect discontinuous Riedel
shears. Additional associated structures
are folds and thrust faults oriented ap-
proximately 45° with respect to the base-
ment fault, and secondary normal faults
oriented approximately 135° with re-
spect to the main fault (Reches, 1988).
We used clay models as a guide to in-
terpret the evolution of a strike-slip fault
and its associated structures, and we
compared them with the structure of
the ERF as revealed in the 3D seismic
attribute analysis; however, we did not
consider the experiment as a scale
model. In our experiment, the clay den-
sity was 1.22 g/cm? (76.2 Ib/f?), and the
model was nearly 15 cm (length) X
15 cm (width) X 5 cm (thickness). The
clay cake was placed on the top of
two wooden plates that moved laterally
with respect to each other at a constant
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right-lateral motion of 0.058 cm/s to a total slip dis-
tance of approximately 1.4 cm after 24 min (Figure 2b
and 2¢). The boundary conditions in the model con-
struction correspond to a strike-slip fault created by lat-
eral motion along the reactivated basement fault. The
clay deformation was recorded on photographs taken
every 30 s. Our experiment generated fault patterns
similar to the classical case (Naylor et al., 1986) with
dominance of secondary Riedel shears, splay faults,
and P-shears (Figure 3a).

Seismic attribute analysis

The 3D seismic reflection data covering the study
area comprise nine narrow azimuth surveys acquired
in central Oklahoma between 1994 and 2011 to image
the Red Fork sandstones of Middle Pennsylvanian
age. In 2012, the nine surveys were reprocessed to-
gether for prestack time migration using a single datum
and a common bin size (33.5 X 33.56 m or 110 x 110 ft).
At the top of the Woodford Shale, deeper than the origi-
nal seismic acquisition target, the frequencies range be-
tween 10 and 60 Hz, and the fold coverage varies from
15 to 60.

We computed volumetric seismic attributes (coher-
ence, curvature, and dip azimuth) following Marfurt
and Rich (2010). Next, we extracted the attribute values
along the TWT map of the top of the Woodford Shale to
reveal the deformation associated with the ERF.

Chopra and Marfurt (2007) define “coherence” as the
energy of the coherent part of seismic traces divided by
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Figure 2. (a) Map view of the clay experiment to model the overburden re-
sponse to a right-lateral strike-slip fault in a rigid basement indicated by the black
dashed line. Circles on the undeformed model provide a means of mapping
movement and strain. (b) Photograph taken after 12 min demonstrating the ac-
cumulation of strain about the “basement” fault and the beginning of the forma-
tion of Riedel (R) shear faults in the ductile overburden. (c¢) Photograph after
24 min (end of the experiment) showing fault Riedel shears (black lines in Fig-
ure 3a), splay shears (green lines in Figure 3a), and P-shears (red lines in Fig-
ure 3a) formed on the top of the deformed clay (overburden). The red arrows in
(b and c) present the moving direction of the basement fault blocks.
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the average acoustic energy of the input seismic traces.
The energy-ratio coherence algorithm we applied is
similar to the one described by Gerztenkorn and Mar-
furt (1999), and it is sensitive to lateral changes in wave-
form, but not in amplitude.

The TWT structural map of the Woodford Shale in
the ERF area, corendered with the 3D seismic coher-
ence (Figure 3b), reveals the following features: (1) a
major north—-south-trending structure interrupted by
several discontinuities that we refer to as the ERF,
and locally characterized by red patches of low coher-
ence, and (2) northeast-southwest-trending linea-
ments of medium coherence striking between 15°
and 60° relatively to the ERF. Compared with the re-
sults of the clay experiment (Figure 3a), we may inter-
pret the observed attribute features (Figure 3c) as
follows: (1) The lineaments striking at 15°-30° are
the major Riedel (R) shears (black lines), (2) the linea-
ments striking at 60° are splay faults (green lines),
and (3) the red-colored patches along the ERF are
P-shears (red lines). Conjugate Riedel shear (R") was
not observed.

Next, we examined the patterns on the corendered
dip-magnitude and dip-azimuth attribute volumes

a) Riedel shears

Splay shears
P shears

- Coherence

- - - T

Figure 3. (a) A 3D view of coherence corendered with seis-
mic amplitude along the top of the Woodford Shale and (b) its
interpretation. The black lines indicate potential Riedel faults
(R); the green lines are interpreted as splay faults, and the red
lines are interpreted as P-shears. Indexes C1-C7 indicate cor-
ridors for coherence extraction perpendicular to the fault dis-
played in Figure 6. (c) A photograph from the laboratory
experiment taken after 24 min. The fault interpretation on the
model conforms to the structural interpretation of the top of
the Woodford Shale. The connected points are interpreted
fault planes.
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along the top of the Woodford Shale (Figure 4). The
dip magnitude attribute measures the magnitude of
the local dip, whereas the dip azimuth indicates the
direction of maximum inclination perpendicular to
the strike (Chopra and Marfurt, 2007). The map of
the ERF area displays three characteristic features:
(1) layers dipping to 180° and 360°, marked by patches
of yellow and blue, (2) northeast-southwest-trending
lineaments in red-orange (dipping southeast), cyan
(dipping northwest), and darker blue (dipping south-
east), and (3) northwest-southeast-oriented bands
along the ERF in pink-red (dipping eastward), and
wide bands across the study area in green-yellow
(dipping southwest). We interpret these features as
follows: (1) different bedding dip directions, with yel-
low representing southwest-dipping beds and blue
representing north-dipping beds, (2) the northeast—
southwest-trending lineaments fit the predicted orien-
tation of R-shears with respect to the main ERF trend,
and (3) the pink-red areas are ERF-related secondary
anticlinal folds (ridges) reflecting ondulation of the
fault plane.

Following Chopra and Marfurt (2007), we also coren-
dered the most positive (K1) and the most negative (K2)
principal curvature volumes to identify folds and flex-
ures related to the ERF and the associated Riedel struc-
ture (Figure 5). Curvatures are computed as the second
derivative of the surface. We interpreted the local most
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Figure 4. Dip-magnitude map of the top of the Woodford
Shale corendered with dip azimuth. The area of the pink color
reveals potential fracture zones with compressed folds
(ridges). The black/gray color shows the low dip magnitude
area on the map. The bright part of the area presents higher
dip magnitude. Based on the color palette of dip azimuth, rel-
atively high magnitude dips dipping toward: north (0° or 360°)
is blue; south (180°) is yellow; green indicates high-magnitude
dips dipping toward the southwest (approximately 240°); and
cyan indicates high-magnitude dips dipping toward the north-
west (approximately 300°).
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positive structures (red) as “ridges” and the most neg-
ative structures (blue) as “valleys.”

Discussion: Fault damage zones

Our goal is to combine the laboratory-scale clay
model of a strike-slip fault and the field scale analysis
of the subsurface strike-slip fault on the 3D reflection
seismic data to map the first-order structural features
at both scales as a tool to estimate the ERF in situ dam-
age zone. We anticipate that the damage zones are with
the highest fracture intensity.

We first examine the clay model. The experiment
simulating the movement of a strike-slip fault in a rigid
basement (Figure 2) reveals localized deformation
within the overlying soft layer. The simple shear gener-
ated a zone of secondary, small structures, including
Riedel shears, and normal faults; none of these struc-
tures is parallel to the basement fault. In the following
stage of continuous slip accumulation along the base-
ment fault, some of the secondary faults merge and co-
alesce to form a continuous, large fault zone that cuts
across the entire soft layer parallel to the basement
fault. This strike-slip fault is associated with a complex
fault system composed of multiple segments and wide
damage zone that reflect its prolonged evolution (Nay-
lor et al., 1986).

At seismic scale, the ERF and the associated struc-
tures can be observed at the top of the Woodford Shale
on coherence (Figure 3), dip azimuth (Figure 4), and
curvature (Figure 5) maps. These seismic attributes re-
veal a complex system of secondary structures that is
most intense close to the primary fault plane. The fault
features resemble the structures generated in our clay
model; therefore, we suggest that the ERF followed an
evolutional path similar to the one we reproduced in the
laboratory. Therefore, we assume that the ERF seg-
mented surface led to a heterogeneous stress field with
advanced deformation and intense fracturing of the
damage zone similar to the laboratory experiment.
However, the fault mechanism could be much more
complex because lithology and diagenesis are expected
to play a significant role in controlling fracture distribu-
tion, but these variables have not been accounted for in
our experimental model.

We evaluate the damage zone thickness by measur-
ing coherence values along transects across the main
fault (Figure 3c) and plotting them on a graph (Fig-
ure 6). A zone of low coherence values occupies a zone
of approximately 1500 m (5000 ft) centered on the ERF
(Figure 6). We regard this zone of low coherence as an
area of high damage due to dense secondary faults and
fractures. It is expected that the extension associated
with layer bends (Reches and Johnson, 1978) will
correlate with the local, higher intensity of natural frac-
tures (Stearns, 1978; Guo et al., 2010; Staples et al.,
2011).

One of the main limiting factors in our ERF interpre-
tation is the existence of similar-scale structures due to
a major faults trend perpendicular to the ERF, possibly
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related to a much larger deformation system. The un-
certainty could be overcome by larger seismic investi-
gations covering a larger area in the future. In addition,
there is a lack of information on the subsurface fracture
intensity correlated with the ERF and its associated
structures. In the future, image logs in this study area
might provide consistent data to support our subsur-
face damage zone analysis. With a better understanding
of the damage zone at the subsurface and how the frac-
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Figure 5. Curvatures of most positive (K1) and most negative
(K2) on the top of the Woodford Shale. The K1 and K2 are
normal curvatures measured in planes perpendicular to each
other on the surface, representing the maximum and mini-
mum curvature. Areas with strong curvature (brighter red in-
dicate ridges and blue valleys) correspond to strong flexures,
folds, and possibly a high density of fractures.
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Figure 6. Illustration of the damage zone from the coherence
slices perpendicular to the north—south strike-slip fault. Their
locations are shown by the indexes C1-C7 in Figure 3c for
coherence extraction. The zone (red arrow) of low coherence
values indicates the damage zone. The anomalously high val-
ues of coherency in the right side might be related to adjacent
discontinuities, hence revealing a potential fault zone.
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ture density correlates to the fault damage zone, the
seismic attributes could provide important clues to
the characterization of the fracture networks associ-
ated to strike slip faults for well placement and produc-
tion optimization.

Conclusions

Our clay experiment confirmed that strike-slip faults
begin with the development of Riedel shears, followed
by splay faults, and finally by P-shears. These features
served as the major criteria for proxies to characterize
the El Reno strike-slip fault that crosses the Woodford
Shale in central-western Oklahoma on three seismic
attributes (coherence, dip azimuth, and curvature).
The curvature map along the top of the Woodford Shale
has previously been presented as an effective indicator
of anticlinal folds (ridges) with expected high fracture
intensity based on observations from clay experiments.

Whereas normal and reverse faults are relatively sim-
ple to recognize on seismic amplitude and attribute
data, strike-slip faults are challenging because the hori-
zon correlation across the fault is not straightforward,
especially where the horizontal slip is large. We found
that combining clay models and seismic attributes helps
to characterize a subsurface strike-slip fault system and
to infer the details of its damage zone for well place-
ment and reservoir characterization purposes.
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