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Abstract

The Permian Basin is a structurally complex sedimentary basin with an extensive history of tectonic defor-
mation. As the basin evolved through time, sediments dispersed into the basin floor from surrounding carbonate
platforms leading to various mass movements. One suchmass movement is observed on a 3D seismic survey in the
Upper Leonard interval (Lower Permian) of the Midland Basin that is characteristic of a mass transport deposit
(MTD). The 350 ft thick MTD mapped in the study area is 5 mi wide, extends up to 14 mi basinward, and covers
only the translational and compressional regime of the mass movement. A unique sedimentary feature, unlike
those observed previously, is mapped and interpreted as gravity spreading. MTDs have been extensively studied
in the Delaware Basin of Permian-aged strata; however, only a few works have been published on the geomor-
phological expression of MTDs using seismic and seismic attributes to delineate the shape, size, and anatomy of
this subsurface feature. The MTD in the study area exhibits an array of features including slide, slump, basal shear
surface, and MTD grooves. In cross section, the MTD is characterized as chaotic with semitransparent reflectors
terminating laterally against a coherent package of seismic facies, or the lateral wall. Sobel filter-based coherence,
structural curvature, dip magnitude, and dip azimuth attributes are used to map thrust faults within the discon-
tinuous MTD. Kinematic evidence provided by the Upper Spraberry isopach suggests that this MTD was sourced
north of the Midland Basin and deposited on the basin floor fairway. Slope strata are interpreted from well-log
analysis showing MTD as a mixture of carbonates and siliciclastics with a moderate to high resistivity response.

Introduction
Mass movements generate the most impressive de-

posits in terms of volume on the earth’s surface in sub-
aqueous and subaerial settings. Nissen et al. (1999) are
the first to document the various aspects of mass move-
ments in seismic data using coherence attribute in the
Nigerian continental slope including mass transport de-
posits (MTDs). Such mass movements are distinctive in
deepwater depositional systems mostly due to their
large size, geomorphology, and chaotic internal charac-
ter (Shipp et al., 2011). Furthermore, MTDs have been
known to play a significant role in petroleum explora-
tion because they may be top and lateral seals or may
have acted as paleobathymetric constraints on the dep-
osition of overlying reservoir deposits (Amerman,
2009). Regardless of their architecture or their ability
to hold hydrocarbons, MTDs are in essence earth’s
modern and ancient deepwater stratigraphic record
and are an important tool in our understanding of mass
movements in slope settings around the world.

At the time of MTD deposition, the Midland Basin was
surrounded by carbonate platforms, which provided vast

inputs of carbonates into the basin. The LeonardianSeries
(Lower Permian) had shelf to open marine depositional
environments in the Midland Basin, which included silici-
clastic and carbonate rocks with detrital limestone re-
stricted to slope and base-of-slope settings (Hamlin and
Baumgardner, 2013). Handford (1981a) points out that
the Leonardian-aged sediments (Spraberry Formation)
were deposited as a large basin-floor submarine fan sys-
temand are commonly interpreted as deposits of turbidity
currents and debris flow. The present study observed a
different spectrum of mass movement on 3D seismic in
the Upper Leonard interval, which is representative of
MTDs. In this study, anMTD is described as a gravity-flow
deposit in which grains remain in contact with each other
as opposed to turbidity deposits.

The Permian Basin has been known to host vast
amounts ofmassmovements, and studies have been con-
ducted to understand the importance of the underlying
paleobathymetry and its effect on sediment flow and res-
ervoir facies distribution. Amerman (2009) investigates
the structure and stratigraphy of deepwater MTDs in
the Permian Cutoff Formation and overlying Brushy
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Canyon Formation in the Delaware Basin to analyze the
internal architecture and stratigraphic relationship of
MTDs in succession. Allen et al. (2013) study MTD in
the second Bone Spring Formation in the Delaware Ba-
sin of West Texas, USA, in which the authors use seismic
and well-log data to map the compressional features of
the MTD along with the log responses to highlight the
MTDs reservoir potential. Asmus and Grammer (2013)
further investigate the architectural attributes of less
than 3 ft thick turbidites andMTDs in the Delaware Basin
of the Upper Bone Spring Formation. Based on their
study on two cored wells, the authors conclude that
more than 90% of MTDs (slumps and debris flows) ob-
served in the cores are easily identified in image logs.
Moreover, the MTDs were correlated to decreasing
gamma-ray and increasing resistivity responses in con-
ventional logs. In summary, several extensive studies
conducted in the Delaware Basin highlight the impor-
tance of paleobathymetry and the subscale architecture
and composition exhibited by MTDs.

Even though mass movements have been well-docu-
mented in the lower Permian period, few works have
been conducted to illustrate the geomorphology of these
features using seismic expression. In this paper, we first
review the geology of the Upper Leonard interval of the
Midland Basin and understand the paleobathymetry of
the Upper Spraberry Formation and its control on the

morphology of the overlying MTD. Then, we move from
available seismic data to detailed analysis of character-
izing the MTD using seismic attributes, and we conclude
with the overall interpretation of the shape, size, and
anatomy of this subsurface feature. With integrated well
control and 3D seismic data, new insights are put for-
ward in our understanding of how paleobathymetry af-
fect sediment flow and unfold the geologic evolution
of the MTD mapped in the study area.

Geology of the study area
The extent of the Permian Basin spans an area of ap-

proximately 250 mi wide and 300 mi long in West Texas
and Southeastern New Mexico of the United States. Be-
fore the Permian Basin completely formed, it was first
described to be a shallow marine, slightly dipping basin
referred to as the Tobosa Basin (Hoak et al., 1998). It
was not until the upper Paleozoic time (Late Mississip-
pian — Early Pennsylvanian) when the North Ameri-
can plate collided with the South American plate giving
rise to the Marathon Ouachita Orogeny (Figure 1). This
massive compressional event gave rise to the Central
Basin Platform (a northwest-trending uplifted basement
block) bounded by the Delaware Basin (to the west)
and the Midland Basin (to the east; Kelly et al.,
2012). The MTD mapped in this study using seismic
was observed in the Upper Leonard interval of the Mid-
land Basin, which lies in the Leonardian series of the
Permian-aged strata (Figure 2).

The Leonardian stratigraphy in the Midland Basin re-
cords deposition in an intracratonic deepwater basin,
bounded by shallow-water carbonate platforms. Sea-level

Figure 1. Paleogeography of the Permian Basin in early Per-
mian time showing study area in the red box (modified from
Ruppel et al., 2000). The blue polygon highlights the outline of
the Central Basin Platform, and the dashed red/yellow line
highlights the shelf edge.

Figure 2. A simplified stratigraphic chart correlating the
shelf to basin facies (modified from Handford, 1981a). The red
box indicates the stratigraphic interval in which the MTD was
deposited.
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fluctuations controlled sediment input into the basin
by flooding or exposing the platform. Slope environ-
ments, which separate the basin floor from surrounding
shallow-water platforms, are characterized by abrupt
stratigraphic discontinuities, detrital carbonates, and
clinoformal geometries (Hamlin and Baumgardner,
2013). This is evident in Figure 3, which shows an inter-
preted regional 2D line trending northwest–southeast
from the Northern shelf into the Midland Basin illustrat-
ing the prograding carbonate platform (clinoformal
geometries) basinward due to continuous sea-level fall.

The Upper Leonardian interval in which the MTD de-
posited conforms on top of the Upper Spraberry Forma-
tion and is equivalent to the Glorietta Formation
(Figure 2) on the platforms (Handford, 1981a, 1981b).
Therefore, understanding the paleobathymetry of the
underlying Spraberry Formation with the help of an iso-
pach map can provide useful information on how the
sediments were dispersed on the basin floor and how
the underlying seabed exerted control on the morphol-
ogy of the overlying MTD.

Regional mapping of the 1000 ft thick Spraberry fan
cone shows that the fan system was deposited in water
depths of 600–1000 ft (Handford, 1981a, 1981b). Basin-
wide maps of sandstone distribution in the broadly de-
fined lower and upper Spraberry clastic members
(Handford, 1981a, 1981b) show that the principal sedi-
ment sources lay to the northwest, north, and northeast.
This is evident in the Upper Spraberry isopach map,
which shows depocenters around the Horseshoe
Atoll in the north indicating probable entry points
(Figure 4). The Horseshoe Atoll is an isolated carbonate
platform in the northern Midland Basin that began in
the Pennsylvanian as a broad carbonate buildup and
was surrounded by basinal environments (Vest, 1970).
By the Early Permian, more than 1000 ft of relief had
developed on the aggrading platform system. Start-
ing in the Wolfcampian and continuing through the

Leonardian, the Horseshoe Atoll was buried by deep-
water siliciclastic sediments. However, the differential
compaction of sediment overlying the peak-and-saddle
morphology of the Horseshoe Atoll influenced the

Figure 3. Interpreted regional 2D line trending northwest–southeast illustrating the prograding carbonate platform basinward
due to forced regression (modified from Bhatnagar, 2018). See Figure 1 for approximate location.

Figure 4. Isopach map of the Upper Spraberry interval. Ar-
rows indicate the primary sediment flow into the basin during
the time of deposition (redrawn from Handford 1981a, 1981b).
The dots are the well control points for this isopach map. The
study area is within the red box.
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sedimentation patterns of the upper Spraberry Forma-
tion. The toe of shelf slope also influenced paths of sedi-
ment transport, particularly for sediment entering the
basin from the principal northwest sediment entry
point. Wireline correlations (Ruppel et al., 2000) indi-
cate that cyclic Leonardian platform deposits started
prograding toward the basin into massive, clinoformal
carbonates on the slope, which in turn, grade into flat-
lying calcareous and siliciclastic intervals.

Available data
The C Ranch 3D prestack time migrated (PSTM)

mega-merged seismic survey covers parts of Andrews,
Ector, Midland, and Martin Counties with a seismic out-
line of approximately 400 mi2 (Figure 1). All of the seis-
mic surveys were acquired with vibroseis with a sweep
of 8–90 Hz, a 2 ms sample rate, and processed with a bin
size of 110 × 110 ft. Seismic data quality varies within the
megamerged survey, due to the difference in the nominal
fold and maximum offset of the surveys (Verma et al.,
2013). The vertical resolution (one-fourth of a wave-
length) for the mapped MTD is approximately 109 ft
(33 m). We used three wells available in the study area
to understand the MTDs’ lithologic composition. The
wireline logs were selected on the basis of log quality,
resolution, and depth of penetration in the area of inter-
est. Conventional wireline logs used include gamma ray,
caliper log, shallow and deep resistivity, neutron poros-
ity, and density porosity logs. Seismic synthetics were
generated to tie in well logs to seismic. We picked the
top and base of the MTD on a low-gamma-ray/high-resis-
tivity-log response based on the correlation of the log sig-
nature with the MTD seismic reflectors.

MTD classification, processes, and morphology
Mass movements represent the main mechanism of

sediment transport in deepwater settings and can range
from inches to several miles in dimension. The term
MTD includes only those processes in which sediments
are moved en masse (i.e., grains do not move freely
with respect to others) under the influence of gravity
and nonfluid turbulence is the primary grain support
mechanism. Thus, turbidity currents and other nonco-
hesive flows are excluded (Asmus and Grammer, 2013).
Even though MTDs are considered separate from turbi-
dites, it should be recognized that a single depositional
event can generate both types of deposits because they
are part of the same depositional process. Hence, one
process may evolve into another with time, or one dep-
ositional process may trigger the other.

Posamentier (2017) points out that one can determine
whether one is in a deepwater setting from seismic data
by looking for the presence of widespread polygonal
faulting (i.e., shrinkage cracks), sediment waves, seismi-
cally resolvable MTDs, and the presence of clinoforms
defining the deepwater setting (geomorphology). On
seismic, MTDs have characteristic, stratigraphic, and
geomorphologic features: basal linear grooved and
scoured surfaces, hummocky relief at the top, and cha-

otic seismic facies, with internal thrust faulting being
common (Posamentier and Martinsen, 2010).

The different processes comprising an MTD can be
diverse (slide, slump, and debris flow) with varying de-
gree of internal deformation of the sediments. Figure 5
shows a range of mass movements from slide/slump to
increasingly turbulent movement of grains (turbidity
flow). Slide/slump exhibits elastoplastic behavior and
is moderately lithified as opposed to turbidite flows,
which move almost entirely independently of other
grains (fluidal behavior). The origin of these mass
movements can be attributed to slope instability due
to reactivation of preexisting extensional faults, fluctu-
ations in sea level, and/or dissociation of gas hydrates,
which is closely related to the shear strength of sedi-
ments (Festa et al., 2016). Hence, the type of deposit
(creep, slide, and slump or debris flow) to be expected
depends on the slope gradient, the resulting sediment
velocity, and the hydrostatic forces between the sedi-
ment and fluid. Due to a low slope gradient, the proc-
esses that comprise the MTD observed in the Midland
Basin are restricted to slides and slumps.

Slide and slumps
Slides involve the movement of sediments with little

to no internal deformation and exhibit a laminar flow
throughout the body of the sediment. This is accompa-
nied by translation and/or folding of the sediments as
they experience shear failure along a basal deformed
zone (Moscardelli et al., 2006; Amerman, 2009). Slumps,
on the other hand, are characterized by significant inter-
nal deformation leading to imbricate zone geometries
(Lewis, 1971; Dingle, 1977) and are usually associated
with the toe of slope region. The main fold type observed
in a slump is the sheath fold formed by simple shear, and
it experiences a main phase of plastic/ductile deforma-
tion in which folds are formed, followed by a late brittle
phase when faults form (Martinsen, 1994).

Looking at the entire regime of the MTD, the upslope
region is concave downslope and exhibits extensional
faulting (Figure 6). The middle region is mainly transi-
tional and most likely not deformed. The terminus or
toe region is usually dominated by compressional defor-
mation that produces thrust faults (Martinsen and
Bakken, 1990; Posamentier and Walker, 2006). Subma-
rine mass transport complexes on the modern seafloor
often display complex rugosity on their upper surfaces
along with detached folds and faults.

Mass transport morphology
MTDs can assume a variety of shapes and sizes rang-

ing from lobate to sheet to channel (Posamentier et al.,
2000; Posamentier and Kolla, 2003). The lobes can have
steep flanks of up to 20°–30°, suggesting a flow mecha-
nism that involved an abrupt halt and forming low-angle
thrust faults as it comes in contact with and presses
against the terminal wall (Figure 7). Sediments close
to the terminal wall have presumably traveled the short-
est distance (Posamentier and Martinsen, 2010). The
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thrust faults are characterized as listric curvature,
which originate at the base and extend through the
top of the deposit orientated perpendicular to the flow
direction (Posamentier and Martinsen, 2010). The strik-
ing linearity of grooves that are commonly observed at
the base of MTDs form because of the laminar rather
than turbulent flow that characterizes these flows.

Figure 8 shows a seismic cross section from the Bone
Spring Formation (Leonardian) of the Delaware Basin
where the deformed section is characterized by arcuate
thrust faults dipping northwest (Allen et al., 2013). The
MTD base acts as a detachment surface
evidenced by coherent seismic reflector.
The overlying strata above the MTD fol-
low similar architecture indicating the
MTD is bounded by an interval of ap-
proximately 400 ft. The log signature of
the high- and low-resistivity responses
in the deformed MTD zone agrees with
the results presented by Asmus and
Grammer (2013). Another recent study
(Adiletta et al., 2019) conducted in the
Delaware Basin hasmapped the pressure
ridges in a mass transport complex flow-

ing from west to east during the Avalon (Leonardian)
deposition (Figure 9). Studies such as those mentioned
above provide great insight on how the basin evolved as
the sediments were deposited on either side of the basin
at a similar stratigraphic interval.

The internal chaotic nature of MTDs can sometimes
be hard to interpret on seismic profiles because of their
highly disruptive pattern. To overcome this problem,
analysis of the seismic profile along with seismic attrib-
utes can be the optimum method to properly character-
ize the MTD’s internal architecture. Ultimately with

Figure 5. Different processes responsible for MTDs (modified from Festa et al., 2016). Blocky flow deposits represent a transi-
tional zone between slump and debris flow deposits.

Figure 6. (a) A small MTD observed in the Austrian Alps and (b) compression
and extension associated with MTD. Modified after Posamentier (2017).
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proper well control and seismic cover-
age, it is possible to identify sweet spots
if any within the MTD system.

Characterization of MTD using
seismic attributes

The 3D seismic attributes are quanti-
tative measures or derivative product
(Marfurt, 2018) that provides insight
on the external and internal geomor-
phology of geologic features. There
are several attributes that can be used
to map discontinuous features; how-
ever, geometric attributes are the most
useful methodology for studying MTDs
(Martinez, 2010). The MTD mapped in
the study area covers only the transla-
tional and compressional regime of
the mass movement, is lobate in shape,
5 miles wide, and extends up to 14 miles
basinward. The following sections dis-
cuss how seismic attributes are used to
help bring out certain geologic anoma-
lies along with their interpretation to
compartmentalize the MTD.

Seismic amplitude
Seismic amplitude is a quick and easy

way to look at stratigraphic features
without involving strenuous attribute
calculations. Seismic amplitude is a
measure of the change in impedance
(product of density and velocity) of ad-
jacent rock layers. For a picked Upper
Leonard horizon, amplitudes values
were extracted and viewed to under-
stand the MTD geometry. Figure 10

shows a snapshot through time of how the amplitude
anomalies map out going up the MTD stratigraphic sec-
tion. The sinusoidal path taken by the sediments in the
first MTD succession can be observed (Figure 10a),
which highlights the translational regime of the mass
movement. The imbricate thrust faults toward the com-
pressional regime are hard to discern using amplitude
values only. In general, impedance change can be in-
ferred from the low- and high-amplitude anomalies
but the plan view does not help much in characterizing
the external morphology of the MTD.

Sobel filter (coherence)
The Sobel filter is an edge-detection technology that

is commonly used in image processing packages; it
scans the data horizontally and vertically to highlight
discontinuities. The Sobel filter involves the computa-
tion of inline and crossline amplitude derivatives
normalized by the energy. It detects breaks in the reflec-
tor configuration or lateral changes in the amplitude
values and waveform shape and provides enhanced

Figure 7. (a) Seismic cross section XX′, (b) coherency slice, and (c) interpreted
line diagram showing the steeply dipping flanks. The large arrow indicates the
direction of sediment flow (modified after Posamentier and Martinsen, 2010).

Figure 8. Section view characterizing the chaotic internal reflectors of the 400 ft
MTD observed in the Delaware Basin (modified after Allen et al., 2013).

Figure 9. Avalon depositional environment highlighting
mass movements revealed by spectral decomposition in the
Delaware Basin (Adiletta et al., 2019).

6 Interpretation / November 2019



image of small-scale geologic features,
which helps in understanding the inter-
nal complexity of sedimentary features
(Qi et al., 2017).

The discontinuous linear grooves ob-
served within the MTD are thrust faults
represented by low coherence values
(Figure 11) caused by compressional
forces as discussed by Posamentier and
Martinsen (2010). Because the grooves
are oriented in the overall northdirection,
it is interpreted that the sediments must
be coming in from north (thrust faults
alignperpendicular to the sediment flow).
The upper Spraberry isopachmap further
confirms this regional sediment flow di-
rection. Although within the MTD, the di-
rection of sediment movement can vary
due to localized internal kinematics and
seabed topography. The attribute further
delineates thepresenceof lateralwall and
the sinusoidal path (interpreted as MTD
grooves) the sediments take before set-
tling down. Sobel filter-based coherence
gives a detailed aerial view of the overall
lobate shape of the MTD.With the help of
seismic section lines, one can begin to
start analyzing the slide/slump processes
that comprise the MTD.

Slide/slump
The transverse view (Figure 12)

shows a northwest–southeast-trending
cross section and provides an insight
into the internal architecture of the
MTD. Toward the compressional regime
of the MTD, the seismic reflectors are
chaotic and show the sediments slump-
ing on top of each other forming a
duplex structure with a series of imbri-
cate thrust faults. The overall sediment
direction is interpreted to be coming
from the north as the depositional clino-

Figure 10. Seismic amplitude values extracted on stratal slices: (a) −1030 ms,
(b) −1020 ms, and (c) −1010 ms, showing the change in amplitude anomalies
going up the MTD stratigraphic section (left to right). The overall geometry
of the MTD is hard to discern using amplitude values only.

Figure 11. Coherence extracted on a stratal slice showing thrust faults (dipping
north–northwest), lateral wall, and overall sediment direction.

Figure 12. The northwest–southeast seismic cross section showing the internal reflector configuration of the MTD and the
interpreted line diagram.
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forms (thrust faults) are dipping away from the source.
In the southeast portion, the reflectors are less chaotic
and lack the abrupt flow of the MTD usually indicated
by the presence of the terminal wall. Due to the absence
of this terminal wall, it is interpreted that the frontal
ramp is buttressed against a topographic high in the
Upper Leonard structure in the southeast, eventually
slowing the sediments down. The seismic further shows
continuous reflectors before the compressional event
with little to no internal deformation indicating that
the MTD experienced sliding in this section of the
event. The wavy relief observed in the sliding portion
shows the compressive nature of these flows with local-
ized faulting and detachment folds.

Basal shear surface
The entire MTD event overlies the basal shear surface

characterized by much more continuous seismic facies
(Figure 12). The basal shear zone represents the plane
above which downslope translation occurs. This surface
forms the base of the MTD and makes it possible to see
where the first MTD succession occurred on seismic.
However, dependingon thesedimentvelocity, these flows
can sometimes have an erosive nature and can excavate
the underlying bathymetry. Identifying the basal shear
surface and the top of the MTD reflector (coherent seis-
mic facies, positive amplitude) binds the MTD interval.

Lateral wall
Viewing the reflector configuration from west–east

delineates the presence of the lateral wall and its corre-

sponding seismic response (Figure 13). Lateral margins
of MTDs are generated parallel to their gross flow direc-
tion and can offer a primary kinematic constraint (Bull
et al., 2009). This wall can be identified by an obvious
change of going from chaotic to coherent seismic reflec-
tors and helps define the lateral extent of the MTD. They
are chiefly associated with strike-slip movements in
MTDs (Martinsen and Bakken, 1990). As the sediments
translate downslope, they are restricted by the presence
of this lateral wall, which does not allow the sediments to
go past it. As a result, the sediments start shearing in the
other direction, eventually slumping on top of each
other. On the western margin of the MTD, the underlying
bathymetric structure slopes up toward the Central Ba-
sin Platform, and the feature is interpreted to stop where
the structure begins to climb.

Another observation to be noted is the orientation of
the thrust faults within the MTD that can vary consider-
ably as the thrust faults cut through stratigraphic sec-
tions as either ramps or flats. In addition, repeated
slip on other faults and/or associated folding can cause
originally low-angle faults to rotate to steep angles. This
is evident in the cross sections (Figure 13a) as the thrust
faults dip at high angles buttressed against the lateral
wall where the sediments presumably traveled the short-
est distance (Posamentier and Martinsen, 2010).

Dip magnitude and azimuth
Dip magnitude and azimuth are reflector configuration

attributes and are analogous to the true dip value and
dip direction of sedimentary layers. The dip magnitude

Figure 13. The west–east seismic cross section showing the internal reflector configuration of the MTD and the interpreted line
diagram.
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(the true dip value) of the reflector can be calculated
from the inline and crossline apparent dips. Dip magni-
tude values range from 0° to 90°. The dip azimuth is the
direction of the dip, in which values range from 0° to
360°. There are different ways to estimate dip magni-
tude and dip azimuth. In this study, we have used
Marfurt’s (2006) 3D semblance search to estimate the
dips. To avoid the misleading dips near fault zones,
the semblance search method uses Kuwahara et al.’s
(1976) multisearch window method to find the most co-
herent window.

Dip magnitude and dip azimuth are not only good for
mapping structural folds, but also for highlighting
subtle faults with very small displacement and under-
standing the orientation of these faults. In Figure 14,
we modify the opacity of dip magnitude such that the
corendered image (of the dip azimuth and dip magni-
tude) highlights the azimuth of only the highly dipping
events. The high dip areas are kept transparent and dip
azimuth values are visible, whereas the low dip areas
are kept opaque and the black color of the dip values
does not let the rainbow color of the dip azimuth to be
visible. The k2 strike shows the axis of the fold related
to the thrust fault. If we focus on a single
thrust fault, we can notice that the fold
axis changes with the location. Close to
the western end of the thrust fault, the
fold axis is nearly west–east, whereas
it changes to northeast–southwest in
the middle and becomes north-north-
east–south-southwest. The dip azimuth
also indicates that the strata dip toward
north close to the western edge and
as we move toward the east, the dip azi-
muth changes from north to west. The
k2 strike suggests that the strike of the
eastern wall is approximately north-
northeast–south-southwest, whereas
the dip image suggests that the wall is
dipping toward the southwest direction.

The attribute helps bring out struc-
tural anomalies (discussed in the “Struc-
tural curvature” section) that were
otherwise not picked by coherence.
The dip magnitude and azimuth is a very
useful attribute to map the varying ori-
entation of the thrust faults toward the
slumping event. This can be helpful in
understanding wellbore placement if
needed to complete in the MTD zone.

Structural curvature
Structural attributes include the tra-

ditional time-structure map, dip azi-
muth, dip magnitude, and structural
curvature, among others (Marfurt,
2018). The attribute measures the curv-
edness of the bending and folding of
seismic reflectors by taking the deriva-

tive of the dip in the inline and crossline directions.
When viewing geologic features in a 3D environment,
curvature is subdivided into the most positive principal
curvature (k1) that shows an anomaly around the peak
of the anticline, and the most negative principal curva-
ture (k2) that shows an anomaly around the trough of
the syncline. Figure 15 presents a visual of how the al-
gorithm works for a given fault trace to delineate the
peaks and troughs of the thrust fault within the MTD.

Although curvature and coherence are useful in delin-
eating faults, they are not redundant attributes but in-
stead are complementary. In general, coherence, most
positive-curvature, and most negative-curvature anoma-
lies often do not align with each other (Marfurt, 2018).
For the thrust faults within the MTD, low-coherence
anomalies are usually aligned along the fault plane, pos-
itive-curvature anomalies are shifted toward the hanging
wall, and negative-curvature anomalies are shifted to-
ward the footwall, thereby bracketing the fault trace.

Figure 16 shows how the anomalies map out once
this attribute is applied on the MTD stratal slice. The
k2 anomalies (the blue color) highlight the footwall,
whereas the k1 anomalies (the red color) highlight

Figure 14. Interpretation of the dip azimuth and dip magnitude and k2 strike
and magnitude. Notice how the orientation of the thrust faults changes within
the slumping event.

Figure 15. The northwest–southeast cross section illustrating how coherence,
k1, and k2 anomalies are mapped on the thrust faults.
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the hanging wall of these thrust faults. A unique feature
stands out (also picked by the dip magnitude and azi-
muth), which comes off of the Central Basin Platform.
This curved “arm” shows up as a strong k1 and k2
anomaly. Although coherence does a great job in delin-
eating the overall shape of the MTD, it fails to highlight
this curved geometry. This anomaly is due to a deep-
seated Paleozoic fault, and as the sediments conformed
on top of this structure, it resulted in a bend in the strati-
graphic section. The curvature attribute picks this bend
in the structure. Coherence does not pick this anomaly
because the reflector is continuous and exhibits similar
waveform and amplitude values along the dip. The pres-
ence of this curved arm is interpreted to have some in-
fluence on the seabed topography, overall kinematics of
the sediment flow, and the shape of the MTD.

Another anomaly that was picked by the curvature
attribute and observed within the MTD body is the pres-
ence of discontinuous localized events before the com-
pressional regime that is represented by a strong k2
anomaly (Figure 16c). These peculiar features trend
orthogonal to the overall sediment flow and represent
a sedimentary flow that is not related to thrust faulting.
The phenomenon that causes this effect is referred to as
gravity spreading.

Gravity spreading
Gravity-driven deformations have been widely docu-

mented in salt and ice-related compressional deforma-
tion (e.g., Anderson et al., 2005; Vendeville, 2005),
which results either from gravity gliding or gravity
spreading. Gravity spreading is the vertical collapse

and spreading of a wedge under its own weight, as op-
posed to gravity sliding, which is defined as the down-
slope translation of a body. The key controls for gravity
spreading are the dip of the upper surface, the friction
along the detachment, and the internal strength of the
wedge of sliding material (Rowan et al., 2004). In the
case of the MTD in our study area, at some point the
mass transport body distorted under its own weight
and the sediments started spreading out under the influ-
ence of gravity. This left an impression of “V”-shaped
scour marks that is observed in seismic and highlighted
by strong k2 anomalies (Figure 17).

Lithologic character of the MTD in the Midland
Basin

Mass movements have the potential to move vast
amounts of sediment from shelf/slope to deepwater set-
tings and alter the original stratification and lithologic
compositions. Such modifications can increase litho-
logic complexity and can be critical for hydrocarbon ex-
ploration. One way to understand the complexity within
the MTD is through the use of wireline logs.

Asmus and Grammer (2013) provide an insight on the
MTDs response on image logs and conventional logs in
the Upper Bone Spring Formation (Upper Leonard) of
the Delaware Basin. According to the study, a direct cor-
relation of cores to image logs reveals that MTDs can be
identifieddirectly from image logs resulting incontrasting
resistivity patterns. The studycorrelateda sharpdecrease
in the gamma-ray response for these deposits, indicating
an increase in limestone. For the same gamma-ray re-
sponse, resistivity logs exhibited a sharp increase, which

Figure 16. (a) Corendered image of coherence with the k2 anomaly, (b) corendered image of coherence with the k1 anomaly, and
(c) corendered image of coherence with the k1 and k2 anomalies. Notice the localized k2 anomaly behind the compressional event.

10 Interpretation / November 2019



corresponds to a moderate- to high-resistivity (skeletal-
rich) response on the image logs.

In the study area, three wells were analyzed using
gamma-ray and resistivity logs to understand the litho-
logic character of the MTD. Figure 18 shows a cross sec-
tion highlighting wells X and Y that covers the
compressional regime of the MTD and well Z that is lo-
cated outside the MTD. The low gamma-ray and high
density (~2.7 g∕cm3) indicates limestone (calcareous
lithofacies), whereas a high-gammaray and lower density

(<2.65 g∕cm3) response is interpreted as shales (silici-
clastic lithofacies). Hence, wells X and Y indicate a mix-
ture of calcareous and siliciclastic sediments and make
up the lithologic composition of the 350 ft thick MTD.
The porosity logs provide additional information about
rock properties. Calcareous rocks typically have higher
densities and faster sonic traveltime than siliciclastic
sediments. A large separation between the density and
neutron porosity curves indicate clay-rich rocks, and a
low separation indicates a tighter rockwith less porosity.

Figure 17. Top of the MTD surface corendered with the coherence and k2 anomalies highlighting the thrust faults and V-shaped
scour marks. The overall sediment direction is interpreted to be coming in from the north.

Figure 18. The 350 ft MTD mapped in the Midland Basin consists of a mixture of calcareous and siliciclastic sediments.
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Well Z shows a higher concentration of calcareous sedi-
ments within the MTD interval with low gamma-ray/high
resistivity response, which is interpreted as the slope car-
bonates of the Central Basin Platform.

Discussion
The 400 mi2 merged seismic survey allowed observa-

tions of howsedimentary features flowduringmass trans-
ports and the resulting sediment deposition. Geometric
attributes (Figure 19) help delineate the structural mor-
phology of the sedimentary flow and sediment flow direc-
tion. Three driving forces possibly responsible for the
origin of the compressional structures are gravity, com-
pressional stress resulting from rear-push, and shear
stress resulting from friction. Previous studies conducted
in the Delaware Basin of the Bone Spring Formation
(Upper Leonardian) suggest that shelf edge and slope
deposition of sediments occurred as a result of decreased
accommodation space due to increased carbonate pro-
duction and over-steeping of a vertically aggrading shelf
margin (Wiggins and Harris, 1985; Gawloski, 1987; Saller
et al., 1989). In the case of the MTD in the Midland Basin,
themechanism that triggered this sedimentary flow is still
unknown and is open to interpretation. A study (Allen
et al., 2013) conducted in the Delaware Basin demon-
strated thatMTDs can enhance production if targeted op-
timally where the faults enhance production rather than
restrict it. This study investigated that the first well drilled
inside theMTDzoneof the secondBoneSpring sandhada
30 day average IP of 835 BOPD, which greatly outper-
formed theaverage secondBoneSpringwell of 344BOPD
located outside the MTD.

Conclusion
MTDs observed in the Permian Basin are widespread

deposits and can extend up to several miles. The MTD
mapped in the study area covers the translational and
compressional regime of the mass movement. Kin-
ematic evidence provided by the upper Spraberry iso-

pach suggests the MTD flow direction was from the
north toward bathyal depths as the sediments followed
the peak and saddle morphology of the Horseshoe Atoll
before settling down. Sobel filter-based coherence
along with curvature attributes help map thrust faults,
lateral walls, and the localized anomalies observed
within the MTD. The k2 anomaly that highlights the foot-
wall of the thrust faults is the same k2 anomaly that
highlights the V-shaped scour marks at the upper
MTD body due to gravity spreading. The curved arm
(wrench fault) coming off the Central Basin Platform
is interpreted as a bend in the structure that is affected
by a deep-seated Paleozoic fault. This may have acted
as a constraint on the internal kinematics, seabed
topography, and the shape and size of the MTD.

The 350 ft thick MTD lithology is composed of car-
bonates and shales with a moderate- to high-resistivity
response and agrees with wireline correlations of the
cyclic Leonardian platform deposits prograding toward
the basin from clinoformal carbonates into flat-lying
calcareous and siliciclastic intervals. Based on reports
from the zone of study and its location in the depositio-
nal system, the reservoir potential for the MTD looks
promising in the Midland Basin. In terms of understand-
ing connectivity issues due to thrust faulting, fracability
of the flow and/or compartmentalization of the reser-
voir is a topic for future research.
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