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Abstract

Submarine landslides are mass movements that
transport sediment across the continental shelf to the
deep ocean. This phenomenon happens when the shear
stress exceeds the frictional resistance of the slope. We
analyze a variety of seismic attributes to interpret large
submarine slide blocks on the North Slope, Alaska. Re-
sults show that the slide blocks appear as mounds with
scarps associated with them on the seismic section. The
slide blocks vary in size, depending on their distance
away from the shelf. The pattern of the slide blocks af-
fects the overlying sedimentation.

Introduction

Submarine slide blocks are found in ancient, recent,
and modern-day environments (Robseco et al., 2014).
Submarine landslides can be set into motion and gener-
ated due to rapid sedimentation, earthquakes, tsunamis,
oversteepening of slopes, gas escape, and changes in
the hydrodynamics conditions — basically any mecha-
nism that causes sediment or sedimentary rock insta-
bility. Studies show that slides can involve upwards of
5500 km?® of material, which can move great distances
(Kneller et al., 2016). An understanding of the landslide
distribution, internal architecture, composition, and
geometry is important for assessing the integrity of the

Geological feature: Submarine slide blocks

Seismic appearance: Mound-like steep ramp
and scarp characteristics on seismic sections;
blocky and irregular features with sharp
boundaries on the horizon slices and seismic
attributes

Features with similar appearance: Mass-
transport deposits; Remnant blocks; Reef
deposits; Submarine channels; Gullies

Formation: Torok Formation
Age: Cretaceous
Location: North Slope, Alaska

Seismic data: Obtained from the Alaska
Department of Natural Resources, Division of Oil
and Gas, through the tax-credit program (State of
Alaska, 2017, http://dggs.alaska.gov/gmc/seismic-
well-data.php)

Analysis tools: Seismic attributes (such as
coherent energy, Sobel-filter similarity, dip
magnitude, and dip azimuth) and geobody
extraction

hydrocarbon prospects because they may serve as a top
seal for underlying reservoirs, the main focus of this
study. Giant submarine landslide deposits are present
in the Gulf of Mexico, Greenland, Ireland, Norway, Bra-
zil, Morocco, Nigeria, and New Zealand (Edwards, 2000;
Huvenne et al., 2002; Apotria et al., 2004; Dykstra, 2005;
Faerseth and Saetersmoen, 2008; Alves and Cartwright,
2009; Dunlap et al., 2010; Gamboa et al., 2011; Alves,
2015; Rusconi, 2017; Cox et al., 2020). An understanding
of modern-day slides also is important because these
are potential geohazards. There are several areas in the
Arctic where submarine slides may inhibit the release of
gas from the gas hydrates and permafrost. Therefore,
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the recognition and characterization of submarine
slides and the associated traces pertaining to their
transport are vital to geophysicists, geomorphologists,
geotechnical engineers, and oceanographers involved
in the exploration and production of natural resources
and others working to understand marine sediment
transport and depositional processes.

In this study, we interpret and analyze the massive
submarine landslides present in the Cretaceous (Broo-
kian-age) Torok Formation on the North Slope, Alaska,
using 3D seismic data (Figure 1). Recently, there has
been growing interest in exploration of the clastic res-
ervoirs (i.e., Nanushuk and Torok) on the North Slope,
Alaska (Houseknecht, 2019; Bhattacharya and Verma,
2020). The Nanushuk Formation is a clastic fluvial-
deltaic-shelf succession, whereas the Torok Formation
is its basinward equivalent. In terms of lithology, the
Torok Formation is composed of shale, silty mudstone,
and sandstone, deposited in the outer shelf, marine slope,
and basin-floor fan environments, whereas the gamma-
ray zone (GRZ) is an organic mudstone, which is one
of the major source rocks on the North Slope (House-
knecht et al., 2009). Figure 2 shows the stratigraphic col-
umn in the study area. In terms of seismic stratigraphy
based on the clinoform geometry, the Nanushuk topsets
transition seaward into the foresets and bottomsets,
which contain the age-equivalent Torok and GRZ forma-
tions (Houseknecht, 2019; Bhattacharya and Verma,
2020). We focus our study at the Torok and GRZ.

The Torok Formation consists of several geomor-
phological features, including slide deposits. There are
several submarine slides in the subsurface of the North
Slope, such as the Fish Creek slide, Dalton slide, Simp-
son canyon, and others. (Weimer, 1987; Homza, 2004).
The Fish Creek slides, consisting of a group of slide
blocks near the Harrison Bay, rank among the largest
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Figure 1. The study area on the North Slope, Alaska, with the
three 3D seismic surveys used. The green star in the Alaska
inset map shows the approximate location of the study area.
The dark features on the surficial map show the lakes.
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submarine landslides in size and spatial extent. Based
on 2D seismic data, Weimer (1987) identifies that the
Fish Creek slides are distributed over an area of ap-
proximately 1200 square miles (3500 square km). How-
ever, we cannot verify the exact geomorphic extent of
these slides due to the limited spatial availability of 3D
seismic surveys in the study area.

In this study, we use the Harrison Bay 3D seismic
survey (acquired in 2004) on the North Slope, covering
an area of 121 square miles (approximately 313.4 square
km) (Figure 1). The survey has a nominal fold of 35 in
110 x 110 ft. (approximately 33.5 x 33.5 m) bins. In ad-
dition, we use two offset 3D seismic surveys, such as
the Harrison Bay 3D (acquired in 2006) and NE-NPRA
3D (acquired in 2006), to provide an additional geologic
interpretation of the scarp and submarine slide blocks
in the basinal context. The total study area is approx-
imately 954.02 square miles (approximately 2471 square
km). We use geometric and amplitude attributes, such
as dip azimuth, dip magnitude, Sobel-filter similarity
(or coherence), and coherent energy (Bhatnagar et al.,
2019). Although the root-mean-square (rms) amplitude
is commonly used and available in most (or all) com-
mercial software, we do not use it because it gets af-
fected by noise. Coherent energy estimation involves
singular value decomposition of the seismic data in dif-
ferent principal components, with different windows
aligned along the structural dip (Bhattacharya and
Verma, 2020). Although coherent energy attribute is
similar to the rms amplitude, it is less susceptible to
noise because the first few principal components of
the seismic data contain the signal, whereas the latter
components contain noise (Chopra and Marfurt, 2007).
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Figure 2. A stratigraphic column of the study area along with
the gamma-ray (GR) curve from the W. T. Foran 1 well (shown
in Figure 1). LCU corresponds to the Lower Cretaceous
Unconformity, and MS corresponds to megasequence. The
darker color in the GR log represents shale, whereas the
light-yellow color represents sandstone. The Torok and GRZ
are part of the Brookian sequence (Cretaceous).



We pick the base horizon (N;) of the slide blocks and
extract seismic attributes within a window of analysis
above the horizon to better understand the slide geom-
etry, internal architecture, and distribution (Figures 3,
4, and 5). In addition, we interpret the surfaces repre-
senting the inferred top of the mass-transport deposit
(MTD) complex, infill facies, healed paleoseafloor,
and clinoforms (such as the N>-N; seismic horizons in
Figures 3, 4, and 6). We generate 3D geobodies of the

external shapes, including trapezoidal, triangular, or
cylindrical. In general, the slide blocks have sharp
boundaries, indicated by the Sobel-filter similarity
attribute (Figure 5a). Some of the slide blocks are nar-
row and steeply dipping, with significant amplitude con-
trasts against the outside material (i.e., onlap fill facies
between the slide blocks). This is important because it
reveals how the new topography created by the slide
blocks has created accommodation for later sediment

competent portion of the slide blocks in
this area, using the coherent energy
attribute (Figure 7).

Seismic attribute-based maps show
that the slide blocks can be analyzed
in detail. The seismic facies and internal
character of the slide blocks vary be-
tween coherent and incoherent at pla-
ces. The dimension of the slide blocks
varies significantly. Larger and coherent
slide blocks are present near the scarp
in the Torok Formation (toward the
shore in Figures 3 and 4), which is the
area of origin of the slides. These organ-
ized slide blocks have a preferred orien-
tation along the northwest-southeast.
As we move away from the slope (more
toward the distal portion of the basin),
slide blocks become smaller, more inco-
herent, and randomly distributed. The
presence of the GRZ shale below the
Torok Formation introduces a velocity
pushdown effect that deteriorates the
seismic imaging of the sedimentary
layers (many of which are reservoirs)
stratigraphically below the slide blocks.

Seismic expression and
interpretation

Based on our seismic data analysis,
we find several important features of
the slide blocks in our study area. First,
the slide blocks are expressed on the
seismic sections by the mound-like
shape with steep ramp and scarp fea-
tures, which are associated with axial
lows that meet the detachment surface,
marked by the N; horizon (Figure 3).
Figure 4 shows a west—east seismic sec-
tion, which goes through all three 3D
seismic surveys. It shows the prominent
scarp feature, responsible for the devel-
opment of slide blocks. Slide blocks are
larger close to the scarp, and these be-
come smaller and thinner away from
the scarp.

In terms of seismic attributes, low
Sobelfilter similarity values character-
ize the external boundary of the slide
blocks. The slide blocks take several
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Figure 3. A seismic section along the southwest-northeast, showing the slide
blocks present in this area (vertical exaggeration: 25). The yellow arrows show
the tip of the inferred slide blocks, whereas the green double-headed arrows in-
dicate the velocity pushdown effect due to the presence of the GRZ shale below
the slide blocks. The N;, N, N3, Ny, and N5 horizons indicate the bottom of the
slide blocks (detachment surface), top of the MTD, infill onlap facies between
blocks, healed paleoseafloor, and a Nanushuk-Torok clinoform, respectively.
Note: The white dashed line in the Harrison Bay 3D seismic survey (2004) in
Figure 1 indicates the location of the vertical seismic section.
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Figure 4. A seismic section along the west—east, showing the scarp and slide
blocks present in this area (vertical exaggeration: 50). The yellow arrows show
the tip of the inferred slide blocks, whereas the green double-headed arrows in-
dicate the velocity pushdown effect below the slide blocks. Similar to Figure 2,
the N; (detachment surface), N;, and N; horizons are interpreted. The Ng and N~
horizons on the left side cannot be traced in the right because the scarp affects
these. The detachment surface N; is not traced in the left because it is not present
there. Note: The yellow dashed line in Figure 1 indicates the location of the ver-
tical seismic section. This seismic line goes through all three 3D seismic surveys
along the west—east.
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gravity-flow deposits. The coherent energy attribute
shows high amplitudes inside the slide blocks and low
values surrounding them (Figure 5b). This observation
indicates the slide blocks themselves are composed
of similar geologic materials, with high acoustic im-
pedance contrast. The dip-azimuth attribute modulated
with dip magnitude shows that the organized, steeply
dipping slide blocks (maximum dip: approximately 8°)
are oriented mostly along the northwest—southeast,
with the azimuth varying between approximately 280°
and 320° (Figure 5c).

Overall, the slide block geometry transitions from co-
herent and organized to disorganized, with increasing
distance basinward from the slope. However, looking
at the seismic characteristics through the horizon slices
of the slide blocks may reveal internal heterogeneities
inside some of the slide blocks. Large and small slide
blocks are present in the study area. In general, the
width of the large coherent slide blocks varies between
approximately 6000 and 8000 ft. (approximately 1829
and 2438 m), whereas the width of the smaller blocks
is less than 2000 ft. (approximately 610 m). The large
slide blocks mostly comprise parallel, subhorizontal
reflectors with high amplitude and relatively small to
no visible deformation inside them at seismic scale (Fig-
ure 3). The large slide blocks show some small-scale
internal deformation at places. These slide blocks are
also close to the shelf, compared to the smaller slide
blocks in the distal portion of the basin (Figures 4 and
5). These large slide blocks mostly are arranged in a lin-
ear fashion along the northwest—southeast, parallel to
the shelf edges. Figures 3 and 4 show that the base
of such large slide blocks has parallel to near-parallel

a) Sobel-filter similarity b) Coherent energy
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Figure 5. Computed seismic attributes, such as (a) Sobel-filter similarity, (b) co-
herent energy, (c) corendered dip azimuth and dip magnitude, and (d) a seismic
section. The attributes are extracted from the base horizon of the slide blocks
within a window of analysis above it. The bright colors in (c) indicate steeply
dipping slide blocks, compared to darker colors. Note: The green dashed line
in the Harrison Bay 3D seismic survey (2004) in Figure 1 indicates the location

of the vertical seismic section (d).

4 Interpretation / Nevember 2020

high-amplitude reflectors, not always at the top portion.
Based on our experience and regional context, we think
these features mostly represent competent (sand-
stone?) slide blocks at the base of the MTD that resisted
internal deformation during mass movement and there-
fore retained their overall shape, whereas the coeval
overlying and intervening infill material (less compe-
tent) experienced significant internal deformation
(i.e., mudstone and possibly interbedded sandstone
and mudstone). The Sobel-filter similarity attribute cor-
endered with elevation of the top horizon (N;) of the
MTD shows the spatial distribution and overall geom-
etry of the large competent slide blocks in plan view
(Figure 6). Figure 6 also shows that the elevated por-
tions of the MTD occur where competent slide blocks
are present, which also implies that the thickness of the
overall MTD system is high where large competent slide
blocks are present. King et al. (2011) and Sharman et al.
(2015) describe similar features in the outcrops in the
deep-water clastic successions in the Taranaki basin
(also referred to as the North Awakino MTD). The
smaller slide blocks show internal deformation at pla-
ces. Some of these smaller slide blocks appear to show
bed-parallel shear and duplex features, and they rest on
the top of the gliding surface. These smaller slide blocks
also have slightly lower amplitudes than the larger slide
blocks. Debrites are interpreted to be present between
the slide blocks, with a chaotic and low-amplitude re-
flection pattern. The height of the debrites increases to-
ward the large slide blocks.

The topography of the slide blocks creates a rugose
paleoseafloor (Figures 3 and 4). We also observe some
gentle folds (anticlines) on the top of these large slide

blocks, which might have generated due

to differential compaction of the sedi-

ment. The competent slide blocks also

resisted compaction more than the

flanking mud-rich debrite deposits dur-

ing burial, which resulted in differential

compaction between competent slide
High blocks and flanking strata that was able
to maintain a rugose paleoseafloor.
Ward et al. (2018) also observe this
pattern in their study on the blocky
MTD in Brazil. These topographic highs
are surrounded by local depocenters
above the debrites. The depocenters
are filled with sediment, which show
subhorizontal, semicontinuous to con-
tinuous seismic reflectors with high
amplitude, onlapping against the walls
—ve of the slide blocks, marked by the N3
seismic horizon (Figure 3). This thick-
ness of the overlying infill facies varies
in accordance with the underlying MTD
top. In general, the thickness of the de-
pocenters is high, where large slide
blocks are absent, especially away from
the slide blocks protruding above the

Low



paleoseafloor. Once the depocenters and the top of the
slide blocks are completely filled with later sedimenta-
tion, the paleoseafloor starts healing, marked by the N,
seismic horizon (Figure 3). Figure 3 also shows that the
smaller slide blocks were completely buried before the
deposition of the N3 and N, seismic horizons, whereas
the large slide blocks in the proximal region of the basin
(toward the west and southwest) still had topographic
relief until after the deposition of the N, seismic hori-
zon. This is indicative of the role of MTD on the over-
lying sedimentation.

Although the genesis of the slide blocks is not in the
current scope of the study, we think the en echelon
geometries of the slide blocks might be indicative of
progressive slope failure along the northwest-south-
east, along which most of the slide blocks are arranged
in a linear fashion. We show the evidence of the scarp in
the western portion of the study area (Figure 4). Nixon
et al. (2014), Bhattacharya and Verma (2019), Verma
and Bhattacharya (2019), and Tatarin (2019) show evi-
dence of a complex polyphase, extensional fault system
on the North Slope. The structural grain in the base-
ment is along the west-northwest-east-southeast,
which was reactivated several times. Although we do
not see numerous faults in the current study area, we
do know of the existence of a normal fault and its
splays, separating the Fish Creek platform from the
Nechelik trough, a broad basement low (Kirschner
and Rycerski, 1988; Homza, 2004). This might have trig-
gered the slides. We do not have access
to that offset 3D seismic survey used by
Homza (2004). The alternate interpreta-
tion could be that these large slide
blocks are indeed remnant blocks
(Bhattacharya et al., 2020). Some of the
features (e.g., strong amplitudes, large
dimensions, sharp boundaries, and rela-
tively small deformation) found inside
the remnant blocks in other studies
match the features found in the study
area. However, we discard that inter-
pretation because these features can
be reconstructed like a jigsaw puzzle
(after removing the gaps — interblock
debrites), and smaller slide blocks are

present away from the scarp, both of % BT

which are indicative of transport (Fig-
ures 4 and 6). There is some component
of translation and rotation of the slide
blocks being involved. In addition, some
of the large slide blocks in Figure 4 show
some internal deformation. We do not
show the reconstructed image of the
original slide blocks. The reconstruc-
tion process generally involves remov-
ing the interblock areas, juxtaposing
the sections of the slide blocks, which
were once laterally adjacent (Cox
et al., 2020). If these large slide blocks

B

Location of the competent slide blocks

Location of the
competent slide blocks

along the northwest—-southeast were remnants, smaller
slide blocks away from the shore cannot cross them
(Figure 6). In addition to geometric fit (i.e., jigsaw puz-
zle), the competent slide blocks have a similar width,
which might not be possible if these slide blocks are just
erosional remnants. Also, we find continuous, matching
internal seismic reflection patterns inside the adjacent
competent slide blocks, which indicates continuous
depositional style and constituents across originally ad-
jacent slide blocks. In addition, we do not really find the
causal mechanism of forming these remnant highs.
Based on our knowledge of the study area, there are
no carbonate and salt deposits present, which created
remnants in other basins around the world. Figure 6
shows the presence of smaller slide blocks in the distal
portion away from the large slide blocks near the shore.
This is indicative of the fact that the MTD system
worked as one system. The large slide blocks with com-
petent units at the base remained close to the shelf be-
cause they are heavy to move, whereas the slide blocks
far from the shelf are smaller because they get trans-
ported and fragmented into smaller pieces with dis-
tance. The underlying GRZ shale provided the
lubricated, smooth surface for the blocks to slide along.
It is also possible that this underlying mudstone with
high water content led to the development of a thin ve-
neer of mud slurry above (below seismic resolution)
that facilitated the movement of the slide blocks (Prior
et al., 1984; Cox et al., 2020).

Harrison Bay 3D, 2004

Elevation of the MTD top
horizon (s)
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Figure 6. The plan view of the Sobel-filter similarity attribute corendered with
elevation of the MTD top (the N; horizon in the time domain), showing the slide
blocks with competent lithology at their base in the Harrison Bay 3D seismic
survey (2004). The competent blocks are larger and present toward the shelf.
The elevation map corresponds to the top of the inferred slide blocks (the N,
horizon in Figure 3). The spatial extent of the map is smaller than the whole
survey area because the N, seismic horizon (or the top of the MTD) is missing
in the distal portion. The inset seismic section shows the geometry of an indi-
vidual slide block with competent units at its base.
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Figure 7. A 3D geobody of the competent portion of the
irregular slide blocks extracted from the seismic data. The
geobody shows the complexities of the slide blocks, in terms
of their geometry, distribution, and connectivity. Detailed
knowledge of the 3D distribution of the slide blocks could
be useful in understanding the seal integrity of the reservoirs.

Second, most of the slide blocks overlie and downlap
onto either the GRZ or the Lower Cretaceous uncon-
formity. The presence of the GRZ shale increases the
traveltime and introduces a velocity pushdown effect.
The organic shale has a low interval velocity (approx-
imately 8300-9000 ft/s, approximately 2530-2743 m/s),
compared to the overlying and underlying layers. In
general, the presence of organic matter (total organic
carbon [TOC]) reduces the velocity. The TOC in the
GRZ shale varies between 2 and 6 wt% (Peters et al.,
2006). In this case, the organic-rich GRZ shale has a
low velocity with respect to its overlying and underlying
layers, which introduces the velocity pushdown effect
(i.e., concave down appearance of seismic reflectors).
The velocity pushdown phenomenon affects the imag-
ing of all the underlying layers, which appear as con-
cave downward reflectors. This is also significant in
that it poses a challenge to interpreting the true archi-
tecture of the slide deposits and associated deep-water
infill between the slide-affected environments —
(1) the slide deposits themselves, (2) evacuated areas,
and (3) zones showing evidence of slide transport. The
two-way traveltime delay varies between 10 and 30 ms
in this area. However, such effects are absent from the
areas where the GRZ is either eroded or not deposited.
Slide blocks are affected by large erosional features at
places that are younger based on seismic reflector ter-
minations (Figure 5d). Figure 5d shows another promi-
nent scarp formed by the removal of materials in this
position in the basin. The seismic expression of such
erosional features is similar to a valley, which is bound
by steep scarp surfaces against the slide blocks on both
sides. In such cases, the later erosional event can im-
pact the petroleum prospectivity of the underlying res-
ervoirs in different ways, ranging from high-fidelity
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depth imaging to the breach of the top seal materials.
Figure 7 shows the geobody of the competent portion
of the slide blocks extracted from the coherent energy
attribute, which displays their geometry and distribu-
tion pattern. Other than these main features, we ob-
serve polarity reversals and diffraction tails at places.

Many other geologic features may have similar ex-
pressions on seismic data, which could lead to errone-
ous interpretations. For example, these features may
seem similar to carbonate reefs or mounds on seismic
data, but they are not reefs or mounds based on the lith-
ology of the rocks in the study area. Therefore, the con-
text is important. These features are not rectangular or
trellis drainages either. In the case of these drainages,
the tributaries join the mainstream at approximately a
right angle, which is indicative of a set of underlying
fault or joint system, or even an alternating series of
resistant and eroded rocks. The Connecticut River in
the United States is one modern-day example of such
drainages. Based on the seismic section displays, these
features near the Torok slope are not channels (in the
study area), marked by low values of Sobel-filter simi-
larity. In addition, if these features were channels, they
would show high coherent energy values along the
channel on horizon slices due to the presence of sand-
stone, which these do not. Therefore, these geologic
features are slide blocks, not carbonate mounds and
rectangular/trellis drainage.

The scope of this study is about correctly recognizing
slide blocks on seismic data; therefore, we limit the dis-
cussions to the seismic expressions of these features,
not their detailed geologic evolution and implications.
This approach would be helpful to other seismic inter-
preters while working on these interesting features be-
cause such features are found worldwide. Our future
work will include a detailed geologic study of these
slide blocks in the basinal context.

We compare and contrast similar-looking MTDs in
seismic data published elsewhere in the world (Dunlap
et al., 2010; Alves, 2015). Although there are geometric
similarities of the features identified by Ward et al.
(2018) in the Espirito Santos Basin in Brazil, we think
our features have certain similarities to those in
northwestern Greenland, in terms of genesis and proc-
esses (Cox et al., 2020).

Conclusion

Submarine landslide blocks can be identified using
an ensemble of seismic attributes, such as seismic
amplitude, coherent energy, Sobel-filter similarity, dip
magnitude, and dip azimuth. Based on the size, there
are two different types of slide blocks present in the
Torok Formation: (1) large slide blocks (width varying
between approximately 1829 and 2438 m) with com-
petent units at the base with little deformation and
(2) small slide blocks (width less than approximately
610 m) with internal deformation. The majority of the
large slide blocks have competent units near their base,
compared to the top and flanking debrites. We think the



MTD moved toward the distal portion of the basin
(along the east/northeast) as one system. The topogra-
phy of the slide blocks creates a rugged paleoseafloor,
with depocenters flanking the large slide blocks pro-
truding above the paleoseafloor. The results obtained
from our seismic interpretation show the relations be-
tween the slide blocks and the overlying depocenters.
The depocenters are thick away from the protruding
large slide blocks. In addition, it appears that the spa-
tiotemporal distribution and overall geometry of the
slide blocks controlled the sediment fairway between
the blocks. Differential compaction allowed the forma-
tion of anticlinal features near the crest of the slide
blocks before the complete healing of the paleosea-
floor. If proper context and attributes are used, these
features can be distinguished from other features, with
similar appearances on seismic data, such as carbonate
mounds and rectangular drainage. The lithology of the
overlying and underlying sedimentary formations is
also important because they can introduce artifacts.
In this case, the presence of an organic-rich shale
(i.e., GRZ) introduces the velocity pushdown effect,
which deteriorates the imaging quality of the underlying
reflectors and impacts accurate depth positioning of the
boreholes.
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