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Submarinemasswasting processes in deepwater settings can incorporate large blocks,whichmay play a key role
in deepwater geological processes and geohazard assessment. However, there is a limited understanding of the
deformation style arising from the interaction between submarine blocks and structural/bathymetric barriers
such as ramps. The deformation and kinematic history of several submarine blocks (with a thickness of up to
150 m) within a near seafloor mass transport complex in the Orange Basin are documented using seismic geo-
morphic methods. The interpreted blocks are preserved in three discrete fault-bounded morphological terrains
within a Neogene mass-transport complex. These terrains vary in lengths from 2 km to 6 km; they have heights
of 60 m to 150 m and are characterized by discrete and localized structural highs on the present-day seafloor.
Block sizes vary across terrains suggesting differences in the block evolution process. Blocks near the ramp appear
in seismic profiles comprising (a) Chaotic and transparent seismic reflections and (b) parallel to sub-parallel,
continuous, low to moderate amplitude reflections. This variability in seismic facies of the blocks reflects the de-
gree of their interaction and translation over a ramp at the basal shear zone of the mass transport complex, ev-
idenced by the difference in the block features on the upslope portion of the ramp versus the downslope part.
Notably, the deformation styles recorded in the blocks show the impact of the ramp during mass flow, which
has broader implications for understanding the internal mechanisms of blocky mass transport complexes in
many continental margins.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

Mass transport complexes (MTC) are by-products of underwater
mass-wasting processes, which contribute considerably to basin infill,
basin morphology, and the producibility of deepwater petroleum sys-
tems (e.g., Alves, 2015; Cox et al., 2020). MTCs comprise several
gravity-induced deposits that move downslope on a basal shear surface
or basal shear zone (BSS), occurring in subaerial and submarine envi-
ronments (Moscardelli et al., 2006). Other than gravity, rapid sedimen-
tation, earthquakes, tsunamis, oversteepening of slopes, gas escape,
changes in the hydrodynamics conditions, any other factor that results
in sediment or sedimentary rock failure can induce submarine mass
wasting process (Gee et al., 2006; Masson et al., 2006; Zitter et al.,
2012; Urlaub et al., 2013; Urgeles and Camerlenghi, 2013). Based on
the degree of internal cohesiveness, a failed stratigraphic package can
be divided into submarine slides, slumps, and debris flows (Pickering
and Corregidor, 2005; Shanmugam, 2015; Scarselli et al., 2016). The
i).
rapidness and downward flow of turbidites due to turbidity current
are similar to the flow nature of mass transport complexes. Mass
wasting processes have been closely linked to turbidity currents by var-
ious authors (e.g., Dott Jr., 1963; Gee et al., 2001; Shanmugam, 2013;
Mosher et al., 2017). Often, mass transport complexes include coherent
strata known as block features (Gamboa et al., 2011).

Several studies have documented the occurrence ofMTCs along con-
tinental margins (Garziglia et al., 2008; Giles et al., 2010; Cossey, 2011;
Ogiesoba andHammes, 2012; Strasser et al., 2012; Deckers, 2015; Shipp
et al., 2015; Moore and Strasser, 2016; Rusconi, 2017), with the pres-
ence of internal blocky features (Davis et al., 1979; Nissen et al., 1999;
De Blasio et al., 2006; Locat et al., 2010; Alves, 2015; Sobiesiak et al.,
2016; Ward et al., 2018; Cox et al., 2020; Sobiesiak et al., 2020; Wu
et al., 2021). Our study interprets a near seafloor MTC containing blocks
in theOrange basin, offshore South Africa using high-resolution 3D seis-
mic data. The recognition of blocks in seismic data depends on the inter-
nal reflection architecture of MTCs (Steventon et al., 2019; Nugraha
et al., 2020). The recognition and interpretation of blocks within mass
transport complexes throw up several geologic and geohazard implica-
tions (Hodgson et al., 2018; Artoni et al., 2019).
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Blocks have been documented to have several impacts on underwa-
ter communication installations and oil-gas platforms (Deptuck et al.,
2007; Vanneste et al., 2013; DeVore and Sawyer, 2016).

Geological successions with deformed and undeformed blocks have
been shown to offer potential hydrocarbon sources (Wendorff, 2003;
Ogiesoba and Hammes, 2012; Bhattacharya et al., 2020). This is based
on the fact that MTCs shape the bathymetry of the submarine environ-
ment and define the re-routing of deep water sediment transport sys-
tems, such as turbidite channels (Crespo-Blanc and Campos, 2001;
Peel, 2014; Dalton et al., 2017; Nwoko et al., 2020). MTCs consisting of
a coherent seismic stratigraphy tend to ramp up in their contractional
domain (Gawthorpe and Clemmey, 1985; Trincardi and Argnani,
1990; Strachan, 2002; Lucente and Pini, 2003; Martinez et al., 2005;
Bull et al., 2009). Ramps are described as a segment of basal shear sur-
face that truncates bedding planes of a stratigraphic section depicting
a localized variation of stress and failure conditions (Alves, 2015). The
variations of stress and failure during the translation of MTCs ultimately
result in the formation of blocks ormegaclasts (Nugraha et al., 2020). An
MTC whose translation is inhibited by a ramp is described as a frontally
confinedMTC,while anMTC, which translates over a ramp and over the
contemporaneous seafloor, is described as a frontally emergent MTC
(Martínez et al., 2006; Moernaut and De Batist, 2011). The trend of a
ramp with other indicators indicates the translation direction of the
MTC and subsequent deformation of the block (Bull et al., 2009).

Our study presents an interpretation of high-resolution 3D seismic
data that includes buried submarine blocks associated with a seafloor
MTC in the Northern Orange Basin, offshore South Africa (Fig. 1). In ad-
dition, we also examine the impact of block translation on creating fea-
tures such as scours and other erosionalmorphologies at the base of the
MTC. However, an increase in our understanding of the nature of the in-
teraction between ramps and blocks contained within the MTC is
needed. This understandingwill have broader implications for retracing
Fig. 1. Location Map of the study area (A) Inset map of Africa showing the location of Southern
lithostratigraphy of the Orange Basin showing themain geodynamic events and stratigraphy of
of the chronostratigraphic setting of the basin (D). Interpreted seismic reflection profile by (M
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the structural evolution of the Orange basin, predicting the possible re-
activation of MTC processes in the Orange basin and other passive mar-
gins around the world.

2. Geological setting

The Orange Basin, a Southwest African Coastal basin stretching be-
tween Namibia and South Africa, covers an area of about 160.000 km2,
and it is adjudged the largest offshore basin extending from the territo-
rial waters of Namibia to South Africa (Hirsch et al., 2007; Isiaka et al.,
2017). As a passive volcanicmargin, the Orange Basinwas characterized
by several subsidence episodes that lasted approximately 10 Ma
(Muntingh and Brown Jr., 1993).

Stratigraphically, the formation stage of the Orange Basin can be di-
vided into three units: pre-rift, syn-rift, and post-rift. In the southwest-
ern continental margin of the Orange Basin, the post-rift sediments are
underlain by pre-rift and syn-rift grabens (Jungslager, 1999; Kuhlmann
et al., 2010; De Vera et al., 2010), while complex gravity-collapse sys-
tems deformed the post-rift Cretaceous and Paleogene sediments
(Paton et al., 2007; De Vera et al., 2010). The history of the Orange
Basin sedimentary infill is summarized as follows (Brown, 1995; Paton
et al., 2007): the Orange Basin's major depocenter was filled by a south-
ern fluvial system (the Olifants River) between ~117.5 and 103 Ma
(Samakinde et al., 2021). During this period, sediments were also fed
into the basin by minor river systems along the Agulhas-Columbine
Arch coastlines. The principal depocenter was located 200 km south-
west of Alexander Bay, and it evolved in response to the shift in the
drainage system of the Olifants River (e.g., Brown, 1995). Moreover,
the Orange fluvial and deltaic systems laterally shifted westward, re-
sulting from increased sediment supply and accommodation space
(Burgess and Hovius, 1998; Goodbred and Kuehl, 2000; Petroleum
Agency of SA, 2008; Carvajal et al., 2009). With the Cretaceous
Africa. (B) Map of southern Africa showing the location of the study area (C) Chrono- and
the study area (Scarselli et al., 2016). The studiedMTC belongs to the post-rift Sequence IV
untingh and Brown Jr., 1993) showing the sequence stratigraphy of the Orange basin.
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sediments becoming stable, the subsidence rate reduced, and the Paleo-
gene depocenter shifted basinward. This prolonged stacking of the
Paleogene deposits on the continental slopes resulted in gravity-
driven faulting at the shelf's edge andwas coeval with sedimentation
(De Vera et al., 2010; Hirsch et al., 2010).

3. Data and methods

The data used in this study is a high-quality 3D seismic reflection
survey covering approximately 8200 km2 of the Orange Basin. The 3D
seismic data was acquired using the M/V Polar Duchess in a Shell SA
OB12 project from the 25th of October 2012 to the 22nd of February
2013. The seismic data has a line spacing of 25 m. A nominal common
midpoint (CMP) of 80-fold was used to ensure high-resolution images.
A sampling rate of 2 ms was adopted in the data acquisition.

The 3D seismic data was loaded into the seismic interpretation soft-
ware Petrel 2019. Before seismic interpretation, structural smoothing
was carried out, which is necessary to reduce the number of artefacts,
maintain the sharpness of the detected edges, and improve the initial
seismic interpretation, especially in heavily deformed areas. The struc-
tural smoothing attribute involves applying a spatial filter that removes
noise from seismic data while preserving critical geometric characteris-
tics and discontinuities (Ngeri et al., 2015; Omosanya et al., 2020). The
filter size controls the number of traces horizontally and vertically.

Two main seismic horizons representing the top (seafloor) and the
basal shear surface were mapped using guided auto-tracking and man-
ual corrections. The top of an MTC is defined by a rugged bounding sur-
face located above discontinuous, chaotic, and sometimes heterogeneous
amplitude reflections. On the other hand, the basal shear surface (BSS)
lies at the base of an MTC and separates it from the underlying continu-
ous and well-stratified reflections.

The MTC's internal features were described with: (a) Seismic facies
(SF), which include Blocks separated by faults and distinguished by dis-
continuous to chaotic reflections with generally flat bottom surfaces
and irregular upper surfaces. (b) Chaotic and translucent seismic facies
exhibiting a high degree with general flat base surfaces. (c) Seismic fa-
cies that is parallel to subparallel, continuous to semi-continuous, and
have low to moderate amplitude reflections.

The internal architecture of theMTCwasmapped using seismic geo-
morphological techniques, which involve a detailed correlation of
Fig. 2. Seismic facies (SF) observed in the study area: SF 1 and 2 make up the slide and
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seismic profiles and high-resolution mapping of the tops and bottoms
of reflection events or horizons. The interpretations were supported
by seismic attribute maps, such as Root Mean Square (RMS), variance,
and edge detection attributes. Seismic attributes were calculated using
inline and crossline filter lengths of a mild smoothening range of 8 to
15 samples (Chopra and Marfurt, 2008). The computed variance and
edge detection attribute enhanced the outline and visualization of faults
and block edgeswithin theMTC. Variations in reflection due to lithology
changes, sedimentation patterns, grain size, and compaction effects
were highlighted using the root mean square (RMS) (Koson et al.,
2014; Gamboa et al., 2020). In addition, several variance slices were ex-
tracted to show internal structural components, further corroborated by
the seismic profiles. For example, blocks with coherent reflections iden-
tified in seismic profiles were validated with the undisturbed areas on
the variance slices, while discontinuities and faults were interpreted
as high variance coefficients.

Morphometric analysis involving the measurement of height (block
thickness), width (short block axis), and length (long block axis) were
carried out using the ruler tool on 2D profile sections as well as on the
3D window of the Petrel software. The shape of the blocks was esti-
mated using the folk and Sneed tri-plot template. Description of the
measured parameters using scatter plots of thewidth, height, and length
allowed us to understand themorphological andmorphometric charac-
ter of the blocks and their relationship with the underlying basal ramp.
The lengthwasmeasured as the long axis of the block. Thewidth/length
cross-plot was used to assess the blocks' elongated and concentric na-
ture. Block height is usually limited by or related to the thickness of
the MTC (Gamboa et al., 2011). Correlation coefficients provided in-
sights into how the different blockparameters associatewith eachother.

4. Results and interpretation

4.1. Seismic geomorphology of the mass-transport complex

The MTC area is divided into three seismic units (Fig. 2) based on
seismic facies recognition studies by (Prather et al., 1998). The Neogene
MTC mapped in this study area is about 60 km long and 85 kmwide on
an SW-NE axis. The MTC is bounded at the base by a basal shear surface
(BSS), and the top corresponds to the seafloor reflection. Slope gradient
and rampdevelopment can be noticed in several sections of the BSS. The
the blocks in the study area, while SF3 essentially makes up the undeformed areas.



Fig. 3. Structural maps of the (A) Basal shear surface of theMTC (B) Top surface of theMTC and (C) Thicknessmap between the top and the baseMTC (D) Uninterpreted seismic profile of
the MTC (E) line drawing interpretation of the seismic profile showing major features of the MMTC.
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interpreted MTC is characterized as a blocky MTC (Ward et al., 2018;
Kumar et al., 2021), and the blocks within the MTC are strongly associ-
ated with substrate tooling or ploughing (Kumar et al., 2021). Features
like the cove-like structure and grooves associated with the interpreted
ramp provided evidence of erosion during the translation of the MTC
(Fig. 3).

AlthoughMTCs are typically divided into headwall, translational and
toe domains (Prior et al., 1984; Martinez et al., 2005; Bull et al., 2009),
these geomorphological parts of the interpretedMTCs were not imaged
by the 3D seismic data coverage as the survey was acquired about 240
km away from the shelf. However, the source area of theMTC is inferred
to be located upslope to the NE (Fig. 3). Similarly, the data coverage did
not allow for a definitive classification of the MTC as detached or at-
tached according to the classification system of (Moscardelli and
Wood, 2008), but relying on previous work in the study area (Brown,
1995; Dalton et al., 2017) we project that the MTC is attached to the
shelf in the NE direction. The BSS of the MTC appears as a continuous
high amplitude reflection, dipping to the SW, on a slope that ranges
between 0.15°and 0.22° and with relief between 1830 m to about
2500 m.

Fig. 4 further highlights the erosionalmorphologies foundwithin the
MTC, including striations and grooves that likely resulted from block
movements. Thesemorphological features are also kinematic indicators
for erosional activities (Sobiesiak et al., 2018). Striations and grooves
were dominant features in the central part of theMTC and are generally
trending to the southwest. The striations are up to 2 km long, while the
groove measures up to 15 km and can be found on the BSS to a depth of
about 3000m. Furthermore, the observed striations are remarkably par-
allel and donot show significant downslope divergence. Hence, the gen-
eral NE-SW orientation of the grooves and striations points to a SW
4

direction ofmass transport for theMTC. In addition to the observed ero-
sional indicators, a NE-SW trending cove-like depression is also
interpreted on the BSS of the MTC (Fig. 5). This depression is ~19 km
long and has awidth of ~7 km and a depth of 250ms. TheMTC is divided
into three zones (Fig. 4) according to the concentration of the blocks and
to highlight kinematic features. The zones were also delineated based
on the intensity of the erosional activities—zone 1 comprising the
downslope blocks with visible striations. Zone 2 comprises blocks
close to the ramp; erosional features like grooves or coves are observed
here, suggesting high erosion intensity. Lastly, the zone 3 area contains
blocks not associated with the ramp. The near absence of erosional fea-
tures suggests waning erosional intensity. A significant basal ramp
(Fig. 3), spanning about 27 km, dipping to the NE and with a maximum
height of about 300 m, is located at the central part of the MTC with an
average inclined angle of 1.5° to the NE direction.

4.1.1. Ramps interpreted within MTC interval
In addition to the MTC's described internal character and geometry,

two major kinds of ramps were also interpreted (the down-stepping
and the up-stepping ramps). Time-dip, coherence, and RMS amplitude
maps of the basal shear surfaces were used to describe the trend and
type of ramps. Ramps were described to include structures on the
basal shear surface over which a sizable volume of sediment carried
across various stratigraphic layers was regarded as ramps (Bull et al.,
2009; Martinez et al., 2005). There are several ramps between the
MTC's NE- SW trenddirection. Among these, two conspicuous ramps lo-
cated in the southern portion of the study areawere interpreted (Fig. 6).
The first is an up-stepping ramp (approximately 300 m high) with sed-
iment translation spanning about 25 km in the southwest direction. A
second down-stepping ramp (approx. 100 m high), just at the upslope



Fig. 5.Geomorphologic features associatedwith the BSS of theMTC (A) A time-migrated structuremap of the Basal surface showing kinematic features such as scours, grooves, scarps, and
ramps (B) zoomed-in section showing erosional features like cove and striations identified on the BSS. The striations are oriented in the NE-SW direction depicting the SW direction of
mass transport. (C) A zoomed-in section shows the scours.

Fig. 4. (A) Edge detection extraction on the MTC top highlighting blocks and striations. Red triangles show the delineated zones of block occurrence in the study area. (B) Three-dimen-
sional perspective view of the MTC top surface showing seafloor expression of blocks, grooves, and scarp features.
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Fig. 6. Seismic profile through theMTC showing a down-stepping ramp towards theNE and anup-stepping ramp towards the SW. An interpreted horizonwithin the undeformed strata in
the area reveals the slope gradient variations, which may have contributed to the development of the ramp.
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region of theMTC, sets the stage for the Southwest translation direction
of the MTC. Structural features like scarps, erosional scours, and
promontory-related highs characterize the gradient changes of the
two ramps. However, ramp two tend to be more fault controlled with
the presence of an underlying fault.

4.2. Internal architecture of submarine blocks

Submarine blocks within the MTC are characterized by high ampli-
tude reflections, which contrast with the chaotic and low amplitude re-
flections of the MTC. Interpreted blocks exhibit varying attributes
(ranging from sizes, orientations, and seismic facies) in their internal ar-
chitecture (Gamboa et al., 2012). Generally, the blocks are separated by
faults (Fig. 2), with their internal fabric sometimes exhibiting chaotic
and tilted reflections. Blocks in the central part of the MTC showed
long axes, with orientations, heights, and sizes sometimes varying lo-
cally in relation to the basal ramp. In the distal portion of theMTC (Cor-
responding to zone 3), submarine blocks are sparse (with about ten
blocks identified), with an average size of 109 m. Conversely, in the
proximal to the downslope portion of the MTC (Corresponding to
zones 1 and 2, with about 31 blocks analyzed), blocks become thicker
(With an average size of 183 m) and are sometimes exposed at the sea-
floor. The blocks then become more detached and deformed after the
Fig. 7.Different styles of blockdeformation (A)Minor deformation represented by sub-horizonta
(C) Major deformation.
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ramp towards the SW portion of the MTC (With an average size of
125 m). The seismic facies analysis allowed us to categorize the blocks
into minor (300–411 m), moderate (with a size range of 170–260 m),
and major deformed blocks (30–130 m) (Fig. 7).

4.3. Morphometry of blocks

The blocks' density within the survey area appears to vary among
the three zones (Fig. 8). There are 17 blocks interpreted in zone 2
(with an average block size: of 183 m) and only 10 and 14 for zones 1
and 3 (with Average block sizes: of 125 m and 109 m), respectively. In
terms of their area coverage, blocks within the MTC occupy about 23 %
(104 km2) of the total area of zone 1, 34 % (298 km2) of zone 2, and
1.5 % (13 km2) of zone 3. The thickest blocks reaching up to 200 m in
height and a large surface area of about 137 km2 are found in zone 2. Av-
erage block sizes in zones 1, 2, and 3 are 125m, 183m, and 109m. Sim-
ilarly, the average height of the blocks falls between 100 m to 200 m,
whilewidth and length are variable across the three zones. For example,
blocks in zone 1 have the highest length between 1000 m and 1800 m
but with slight variations in their width. In zone 2, the blocks have
a length of 620 m to 1020 m and a width of 215 m to 465 m, while
blocks in zone 3 have lengths and widths of 273 m to 303 m, 355 m,
and 1139 m, respectively.
l internal stratawithin fault-boundedblocks. (B)Moderately deformedblockswith folding.



Fig. 8.Visualization and statistical analyses of submarine slide blocks across the threemain zones in the study area. (A) Scatter plots of the length vswidth across the three zones showing
linear regression (B) Scatter plots of the Height vs. Length Vswidth across the three zones showing linear regression (C) Rose diagram showing the orientation of the log axes of the locks.
The orientation ranges from NE to SW (D) Average width/length ratios for interpreted blocks in the three zones.
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Although block size varies across the three zones, their forms do not
significantly change. From the proximal to the distal part of the MTC,
there is a gradual increase in the block sizes, and just before the ramp,
block sizes appear diminished even after the frontal ramp in Fig. 6. Scat-
ter plots of the length and width of the blocks across the three zones
yielded a strong coefficient of correlation of R = 0.7066 for zone 2.
Also, zones 1 and 3 show a moderately weaker correlation of R =
0.4751 and R = 0.4822, respectively (Fig. 8). The scatter plots of the
height and length of the blocks across the zones showweak or no corre-
lation. Hence, we interpreted the positive coefficient of correlations on
plots of the length and width of the blocks to indicate that the blocks'
width increases and, in some cases, decreases together with the length.

According to (Sneed and Folk, 1958) particle size classification, Blocks
within zones 1, 2, and3aremadeup20%, 41%, and60%ofVery elongated
blocks, respectively (Fig. 9). In zone 1 and 2, 23 % and 59 % of the blocks
are very bladed, while 14 % of the blocks in zone 1 are very platy.

5. Discussion

5.1. On the origin and features of submarine blocks

Detailed analysis of the internal architecture of the MTC (Figs. 2, 3,
and 7) provides valuable information on the heterogeneity of the mor-
phology and internal elements, while analysis of the block deformation
(Figs. 7–9) helps understand the provenance of the blocks. The seismic
attribute analysis allowed the recognition of different block morphol-
ogies in the MTC Blocks exhibited tilted and folded internal seismic re-
flections revealing their degree of internal deformation, translation,
and mass disaggregation. Based on associated features like striations
and grooves, blocks are interpreted to have been transported from
the NE to the SW of the study area based on their dominant NE SW ori-
entation (Fig. 8C). Some of the blocks appear to be part of the pre-failure
strata that survived erosional andmass wasting processes (e.g., Gamboa
7

et al., 2011; Alves, 2015) and can be described as undeformed sections of
thepaleo-seafloor usually confined by faults (Fig. 5) and can speak to the
blocks travel distance during themasswasting. The faults separating the
blocks MTC point to a synsedimentary deformation. The faulted blocks
may further indicate the presence of fluid flow activities in the study
area (Hartwig et al., 2012). Hence, the degree of the internal organiza-
tion of strata within the blocks, the elongated, platy, or bladed nature
point to either long or short travel distances or mass disaggregation
(Gamboa et al., 2011). Similar to classic siliciclastic transport mecha-
nisms, we propose that blocks with Elongate to blade shapes travelled
a long distance before disaggregation,while thosewith compact to com-
pact platy shapes are suggested to have travelled a shorter distance
(Belousov et al., 1999; Haughton et al., 2009).

Sediment source and provenance have often been inferred from in-
formation related to variations in the size and shape of sediments
(Alves and Cartwright, 2010; Moernaut and De Batist, 2011; Koiter
et al., 2013). Omosanya and Alves (2013) conclude that statistical pa-
rameters on the geometry of blocks within MTCs could provide reliable
information on the provenance, degree of deformation, and deposi-
tional processes of submarine blocks. These authors further conclude
that the sizes of the blocks in their study area are a function of distance
from the source area. In our case, the block sizes in zones 1 to 3 decrease
towards the SW, suggesting that the source area of the blocks is located
in the NE. Furthermore, the sizes and shapes of blocks can imply differ-
ent degrees of disaggregation. Larger blocks may have been more me-
chanically resistant and consequently experienced less disaggregation.

On the other hand, the smaller blocks in zones 1mayhave consisted of
a large percentage of unconsolidated material and hence travelled longer
distances with a higher degree of disaggregation (Hodgson et al., 2018).
Moreover, the unconsolidated nature may provide clues on the amount
of interstitial water influencing rock mechanics (Jia et al., 2020).

From our statistical analyses, we propose that blocks within zones 1
and 3 with average sizes of 125 m and 109 m and with very elongated



ig. 9. Fold and sneeds tri-plot for 41 blocks preservedwithin the seafloorMTC. All the blocks across the three zonesmainly plot within the Very-bladed and Very-Elongate shapes. The tri-

P.O. Amaechi, N.D. Waldmann, Y. Makovsky et al. Sedimentary Geology 444 (2023) 106319
F

plot excel template used in this plot was designed by (Graham and Midgley, 2000).
shapes were translated over long distances and thereby experienced a
higher degree of disaggregation; In comparison, blocks in zone 2, with
an average size of 183 m travelled over shorter distances from their
8

source and thereby experienced lesser degrees of disaggregation. We
also propose that the thickness of the slide decreased downslope to
the SW as the energy of the slide waned. Scatter plots of the height vs.
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length show that block heights decrease with an increase in block
lengths in zone 1, and in zone 2, block height decrease with an increase
in length, while in zone 3, block heights increase with a decrease in
block length (Fig. 7).

5.2. Basal ramp as a control on block deformation

A ramp is a portion of the basal shear surface that cuts across the
bedding plane (Trincardi and Argnani, 1990). Ramps are also used to
differentiate themode of emplacement of MTCs, (i.e., frontally confined
or frontally emergent MTC). Frontally-confined M.T.C.s undergo a re-
stricted downslope translation and do not overrun the un-deformed
downslope strata, while frontally-emergent MTCs ramp up from their
basal shear zone or surface and translate in an unconfined manner
over the ramp (Martínez et al., 2006) as in the case of the study area.
Mechanisms surrounding the development of ramps can be attributed
to structural obstacles (Trincardi and Argnani, 1990; Moernaut and De
Batist, 2011) or coherent stratigraphywithin theMTC, which ultimately
causes the shear zone to ramp up (Doughty-Jones et al., 2019). More-
over, Alves (2015) suggested that seafloor roughness can lead to the
generation of ramps. This roughness can be generated by basal tooling
or gouging from the translation of blocks, leading to grooves and other
erosional morphologies.

Our study interpreted a rampwith varying heights as theMTC shifted
southwards, identified towards the SWpart of the study area (Fig. 4). The
ramp likely developed from a combination of structural and erosional
processes with the final morphology principally modulated by erosional
processes, as evidenced by the grooves along the BSS of the MTC.

In zone 1, the compressive nature of the MTC is exhibited in the
stacked nature of blocks in Zone 1. Also, the frontally emergent nature
of the MTC in the zone 2 region of the study area highlights the erosive
strength of the basal shear surface MTC (Martínez et al., 2006; Alsop
et al., 2018; Sobiesiak et al., 2018). The erosional interaction between
the MTC and the basal surface (Fig. 3) could be associated with slope
changes or height drop and likely contribute to the emplacement style
observed (e.g., Moernaut and De Batist, 2011) as well as disaggregation
of the blocks and the formation of the basal ramp (Sobiesiak et al.,
2018). The MTC becomes frontally confined Southwards away from
zone 2, possibly due to the reduction in the erosive strength of the
MTC and the high ramp angle of more than 60o. Moving from North to
South, the MTC comprised more blocks and lesser deformed ones just
before the ramp (zone 2). In zone 1 of the study area (after the ramp),
the blocks are more deformed, while there are fewer blocks and more
deformations of the blocks in zone 3 (not associated with the ramp).

Additional factors like the slope angle variation of the detach-
ment surface (BSS) played a vital role in ramp development and sub-
sequent block deformation. When the basal shear surface ramps up,
it forms uneven bedding planes, and the sediments that eventually
translate over the ramp usually experience significant deformation
(Alsop et al., 2022). The ramp interpreted in the study area can be de-
scribed as a promontory-type and fault-related ramp (Omosanya and
Alves, 2013).

5.3. Implication for understanding blocks within mass transport complexes

The study has allowed for the recognition of MTCs on the present-
day seafloor of the southwestern Orange Basin. The MTC has been
delimited according to its morphology, dimensions, chronology, and
subsequent internal filling architecture and its geometrical relationship
with the surrounding host stratigraphy. Without direct chronological
data from industrial boreholes or ODP wells in this area, it remains dif-
ficult to establish the exact timing of the MTC events. However, It has
been possible to deduce their relative chronological succession (dating
to the Neogene) using cross-cutting relationships with nearby succes-
sions that have been documented and published (Brown, 1995; Hirsch
et al., 2007; Paton et al., 2007; Mello et al., 2012; Scarselli et al., 2016;
9

Dalton et al., 2017; Scarselli, 2020;Mahlalela et al., 2021). The identified
geomorphological features and characteristics of theMTC (e.g., grooves,
coves, striations, Basal shear surface) provided insight into the transla-
tion and sediment source of the MTC and the blocks within them from
the NE to the SW.

Gamboa et al. (2012) and Armandita et al. (2015) discussed the in-
ternal geometry of MTCs and their implications on their source, re-
mobilization, and structural emplacements. (Gamboa et al., 2012)
noted that increasing block deformations indicate larger travel dis-
tances. In the study area, the observed blocks were minor, moderately,
and majorly deformed, indicating varying travel distances. Further-
more, minor deformed blocks suggest that the blocks are either rem-
nant or localized.

Furthermore, Gamboa et al. pointed out that underlying faults arrays
exert some control on block geometry and deformation. In the study
area, underlying faults have aided block separation (Fig. 5).

6. Conclusions

By combining seismic interpretationmethods and statistical analysis
of morphometric parameters, this work has provided insights into the
presence of submarine blocks within a near seafloor mass transport
complex, their provenance, and deformation evolution in the deepwa-
ter setting of Orange Basin, offshore South Africa. The development
and morphology of the MTC and the block features were influenced
by the erosive nature of its basal shear surface (BSS) manifested by
grooves, striations, and ramps. Based on the analysis of kinematic fea-
tures like grooves and striations, the MTC is adjudged to have been
transported from the NE to the SW direction.

A total of 41 blocks were identified, showing different and folded in-
ternal reflections (folded and well-defined outlines, including Very
elongated, very bladed, and very platy geometries). Blocks within the
MTC were grouped into three zones based on block density, erosion in-
tensity, and variations in deformation. Average block sizes range from
109 m to 183 m. A significant ramp (max. Height of 300 m) is located
southwest of the study area. The ramp developed at the southern end
of the cove-like feature and affected the deformation (slightly, moder-
ately, and major deformations) and distribution of blocks.

Limited data did not permit a detailed study of the provenance of the
blocks and prevented us frommaking a definite chronological classifica-
tion of the MTC and blocks identified in the study area. Future research
will focus on detailed chronological classification and provenance anal-
ysis of the MTC.
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