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Abstract

Submarine landslides (slides) are some of the most voluminous sediment gravity-flows on Earth
and they dominate the stratigraphic record of many sedimentary basins. Their general kinematics
and internal structure are relatively well-understood. However, how slides increase in volume and
internally deform as they evolve, and how these processes relate, in time and space, to the growth
of their basal (shear) zone, are poorly understood. We here use three high-resolution 3D seismic
surveys from the Angoche Basin, offshore Mozambique to map strain within a shallowly buried,
large, and thus seismically well-imaged slide (c. 530 km?®). We document several key kinematic
indicators, including broadly NW-trending lateral margins and longitudinal shears bounding and
within the slide body, respectively, and broadly NE-trending symmetric pop-up blocks in the slide
toe. Approximately 7 km downdip of the slide toe wall, thrusts and related folds also occur within
otherwise undeformed slope material, with thrusts detaching downwards onto the downslope
continuation of the basal shear zone underlying the slide body. Based on the style, trend, and
distribution of these features, and their cross-cutting relationships, we propose an emplacement
model involving two distinct phases of deformation: (i) bulk shortening, parallel to the overall SE-
directed emplacement direction, with contractional shear strains reaching c. 8%; and (ii) the
development of broadly emplacement direction-parallel shear zones that offset the earlier-formed
shortening structures. We infer that the contractional strains basinward of the slide body formed
due to cryptic basinward propagation of the basal shear zone ahead of and to accommodate updip
sliding and shortening associated with, the entire slide mass. Our study demonstrates the value of
using 3D seismic reflection data to reveal slide emplacement kinematics, especially the
multiphase, non-coaxial nature of deformation, and the dynamics of basal shear zone growth.

1. Introduction

Submarine landslides (slides) are subaqueous sediment gravity-driven deposits, emplaced by a
range of creep, slide, slump, and debris flow processes (e.g., Dott 1963; Nardin 1979; Nemec 1990;
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Weimer 1990; Posamentier and Martinsen 2011). They are commonly sourced from the outer shelf
and middle-to-upper slopes of the submarine and lacustrine basin margins or the flanks of salt
domes, mud volcanoes, or subaqueous channel margins. Slides are primarily mud-prone, although
those sourced from sand-rich shelf-edge deltas may be relatively sand-prone (e.g., Posamentier
and Martinsen 2011; Wu et al. 2019). Slope oversteepening, cyclic waves, seismic activity,
lowering of wave base, and overpressure development related to fluid expulsion promote slope
instability leading to the mass movement (e.g., Masson et al. 2006; Posamentier and Martinsen
2011).

Authors define slides by a tripartite morphology comprising upslope (head), intermediate
(translational), and downslope (toe) regions (e.g. Brunsden,1984; Gawthorpe and Clemmey, 1985;
Martinsen, 1989; Posamentier and Martinsen 2011; Clare et al. 2019). Extensional strains, which
typically manifest as normal faults, dominate the head region. Contractional structures, such as
folds and thrusts, are common in the toe region. The toe region can be further sub-divided based
on the mode of frontal emplacement (Frey-Martinez et al. 2006); (i) frontally confined slides —
these are fully buttressed downslope against the downslope toe wall, which results in the
development of downslope-verging fold-and-thrust systems that trend normal to the emplacement
direction and (ii) frontally emergent slides — these ramp-up above and are associated with material
expelled downslope onto the seafloor, beyond the toe wall (Frey-Martinez et al. 2006), and which
may be associated with pressure ridges (e.g. Prior et al.1984; Frey-Martinez et al. 2006; Bull et al.
2009). Outcrop datasets provide critical information on the structural style and processes occurring
within the toe region of slides, but these are often limited in their areal extent and three-
dimensionality (Martinsen and Bakken 1990; Van Der Merwe et al. 2011; Ogata et al. 2012;
Sobiesiak et al. 2016; Cardona et al. 2020). As such, it can be difficult to put these local
observations in their regional context, such as how the observed local contractional strains, and
the overall degree of slide confinement, relate to the overall transport direction and size of the host
slide. 3D seismic reflection datasets provide this context, revealing the general seismic expression
slides and their emplacement kinematics, especially within the toe region. However, only a few
3D seismic reflection-based studies have provided detailed documentation of the along-strike
variations in the structural type and evolution of the basal shear surface in this region (i.e. the
surface underlying a slide; e.g. Bull et al. 2009; Nugraha et al. 2020; Couvin et al. 2020). Related
to this, intra-slide strain has also only rarely been quantitatively investigated using 3D seismic
reflection data (e.g. Steventon et al. 2019; Bull and Cartwright 2020). As a result, we have a
relatively poor understanding of the detailed processes occurring within the toe region of
submarine slides and related to this, how slides increase in volume via basal shear surface
propagation (Martel, 2004; Hodgson et al. 2019).

The translational zone of slides is often thought to be dominated by pure horizontal translation,
with little internal deformation. However, along-strike variations in the rate of downslope
translation of a failed sediment mass can lead to the formation of flow cells, separated by regions
of discrete (i.e. strike-slip faults) or diffuse (i.e. shear zones) deformation (Steventon et al. 2019;
Nugraha et al. 2020). Such cells have been documented in the field at the cm to m-scale (Alsop
and Marco 2014). However, it is often not explicitly clear how they relate to the overall kinematics
of the deposit that hosts them, or where or when they formed within the failed mass (Farrell 1984;
Alsop and Marco 2014). 3D seismic reflection data can help fill these gaps in our knowledge,
showing that flow cells form within the translational zone in response to variations in the
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downslope translation speed of and/or total strain within, the failed sediment mass (Gee et al. 2005;
Bull et al. 2009; Steventon et al. 2019).

Here we use high-resolution, 3D, time-migrated seismic reflection data to undertake detailed
mapping and strain analysis of a shallowly buried, large, and thus well-imaged submarine landslide
(c. 530 km?®). The 3D seismic reflection dataset fully covers the toe region of the deposit, which
therefore forms the focus of this study. The key objectives are: (i) to identify and map structural
features within the slide to determine its overall emplacement direction and internal kinematics;
(i) to identify distinct phases of deformation within the slide toe; (iii) to investigate along-strike
variation in the structural style and evolution of the basal shear surface in the toe region; and (iv)
to propose a model for the growth of the basal shear zones of slides.

2. Geological Setting

The offshore basins in Mozambique initially formed during the early Mesozoic in response to the
break-up of Gondwana (Mahanjane 2014). The Angoche Basin (Fig. 1) is south of the Rovuma
Basin, bound to the west by the Mozambique continental margin and east by the Davie Fracture
Zone. Rifting occurred in two key stages; (i) Middle Jurassic (Bajocian-Bathonian, 170-166 Ma)
and (ii) Late Jurassic (154 Ma) in response to north-south directed extension (Reeves and
Mahanjane 2013).

The study area is located in a shelf-to-slope setting, in an up to c. 4.5s (TWT) sedimentary sequence
capping crystalline basement. Synrift lacustrine deposits of the Makarawe Formation deposited
during the Middle Jurassic (Bajocian), overlain by Uppermost Jurassic post-rift marine shales and
siltstones that show shallow-marine conditions (Sapri et al. 2013). Deeper-water and related
deposits characterise Cretaceous succession (Francis et al. 2013; Mahanjane and Frank 2014). The
Cretaceous contains channels, fans, and finer-grained slope deposits (Fig. 2). Relatively confined
slope channels became increasingly common during the Paleogene, reflecting overall progradation
of the margin. Post-Eocene uplift of East Africa resulted in an increased sediment flux into the
basin, and the deposition of increasingly sand-rich, deep-water channels and fans (Salman and
Abdula 1995). Uplift also steepened the shelf and slope, and it was this, in combination with
increased seismicity, that destabilised the basin margin (Jacques et al., 2006), leading to the
emplacement of thick, extensive, submarine slides. One of these slides forms the focus of this
study (Fig. 3).

3. Dataset and methods

The data used in this study consist of three 3D seismic surveys; two broadband time-migrated
(PSTM) seismic reflection datasets that cover areas of ¢. 15,041 km? and ¢.4765 km?, and a depth-
migrated volume that covers 2545 km?. The time-migrated datasets are processed differently, with
the more extensive survey having an inline spacing of 12.5 m and crossline spacing of 25 m. We
used this data volume to define the overall geometry and kinematics of the studied slide. The
smaller survey has an inline spacing of 6.25 m and crossline spacing of 12.5 m. This volume we
used for a detailed analysis of the slide toe. The dominant frequency of the data varies with depth
but is c. 60 Hz in the interval of interest. We took depth interval velocities for the sediment from
models updated by advanced full-waveform inversion (FWI) and common image point (CIP)
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tomography. From this we derive an average seismic velocity of 1935 ms™, giving a maximum
estimated vertical resolution of c. 8 m (wavelength A = V/f, m; maximum vertical resolution = A/4;
Sheriff and Geldart 1983), and a horizontal resolution of c. 32 m. The data are SEG standard
polarity with an increase in acoustic impedance represented by a peak (blue) and a decrease by a
trough (red).

We focus on a well-imaged slide located 620 ms to 3637 ms (c. 599-3483 m, using average slide
interval velocities of 1935ms-1) beneath the seabed (Fig. 3). Water depths increases from 0.45 s
(336 m) in the northwest to >3 s (2242 m) in the southeast. We mapped the top and base of the
slide to constrain its structural style and infer its emplacement kinematics. We created
isoproportional horizons (see Zeng et al. 1998) between the slide top and base to reveal its internal
structural style, from which we infer its emplacement kinematics (see below).

Several seismic attributes reveal the internal and external geometry of the studied slide: (i) the
variance attribute - isolates edges and discontinuities in the horizontal continuity of amplitude,
and hence accentuates structural features (e.g. faults) within the slide (Van Bemmel et al., 2000);
the variance attribute is used as an input to the ant-tracking workflow; (ii) ant-tracking performs
edge enhancement (or skeletonization) of the data, and we use it for identifying faults and other
linear anomalies (e.g. shear zones) within the seismic data (Pedersen et al., 2002); (iii) eXchroma
allows a simultaneous rendering of several slices or layers in continuous RGB colours, with the
method adapted from the processing of satellite images for geology (Laake, 2015). In our case,
image processing enhances the contrast of the RGB images to reveal the slides internal geometry;
(iv) dip illumination estimates the cross-correlation dip to reveal structural discontinuities (e.g.
faults) in the seismic data and image the rugosity of a mapped seismic horizon; (v) root mean
square (RMS) measures the reflectivity or energy in a dataset, and we use it to map reflective
megaclasts contained within the overall lower-amplitude, debritic matrix of the slide (e.g. Ortiz-
Karpf et al. 2017); (vi) amplitude contrast computes amplitude derivatives between neighbouring
traces, followed by a normalization of the calculated differences. Surface-based amplitude
extractions involved windowed extractions above, below, or on specific horizons. Iso-slicing
allows us to examine the internal structural style and assess the kinematics of the slide.

Shortening-related strain analysis

We use the Dynel software to calculate shortening and investigate longitudinal strain within the
toe region. Dynel software is built on mechanics-based restoration techniques involving
conservation of mass, conservation of linear and angular momentum, and constitutive equations
relating stress to strain, or stress to deformation rate. We take an individual layer and build a mesh
characterised by material elastic properties, including Young’s modulus and Poisson’s ratio. The
layer is restored to a target paleosurface, with built-in vectors of displacement resulting in a
restored state. We ran the software on a representative depth-migrated seismic line that trends NW
within the toe region and that has a good preservation of internal reflections. The line is almost
perpendicular to the trend of the shortening structures characterising this region (see below). We
interpret an intra-slide horizon (H1) to constrain the extent of horizontal shortening. This was
dependent on identifying kinematic indicators using a combination of time-structure and attribute
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maps, and seismic sections. The shortening values of the pre-kinematic strata of the fold and thrust
systems are estimated by comparing the present bed length (L) with the original bed length of the
pre-kinematic horizon (Lo): e = (Lo-L)/L.

4. General seismic expression of the slide

We begin by providing a general description of the studied slide using the larger, time-migrated
seismic dataset; in contrast to the depth-migrated seismic dataset, which provides good imaging
of the slides toe region, the time-migrated images the slides headwall and lateral margins, and
the full range of its contained seismic facies.

4.1 Basal, lateral, and upper contacts

The slide has a maximum depositional length of ¢. 85 km (Figs. 3 & 4), an area of 3746 km?, a
maximum thickness of c. 447 ms (380 m) (Fig. 5), and a total volume of c. 530 km?®. It is c. 46 km
wide in its central part and narrows downdip to c. 26 km in its toe region. Low-amplitude, chaotic
seismic reflections dominate the slide, that overly a high-amplitude reflection that is broadly
concordant with underlying stratigraphy (Figs. 4, 6b-d). We interpret the high-amplitude basal
reflection as a basal shear surface or zone across which the slide translated (e.g. Frey Martinez et
al. 2005; Bull et al. 2009; Wu et al. 2021). The basal shear surface passes upslope into a headwall
scarp zone that defines the up-dip limit of the slide, and downslope into a frontal ramp that defines
its downdip limit. The basal shear surface steps up through stratigraphy to define the slides lateral
margins; beneath the slide, the basal shear surface comprises several ramps (Fig. 4). The basal
shear surface is generally defined by a relatively continuous, negative polarity (i.e., trough)
reflection, although it becomes locally discontinuous near ramps, where it is discordant to
underlying stratigraphy.

The slide terminates across-strike against a lateral margin (Figs 4b-c, 5) that trends parallel to the
gross, SE-directed emplacement direction. The lateral margin is easy to trace downslope, defined
by a clear, straight, steep, continuous scarp that is up to 300 ms high and ultimately links to the
frontal ramp in the toe region (Fig. 5b). En echelon tension cracks locally flank the lateral margin,
such as in the NW part of the toe region (Fig. 5b).

The top of the slide is rugose and has a vertical relief of up to 989 ms (957 m), measured from the
landward part of the survey to its frontal margin in the toe region. The slide is thickest and has the
most significant relief in the SW, where thrusts and thrust-bound pop-up blocks are common and
form positive relief along the slides top surface (Figs. 4a & 7). In addition, chaotic seismic facies
fill the depressions between thrust-cored folds and shear zones near the slide toe.

4.2. Internal seismic facies

The slide’s internal seismic expression and structural style are highly variable, and we lack well
data to directly calibrate its composition and sedimentological facies. Because of this, we develop
a seismic facies classification scheme drawing on the results of other shallowly buried, undrilled
slides that are well-imaged in 3D seismic reflection data (see references below), and more deeply
buried slides that have been drilled and for which lithological data are thus available (Wu et al.
2021).
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We define three seismic facies based on the changes in the internal configuration of the reflections,
in cross-section and map-view (Fig. 6b-d): (i) SF1 - very low-amplitude, chaotic reflections,
inferred to be the slides debritic matrix (e.g. Posamentier and Kolla 2003; Posamentier and
Martinsen 2011; Olafiranye et al. 2013; Alves et al. 2014; Ortiz-Karpf et al. 2017; Nugraha et al.
2019); (ii) SF2 - reflections of variable reflectivity, folded and offset by thrusts (e.g. Bull et al.
2009; McGilvery et al., 2004; Frey-Martinez et al. 2005; 2006; Alfaro & Holz, 2014), interpreted
as imbricate thrust and fold systems, and (iii) SF3 - high-amplitude, isolated blocks of coherent,
parallel, weakly-to-moderately folded reflections set within an inferred debritic matrix (e.g. SF1)
as megaclasts (e.g. McGilvery et al. 2004; Bull et al. 2009; Frey-Martinez 2010; Jackson 2011;
Posamentier and Martinsen 2011; Olafiranye et al. 2013; Ortiz-Karpf et al. 2015; Alves 2015). As
we will discuss below, style and distribution of the thrust-and-fold systems (SF2) in the slide’s toe
region, as well as their cross-cutting and temporal relationship to other structure features, is
important for determining the slides emplacement kinematics.

5. Structural characteristics of the toe region

Having provided a general overview of the external form, and internal seismic facies of the slide,
we now focus on the geometry of the basal shear surface and structural style of related structures
in the toe region.

5.1. Basal Shear surface

The basal shear surface deepens basinward, before steepening upwards in the toe region to define
the frontal ramp and the downdip limit of the contractional region (Fig. 8). The frontal ramp trends
broadly perpendicular to the gross, SE-directed transport direction of the slide and has a complex
morphology (Fig. 8). In the SE, the basal shear surface is defined by a c. 230 ms-high frontal
ramp, deepest immediately adjacent to the frontal margin (Fig. 8). To the NE, however, the frontal
ramp has a more complex, staircase-like geometry, consisting of two steep-dipping ramps
separated by an intermediate, strata-parallel detachment (Figs. 8a-b). There is considerable
variation in relief (up to 450 ms) along the basal shear surface due to the presence of these ramps
(Fig. 5a). Slide material covers the ramps in the NE, the SE and extends basinward onto the proto-
seafloor, beyond the most distal ramp (Fig. 7). Thus the slide falls into the frontally emergent
termination style (sensu Frey-Martinez et al. 2006).

5.2. Internal body
5.2.1. Shortening-related structures

General description. A range of shortening-related structures strongly deforms the contractional
domain, and especially the most distal part of the toe region (Figs. 7b, 8 and 9). Thrust-bound pop-
up structures are particularly common, occurring in arcuate belts that trend broadly northeast. The
bounding thrusts can be defined as either forethrusts (i.e. N-dipping) or back-thrusts (i.e. S-
dipping), and they have an average throw and dip of c. 60 m and c. 40 — 50° (some up to > 559),
respectively. The spacings between thrust pairs (measured from crest to crest of the pop-up blocks)
range from 460 to 805 m, with the thrust height being 150 — 200 m and detaching downwards onto
the basal shear surface (Fig. 4a). Folds within thrust-bound pop-ups are gentle, non-cylindrical,
and affect sections as thick as 370 ms. The fold axes, like their bounding thrusts, largely trend NE.
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The overall E-to-NE strike of the thrusts and related folds suggest an overall slide transport
direction to the SE. Our analysis of the present and restored lengths of H1 of 12.39 km and 13.43
km, respectively, suggests contractional shear strains (as expressed and accommodated by
seismically imaged thrusts) of c. 8%. This reflects the minimum distance travelled by the slide, at
least in its toe region (Frey-Martinez et al. 2006).

The toe region is divided in two parts: an inner thrust-belt and an outer thrust-belt (Fig. 8c). The
inner thrust-belt is dominated by symmetrical, thrust-bound pop-up blocks, within which internal
reflections are relatively well-preserved (Fig. 8c). These internal reflections are similar in terms of
overall seismic character to adjacent, undeformed strata located outside the slide body (Fig. 10c).
The outer thrust-belt is characterized by so-called pressure ridges (sensu Bull et al. 2009) that are
most evident in the SE part of the toe region (Figs. 8c, 9). Pressure ridges are inferred to be an
expression of sub-seismic thrusts (Bull et al. 2009). These ridges are linear (convex-downslope)
in plan-view and trend perpendicular to the overall south-easterly emplacement direction (Fig. 8c).
Contractional strains are also developed c. 7 km downslope of the existing toe wall (Figs. 10 &
11). Critically, the related structures are geometrically similar (but simply less numerous) than
those within the main slide mass, detaching downwards onto the downslope continuation of the
basal shear surface or zone underlying the slide body (Fig. 10).

Quantification of along-strike strain variability and thrust growth. We follow the method outlined
by Nugraha et al. (2020) to illustrate how strain can vary along-strike in the toe region of a slide
and, more specifically, to infer how thrusts bounding pop-up blocks grew in response to
progressive shortening. We focus on one particularly well-imaged set of broadly NNE-SSW-
striking fore- (i.e., WNW-dipping) and back-thrusts (i.e., ESE-dipping) that bound the tenth block
(PB10) north-westwards of the slide’s frontal margin (Fig. 12). We chose these structures because
they and an intra-slide marker reflection (H1; Fig. 12) they offset (see below), can be mapped over
a relatively long distance (c. 7 km) along-strike. We measure throw (i.e., the vertical component
of displacement) of the intra-slide marker reflection (H1; Fig. 12) every 125 m along-strike on
seismic profiles trending normal (i.e., broadly NW) to fault strike (i.e., broadly NNE). Throw is
plotted against along-strike distance to create throw vs. distance (T-x) profiles, parallel to fault
strike. Following Nugraha et al. (2020), we are looking for the following specific structural
configurations: (i) local throw maxima, which may indicate the positions of thrust nucleation; (ii)
local throw minima, which may define areas where thrust have geometrically (i.e., hard) or
kinematically (i.e., soft) linked.

Seismic sections across PB10 illustrate how its geometry changes along strike from the SE to the
NE (Fig. 12e-f). In the SE, it is defined by a single pop-up block bound by forethrust FT1 and
backthrust BT1 (Fig. 12f), passing along-strike to the NE into two pop-up blocks bounded by two
forethrusts (FT2 and FT3) and two backthrusts (BT2 and BT3) (Fig. 129).

Ideal T-x profiles display maximum throws near the center of a fault with a progressive taper of
the separation to zero at the fault tips. For this study, throw is measured at the best imaged parts
of the faults, mostly in the central part and areas of maximum throws. Maximum throw on FT1
ranges from c. 40 — 45 m in the SE to c. 60- 65 m in the NE. The T-x profiles for the pop-up
bounding thrusts highlights a coherent geometric pattern of cumulative throws across the
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combined segments (Fig. 12d). For example, the profile for FT1 tips out at c. 4300 m along-strike
where it is hard-linked to FT2 and FT3. A local minimum in the cumulative throw profile of the
forethrusts corresponds to fault tip overlap for FT2 and FT3. The throws on these faults (i.e., FT2
and FT3) subsequently increase progressively to the NE of the analysed pop-up block. We note
that there is no major change in throw across the shear zones offsetting the thrusts. The T-x plot
for BT1 shows a similar overall throw profile or pattern to FT1.

Interpretation. We interpret that toe thrusts within the toe region formed in response to the growth
and linkage of multiple smaller segments, with regions of thrust nucleation recorded by throw
maxima and zones of linkage defined by subtle throw minima. The fact that throw does not
noticeably change across them, confirms our interpretation that the magnitude of offset across the
shearing-related structures (note pink dotted lines on Fig. 12a-b) is minor (i.e., c. 60 m; see below),
i.e., offset across shearing-related structures was not sufficient to passively juxtapose throw
profiles with strongly differing throws.

5.2.2. Shearing-related structures

Several downslope-trending lineaments occur within the toe region of the slide. The shear zones
have a range of orientations and crosscut and offset the thrust-bound pop-up blocks described
above (see dotted lines on Fig. 7). The shear zones crosscut the entire thickness (i.e. up to 400 ms
(387 m)) of the slide deposit. Shear zones can sometimes be clearly expressed on the top surface
of submarine slides (Masson et al. 1993; Gee et al. 2006). However, in our case, we suggest the
shear zone, which is likely filled with chaotic, sheared, seismically chaotic material, extends into
and deforms debritic material that is itself poorly stratified and thus seismically chaotic. As such,
the shear zone expression in the capping debrite is rather subtle. The shear zones are very narrow
(up to 100 m wide) zones defined by chaotic seismic facies, that might derive from the overriding
debrite (Fig. 10). We identify three main groups of shear zones based on their orientation: slope-
parallel ‘longitudinal’ (NW-SE), slope-oblique ‘sub-orthogonal’ (N-S) and slope orthogonal
(NNE-SSW) (Fig. 7). Orthogonal shear zones are smaller and common downslope in the toe
region, whereas the slope-parallel and oblique shears are longer. Longitudinal shears separate
Areas A and B. These shears are narrow (c. 90 - 120 m-wide) and extend for c. 12 km (see Fig.
9). There is a slight change in the top surface relief between the two areas, with a vertical difference
of 4-6 m. Sub-orthogonal shears separate area B from area C; these structures are narrow (c. 60 —
90 m-wide) and extend for c. 21.5 km. One of the shear zones described above trends oblique to,
crosscuts, and offsets the pop-up and bounding thrusts in the SE, demonstrating sinistral offset c.
60 m of the presumably older, shortening-related structure (Fig. 12b).

6. Interpretation and Discussion
Emplacement mechanisms

Having described the seismic expression and structure of the slide, we now consider the processes
involved in its emplacement. First, we note that the slide is overlain by a chaotic seismic-
stratigraphic package interpreted as a debrite (e.g., SF1; Fig. 6b). This stratigraphic relationship
suggests three potential end-member scenarios for the evolution of the slide: (1) the passage of the
overlying debrite initiated failure and deformation of the underlying substrate (e.g. Hodgson et al.
2019), (2) slope failure and slide formation produced the development of an overlying debris flow



331
332

333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350

351
352
353
354
355
356

357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372

(3) supra-slide relief was later passively filled by a possibly much younger, genetically unrelated
debrite. We now more fully describe and evaluate these models.

Scenario 1 envisages that the passage of an overriding debris flow generated slope failure, which
caused the critical shear stress of the substrate to be exceeded, and the propagation and growth of
the basal shear surface along subsurface bedding planes (Watt et al. 2012). Such a causal link
between debrite emplacement is inferred from 3D seismic reflection (e.g. Moscardelli et al. 2006;
Hodgson et al. 2019), and from field data from the Karoo Basin, South Africa (Van der Merwe et
al. 2011). For example, Van der Merwe et al. (2009) argue for substrate deformation and slide
initiation due to high basal shear stresses and vertical loading stress exerted by an over-riding
debris flow. The relatively thick (10-70 m), areally extensive (c. 3000 km?) slide, which was not
transported a substantial distance downdip (see their Fig. 11), essentially formed part of a basal
shear zone (rather than the slide being bound below by a discrete basal shear surface; e.g. Butler
et al., 2010; Wu et al., 2021). Their observations suggest that debris flow-driven shear coupling
might explain the development of thick, extensive slides that undergo only limited horizontal
translation (Schnellmann et al. 2005; Minisini et al. 2007; Dasgupta 2008). The following
observations broadly support scenario 1: (i) the slide is capped by a debrite that has the same map-
view extent as the slide itself (Figs. 8b-c); (ii) there is no evidence for strong, erosional scouring
(e.g., grooves) at the base of the slide, suggesting it has only translated a short distance; and (iii)
thrust-cored folds in the distal region are capped by but are not eroded into (at least not the
resolution afforded by the seismic reflection data) by the overlying debrite (Fig. 6c¢).

Despite these observations being broadly supportive of scenario 1, we note that the slide has a total
volume of ¢. 530 km?, with the thickness ratio between the relatively thick slide (c. 300 ms) and
relatively thin debrite (80-100 ms) being relatively large (i.e. c. 3:1). It is not clear, therefore, if a
relatively thin debris flow could cause sufficient substrate loading to generate such a
volumetrically significant failure along a deep-lying bedding plane (see also discussion by
Steventon et al., 2019).

Scenario 2, like Scenario 1, also views the slide and debrite as being genetically related, although,
in this case, the formation of the slide causes the debris flow, not the other way around. More
specifically, having formed in response to slope failure, the upper part of the slide ingests water,
becomes more dilute, and transforms into a debris flow (Sammartini et al. 2021). Both the slide
and the debris flow travel downslope, with the former ploughing into and incorporating the
material ahead of it, forming folds and thrusts (Figs. 7, 8b-c, 9, 10 and 13). The following
observations support scenario 2: (i) the presence of intra-slide megaclasts (SF3), which are
suggestive of seabed erosion and entrainment during slide emplacement (e.g., Alves, 2015) (Fig.
10); and (ii) regularly spaced, thrust-bound pop-up blocks in the toe region. Sammartini et al.
(2021) proposed a similar model, for the Zinnen Slide in Lake Lucerne, Switzerland, in which
debrite and slide emplacement are considered coeval. They suggest the initiation and growth of
shear bands along discrete decollements on steep slopes was associated with the basinward
propagation of deformation. Thus, the landslide evolves as two rheologically separate but
genetically related bodies; a relatively dilute debrite, and a more cohesive slide that ploughs into
basin-plain sediments, forming a fold-and-thrust belt.
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Scenario 3 envisages that the slide and debrite are genetically unrelated, with relief along the top
of the former being filled, possibly in association with some erosion, by the latter. Joanne et al.
(2013) describe this stratigraphic relationship at the Matakaoa continental margin, northeast New
Zealand. The authors report that a debritic mass flow eroded fold-and-thrusts developed in an
underlying slide: manifesting in the formation of grooves and truncated basin reflections. We do
not observe this erosion between the debrite and the slide (at least not the resolution afforded by
the seismic reflection data). Scenario 2 seems to be most plausible for this slide based on our
observations from the seismic dataset that imply the landslide evolved as a single event that
propagated downslope as two rheologically separate bodies.

Basal shear surface evolution

The development of a basal shear surface or zone is a common process to all three scenarios
proposed above. Such surfaces or zones can, for example, occur along pre-existing planes of
weakness (e.g. bedding surfaces) or along or just below overpressure-weakened, clay-rich intervals
(e.g. Bryn et al. 2005; Frey Martinez et al. 2006; Sammartini et al. 2021). In seismic reflection
data, the basal shear surface or zone is often a distinctive, commonly high-amplitude seismic
reflection, concordant to or strongly discordant with underlying stratigraphy (Bull et al. 2009;
Steventon et al. 2019; Nugraha et al. 2020). Although mappable over large areas, the mechanisms
responsible for growth of the basal shear surface or zone during slide evolution are poorly
understood.

Our data allow us to propose a model for how the basal shear surface or zone developed in our
specific case, with this model potentially applicable to other slides. Here we consider a simple
mechanical explanation proposed by Martel (2004) for subaerial (rather than subagueous)
landslides. In this model, we view the surface at the base of a slide as a slope strata-concordant
shear fracture, with localized stress concentrations occurring near the perimeter of the region
undergoing sliding. The slide exerts significant in-plane stress concentrations and lateral
compressional stress against flanking slope sediments. These stresses cause the development of
contractional structures (e.g., thrusts) in the toe region, which nucleate on the evolving basal shear
surface or zone, and that propagate upwards into overlying sediments. These discrete structures
may be associated with related folds. The critical aspect of this model is that shearing, sliding, and
basal shear surface or zone formation precedes significant deformation of the overlying sediment
mass.

We argue this model can describe the styles and patterns of deformation observed here, given
contractional strains (e.g., thrusts and folds) are present downslope of the present toe wall. We
infer that the entire sediment mass between the slide toe wall, and the downdip limit of
contractional strains beyond the toe wall, has undergone cryptic lateral translation. The relatively
weakly deformed strata in this region (Fig. 10b, c) is essentially a giant megaclast. Only a few
hundred metres (c. 100 — 200 m) of lateral movement are required to account for the magnitude of
contractional strains (e.g., thrust-related stratigraphic overlap or heave) observed downdip. Such a
modest amount is consistent with the lack of erosional features (e.g., grooves) along the slide base
(Fig. 5b). We propose a model by which the basal shear surface or zone incrementally propagates
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downdip ahead of the developing slide mass, with material above this level translating and
possibly shortened before being incorporated into the main body of the evolving slide (Figs. 10
and 11). A similar mechanism, which involves the plucking of megaclasts from a dynamically
deepening basal shear surface, is proposed by Ortiz-Karpf et al. (2017), based on their analysis of
3D seismic reflection data from offshore Colombia.

The basal shear surface varies along strike and the development of ramp and flat geometries on
the basal shear surface of slides has been linked to variations in the geotechnical properties of the
failing stratigraphy (e.g. Frey-Martinez et al. 2005; Solheim et al. 2005; Bull et al. 2009). Basal
shear surfaces typically develop between sedimentary sequences with different shear strength and
pore pressure regimes (e.g. Leynaud et al. 2007; Strasser et al. 2007). For example, sequences with
higher shear strength (resulting from lower pore pressures) enable the basal shear surface to step
up to shallower stratigraphic levels. Along strike variations in lithology and pore pressure could,
therefore, lead to along-strike changes in basal shear surface and toewall geometry. For example,
the stair-case like geometry observed in the NE of the studied slide may indicate that a more
complex stratigraphy initially characterized the region. For example, stronger intervals may have
separated two or more prominent weak layers (i.e. the basal shear surface ‘flats’) characterized by
high pore pressure.

Our model for the basal shear surface evolution may have implications for our understanding of
hazards of slides. Seafloor mapping involving bathymetric and seismic data may give insights into
configuration, spatial distribution, and volume of slides failure. Our model based on the
plausibility of scenario 2 suggests that slides can grow dynamically. In addition, very high internal
strains can occur in response to minimal horizontal translation.

Lateral variability in frontal confinement in the toe region

Contractional strains typically dominate the toe region of slides due to buttressing of the translating
sediment mass against the frontal toe wall (Frey-Martinez et al. 2006, Bull et al. 2009; Posamentier
and Martinsen 2011). In the example presented here, the formation of NE-SW striking thrusts and
pop-ups records this strain, which constitutes the first deformation phase. Asymmetrical folds are
more widely reported from previous studies of slides (e.g., Suppe and Medwedeff. 1990; Frey-
Martinez et al. 2006; Alsop et al. 2017) and suggest (simple shear-style) shearing of a previously
formed fold. We observe a more symmetrical style of folding. This can be related to the fact that
our slide has not translated as far as other slides. We also note marked lateral variability in the
style of frontal confinement, passing from several stair-case like geometries of two or three frontal
walls in the northeast to only one frontal ramp in the southeast of the toe region.

Previous studies demonstrate the drop height (driving force) and depth of the basal shear surface
(resisting force) are key controls on the degree of confinement at the front of submarine slides.
Frey Martinez et al. (2006) argue that the depth to the basal shear surface effectively determines
the cross-sectional aspect ratio of the failed slide. Thereby thick landslides can act differently than
relatively thinner landslides. As a landslide loses potential energy downslope, it must gain energy
to overcome and escape from its frontal ramp. Frey-Martinez et al. (2006) conclude that thicker
landslides need more energy to ramp out on the seabed, thus tend to remain locked in their frontal
confinement. Moernaut and De Batist (2011) demonstrate that the drop height influences the
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gravitational potential energy and thus the likelihood a slide will be frontally emergent. The same
authors argue that friction along the basal shear surface is the key parameter restricting slide
translation, thus limiting the likelihood a slide will be frontally emergent. Hence the interaction
between these two parameters determines if a landslide becomes emergent or remains confined.
Moernaut and De Batist (2011) conclude that emergent landslides have gravitational potential
energy sufficient to exceed the potential energy required to ramp out of their stratigraphic position.
However, these studies did not consider the along-strike changes in the basal shear surface. In this
study, the along-strike changes in the basal shear surface and thus toe wall geometry mean that the
relationship between the resisting and driving forces may also have varied. Considering the
potential controls on the dynamics of the slide studied here (e.g., slope angle, slide thickness, drop
height), we note that the top of the slide varies from c. 1740 m in its up-dip region in the translation
zone to c. 3280 m in the frontal margin, yielding a minimum drop height of 1540 m. The depth of
the basal shear surface and the slide thickness vary laterally, i.e., the basal shear surface varies
from c. 1840 m in the updip region to c. 3480 m in the frontal margin. Basal shear surface depths
varies laterally in the frontal margin from c. 3480 m in the SE to c. 3190 m in the NE. Given that
the driving forces are higher, accompanied by a thinner deposit, we observe more frontal
emergence to the NE; conversely, where the slope is gentler and the slide more confined, the slide
is thicker and the drop height smaller. Effectively, in the SE the run-out was shorter, and the
resulting stresses resulted in slightly increased horizontal shortening, associated with the formation
of thrust bound pop-up blocks.

Lateral variability of intra-slide strain

This study demonstrates that the translating slide mass underwent strike-slip shearing, resulting in
the formation of sinistral shear zones (Figs. 9 and 10c). Similar structures are documented by
Nugraha et al. (2019) and Steventon et al. (2019), who report shear zones and strike-slip
deformation between flow cells. However, it is notable in this study that this style of deformation
occurred after bulk shortening of the slide mass against the toe wall, after the formation of the
thrust-bound pop-ups. The origin of this two-phase, non-coaxial deformation style is not clear.
Early shortening in the toe region was likely associated with the expulsion of pore waters, and the
compaction and embrittlement of the evolving rock mass, ultimately, leading to seismic-scale
contraction structures. This process was spatially variable, possibly due to lateral changes in
sediment porosity, pressure build-up, and the evolving rock strength, leading to the development
of intra-slide flow cells and bounding shear zones, the former travelling downflow at different
speeds and/or recording different total strains.

Slope-parallel shears are linked to lateral differences in the speed of slide transport and/or total
strain (i.e., the total downslope movement of different parts of the slide; i.e., Masson et al. 1993;
Gee et al. 2005; Bull et al. 2009; Omeru and Cartwright, 2019), with these differences potentially
controlling the development of shear zone in our study. Unlike a single-celled model for slide
development (e.g. Farrell 1984), our study, and those of other studies cited earlier, suggest several
cells can be active during the formation of the slide. In addition to this, several sub-orthogonal sets
or slope-oblique structures record internal shearing as downslope transport speeds and/or total
strain varied during slide emplacement. The sub-orthogonal shears may also record a degree of
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transpression, providing evidence for a component of strike- and/or oblique-slip deformation
within the contractional domain.

In the cases cited above, the shear zones occurred during downslope formation of the slide,
whereas we suggest the shear zones in the studied slide formed after shortening. There appears to
be a spatial relationship between the two main NW-trending longitudinal shears bounding areas A
and B, and areas B and C, and two major along-strike bends (from NE- to SE-trending) in the plan-
view trace of the slide toe wall (e.g., Figs 8 and 9). However, it is clear there are numerous similar
bends that are not associated with longitudinal shears, i.e., there are many more bends than there
are shears, suggesting shear zone development is not genetically linked to along-strike/across-flow
changes in slide toe wall geometry and degree of confinement.

7. Conclusions

We use a high-resolution 3D seismic reflection database to determine the kinematics of submarine
slide emplacement, focusing on a seismically well-imaged Neogene slide in the Angoche Basin,
offshore Mozambique. We show the toe region underwent two distinct phases of deformation: (i)
bulk shortening, parallel to the overall SE-directed emplacement direction, accommodated by
forming NE-trending, symmetrical, thrust-bound pop-up blocks; and (ii) the development of NW-
trending sinistral shear zones that offset the earlier formed shortening structures and that separate
flow cells reflecting along-strike variations in the rate and magnitude of downslope translation. A
zone of somewhat subtle contractional deformation is also observed some distance beyond the toe-
wall, in otherwise undeformed slope sediments. The slide exhibits varying degrees of frontal
emergence along strike, with a single frontal toe wall in the SE and a more complex, staircase-like
geometry in the NE. This along-strike variability likely reflects related along-strike differences in
the forces driving slide transport and the geotechnical properties of the slope sediments. We
propose a model in which the basal shear surface or zone incrementally propagates downdip and
precedes significant deformation of the overlying slide mass, with material above this level being
translated and possibly shortened before being incorporated into the main body of the evolving
slide. Our model has implications for our understanding of hazards of slides: (i) slides can grow
dynamically; and (ii) complex strains can occur in response to minimal horizontal translation.
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Figure 1. The location of the study area and bathymetric map of the Angoche Basin, offshore
Mozambique (Sandwell and Smith 1997). The Angoche basin is located between the Rovuma
basin to the north and the Zambezi basin to the south. An outline of the 3D time seismic surveys
is represented by the green and blue lines that cover areas of ¢. 15,041 km2 and ¢.4765 km2. The
black line represents a depth-migrated volume that covers 2545 km2. Drilled wells are represented
by black filled circles and field outlines are colored red in the inset map. There are no wells drilled
in the Angoche basin. The blue lines represents key river systems and lakes. Bathymetric contours
are shown by the black lines in 500m increments.

Figure 2. Stratigraphic chart of the Angoche basin modified from Mahanjane 2014. The
stratigraphic chart illustrates narrow elongate basins that hosts lacustrine and lagoonal sediments
during the Middle Jurassic and potential source rocks. The Mozambique basin opens between
Mozambique in the west and Antarctica in the east. The Davie Fracture Zone becomes active
during the Middle Jurassic. Fault movement along the DFZ is dextral strike-slip. Strike-slip
movement along the DFZ ceases during the Aptian and the basin gently fills with clastics. The
Neogene records the influence of the East African Rift System and increased seismic episodes
leading to the emplacement of thick extensive submarine landslides.

Figure 3. (A) Dip seismic section, (B) geoseismic section, through the central part of the 3D
broadband time-migrated seismic reflection data that covers c. 15,041 km?. Chaotic packages,
representing submarine landslides, are prominent throughout the Neogene interval. We focus on a
well-imaged slide located 620 ms to 3637 ms (c. 599-3483 m) beneath the seabed. The slide has a
maximum depositional length of c. 85 km, an area of 3746 km2, a maximum thickness of c. 447
ms (380 m), and a total volume of c. 530 km3. The slide’s age is put in context of regional 2D
interpretations that tie well information from the Rovuma basin to the north and some wells in the
Zambezi Basin to the south.

Figure 4. (A) Dip seismic section illustrating structural geometries developed in the toe region.
The slide is bound by a basal-shear surface (orange) at the base and a top surface (blue) at the top.
The basal shear surface cuts up through stratigraphy to define the slides lateral margins. A steep
frontal ramp (c. 210m.) defines the downdip limit of the toe region. (B-C) Strike seismic sections
highlighting the geometry and scale of the slide lateral margins. The basal-shear surface shows
discontinuities in the form of ramps that locally discordant to underlying stratigraphy.

Figure 5. (A) Thickness map of the slide between the basal-shear surface and the top surface
illustrating significant thickening in the toe region. The slide has a maximum thickness of c. 447
ms (380 m), and a total volume of c. 530 km3. It is c. 46 km wide in its central part and narrows
downdip to c. 26 km in its toe region. (B) a map-view of the variance attribute extracted from the
basal shear surface. Several kinematic indicators are observable, including the slide lateral
margins. The slide terminates across-strike against a lateral margin that trends parallel to the gross
SE-directed emplacement direction and its lateral margin is defined by a clear, linear, steep,
continuous scarp that is up to 300 ms high and ultimately links to the frontal ramp in the toe region.

Figure 6. Seismic facies description used in this study. (A) RGB attribute extraction from an iso-
proportional slice (midway between the basal shear surface and the top surface). (B-D) Vertical



834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856

857
858
859
860
861
862

863
864

865
866
867
868
869
870
871
872

873
874

sections showing seismic facies SF1 — SF3 within the slide. SF1 is characterised by very low-
amplitude, chaotic reflections. SF2 typifies variable to high-amplitude, continuous reflections,
which are folded and offset by thrusts. SF3 are high-amplitude isolated blocks inferred to be
megaclasts encased within a debritic matrix.

Figure 7. Toe region of the slide. (A) Variance time slice within the internal body of the slide,
uninterpreted. (B) The interpreted map highlights the lateral margins, well developed fold-and-
thrust structures and illustrates the internal interaction between slope-parallel shears ‘longitudinal’
and slope-oblique shears or sub-orthogonal in the toe region of the slide.

Figure 8. (A) Perspective 3D view of the subsurface elevation of the basal shear surface of the
slide within the toe region of the slide highlighting the strike variability in the frontal ramp
geometry. (B) Amplitude contrast extraction using a proportional slice between the basal shear
surface and the top surface that illustrates key kinematic indicators including impressive thrust
structures and pop-up blocks, uninterpreted. (C) Interpreted 3D view using a proportional slice
between the basal shear surface and the top surface and approximates 90 ms above the basal shear
surface. This figure illustrates key kinematic indicators, including thrust structures and pop-up
blocks and shear zones within the toe region.

Figure 9. 3D distribution of key kinematic features and the relationships between intra-slide
structures. The display highlights the entrainment of megaclasts within the internal body of the
deposit and the relative positions of the shear zones that separate flow cells reflecting along-strike
variations in the rate of downslope translation.

Figure 10. (A) Dip seismic sections illustrating contractional structures forming ahead of the flow
and entrainment of large fragments from seabed as the debrite flowed. (B-C) Dip seismic sections
highlights progressive imbrication downslope and the formation of regularly spaced pop-up blocks
bounded by thrust planes. The basal shear surface or zone incrementally propagates downdip
ahead of the developing slide mass (D) Vertical seismic section illustrates the material above the
basal shear surface is fully incorporated into the main body of the slide.

Figure 11. (A-B) illustrates the distributed shear zone formed ahead of the slides frontal toe wall.
Note location of this figure in relation to larger slide in Figure 10.

Figure 12. Quantitative analysis of shortening strains associated with a thrust-bound pop-up block
in the submarine landslide toe region. (A) Depth-structure map of H1 and associated faults. (B)
Antrack extraction showing the lateral extent of pop-up block 10. Two shear zones separate the
flow cells that have varying amounts of strain. Sinistral offsets are evident across the shear zone
in the SW; more subtle offsets are seen to the NE. (C) Inset map showing location of the pop-up
block relative to the studied slide. (D)Throw v. distance (T — x) plot of fore- and back-thrusts
bounding pop-up block 10. (E-F) Seismic sections showing the along strike variability of the faults
bounding pop-up block 10.

Figure 13. (A-B) Emplacement model describing the slide and debrite as being genetically related,
scenario 2. Slope failure occur due to pore pressure build-up along a discrete layer or closely
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spaced layers and reduced shear strength of interval. The slide ploughs and incorporates material
ahead of it, forming folds and thrusts. Note that the shear fracture deformation at depth precedes
large displacements in the slide mass. (C) Impressive contractional structures formed in the region.
(D-F)Vertical seismic sections showing relationship between overlying debrite and thrust bound
pop-up blocks in the toe region.
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