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Detrending—a new trend in geomorphology?
Unravelling erosional processes at the base
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of submarine landslides

Abstract Erosion at the base of submarine landslides remains
poorly understood, despite being a critical threat for the stability
of valuable seabed infrastructures such as communication cables
and offshore renewable energy installations. Clues about its genesis
are often preserved at the basal surface of landslides in the form
of elongated scours aligned in the direction of landslide transport.
However, these features are commonly concealed by the overly-
ing landslide mass, and when visible, the overprint of slope gradi-
ent often masks their structural complexity. This research applies
detrending algorithms to remove slope-induced overprint from
exceptionally well-imaged landslide basal surfaces mapped using
high-quality 3D seismic reflection data. Detrending revealed the
morphological characteristics of prominent scour fields, providing
new insights into the erosional mechanisms operating at the base of
submarine landslides. The results indicate that distinct basal ero-
sion processes create morphometrically diagnostic scour features.
For example, basal block tooling produces steep and symmetric
scours with increased erosion depth at their downslope termina-
tion, suggesting enhanced material removal at the base of blocks
as these progressively sink within a decelerating landslide. Ero-
sion might also occur by the action of longitudinal flow vortices at
the boundary layer of gravity flows, with the latter generated from
the disaggregation of landslides evacuating further upslope. These
scours are spatially detached from landslide headscarps and initi-
ate where seabed irregularities ignite secondary flow vorticity. The
termination of this type of scours where bathymetric breaks occur
suggests changes in flow dynamics and suppression of vorticity at
those locations. Recognising different scour morphologies is key
to reconstructing failure dynamics and better assessing hazards
posed by submarine landslides. The detrending method presented
here offers a powerful tool able to unravel complex geomorphic
features, with potential applications across marine, terrestrial, and
planetary environments.

Keywords Submarine landslides - Basal erosion - Detrending -
Seismic reflection

Introduction

Submarine landslides are ubiquitous features of continental mar-
gins and play a major role in the shaping of offshore open slopes
and ocean floors (Prior et al. 1984; Moscardelli et al. 2006; Butler
and Turner 2010; Ogata et al. 2019; Scarselli et al. 2022; Mangano
et al. 2023). Their occurrence poses threats to seabed infrastruc-
tures (Frey-Martinez et al. 2011; Lu and Shipp 2011; Wang et al.
2018; Liu et al. 2023; Ceramicola et al. 2024a) and coastal commu-
nities (Lgvholt et al. 2015; Masson et al. 2006; Urgeles et al. 2019;
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Ceramicola et al. 2024b), the latter largely due to their tsunamigenic
potential (Ceramicola et al. 2014; Harbitz et al. 2014; Tappin 2021;
Ramalho et al. 2024). Understanding evacuation mechanisms—how
materials are displaced and transported during a submarine land-
slide—is crucial for reconstructing failure dynamics and for assess-
ing hazard potential and vulnerability, particularly in relation to
tsunamis, and ultimately for mitigating associated risks.

Emplacement of submarine landslides is often accompanied
by seabed erosion as observed in flume analogue models (Ton-
iolo et al. 2004; Haas and Woerkom 2016), exposed fossil exam-
ples (Draganits et al. 2008; Dakin et al. 2013), and geophysical
imaging (Fig. 1; Gee et al. 2007; Bull et al. 2009; Nugraha et al.
2022; Scarselli 2020). Erosion at the base of landslides is often
accompanied by the development of elongated, linear, concave
features extending from the evacuation area (source) of the
failure and typically follows the direction of downslope trans-
port (Fig. 1). These features are widely recognised in the litera-
ture and referred to with a multitude of terms: cat-claw scours
(Moscardelli et al. 2006); grooves and furrows (Posamentier
and Kolla 2003; Bull et al. 2009); striations (Nissen et al. 1999;
Bull et al. 2009); tool marks (Sobiesiak et al. 2018), and groove
casts (Draganits et al. 2008). In this contribution, all such fea-
tures are referred to as scours. Although scours likely hold valu-
able insights into failure dynamics, their origin remains poorly
understood. Their formation is often ascribed to seabed tooling
caused by large, rigid blocks entrained within a moving subma-
rine landslide. However, such blocks are not always observed,
possibly due to removal during transport, or because other ero-
sional mechanisms may also be involved (Sobiesiak et al. 2018).
Additionally, challenges related to the resolution and scale of
geophysical imaging combined with the frequent burial of the
basal surface beneath overlying landslide deposits hinder the
understanding of the processes that form them. This contribution
aims to shed new light on the possible formation mechanisms of
scours at the base of submarine landslides by applying detrend-
ing methods to seismic reflection data and unlock an in-depth
granular analysis of these features.

Detrending is the removal of an underlying trend from a dataset
allowing isolation of patterns unrelated to such a trend (Wu et al. 2007).
Detrending is widely utilised in a variety of fields including economics
(Watson 1986), medicine (Tanabe et al. 2002) and climate sciences (Ols
et al. 2023). In geoscience, detrending has been used to remove the effect
of valley slope to better understand the characteristics of river profiles
on steep terrains (Brigante et al. 2017; Zhang et al. 2020). In this research,
detrending is applied to enhance the morphological analysis of landslides’
basal surfaces identified on three dimensional (3D) seismic reflection

Landslides |


http://crossmark.crossref.org/dialog/?doi=10.1007/s10346-026-02707-y&domain=pdf
http://orcid.org/0000-0002-6477-6866

| Technical Note

PRy 1 \.
a‘)ﬁ Scour at basal g

surface

;\I,erticél section

Landslide basal

surface

Scours

Fig. 1 Examples of scouring at the base of landslides. a Picture of flume experiment showing erosion of a fixed bed by an overlying flow
made of a mixture of clay, sand, and gravel (modified from Haas and Woerkom 2016). b 3D seismic display showing a series of elongated
scours at the base of a submarine landslide (modified from Moscardelli et al. 2006). ¢ Outcrop photograph of the basal surface of a submarine
landslide showing intersecting, elongated scours (modified from Draganits et al. 2008). The basal surface is observed along the vertical beds
exposed at the outcrop. White circle in the inset indicates the scale of the structures

data. By removing the broader bathymetric trends (i.e. regional slope) that
commonly affect offshore settings, detrending enables a detailed inter-
pretation of the basal surface geometries and associated erosional fea-
tures (Fig. 2). Here, through the analysis of 3D seismic reflection data, we
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investigate the morphologies of the basal surface of two large-scale (> 30
km?) submarine landslides exposed on the slopes of the NW Shelf of Aus-
tralia (Fig.3). Given the strong slope trend imposed by the bathymetric set-
ting in the region (Fig. 3), detrending workflows enabled a comprehensive

Trend
surface

Elevation Model

e P

Detrended Elevation
Model

(from Brigante et al. 2007)

Fig.2 Visualisation of an unprocessed surface (top) and relative detrended surface (bottom). The detrended surface highlights intricate pat-
terns that are poorly imaged on the unprocessed surface. The schematic diagram shows the concept of detrending whereby an elevation
model exhibiting a strong dip is detrended by removing the effect of the dipping trend surface (modified from Brigante et al. 2017)
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Fig.3 a Map on the left shows the location of the 3D seismic datasets within the study area. The panel to the right presents a regional seis-
mic profile illustrating the nature of the rifted architecture of the Exmouth Plateau, North West Shelf of Australia. The landslides analysed in
this paper are contained in the post-rift Cenozoic unit. Location of the regional profile is shown in the map on the left. 3D visualisations of the
seabed reflection showing (b) the Gorgon landslide along the shelf of the Gorgon Platform and (c) the Exmouth landslide . The latter is found
on the western flank of the Exmouth Plateau Arch, a prominent bathymetric relief located ~100 km offshore of the Gorgon Platform

morphological analysis of the basal scours, providing valuable insights
into the erosional processes of the investigated submarine landslides.

Submarine landslides occurrence in the NW Shelf of Australia
NW Australia’s Continental Shelf comprises a stretched continental
crust that exhibits a well-developed rift architecture within the Tri-
assic and Jurassic sections (Fig. 3a; Longley et al. 2002; McCormack
and McClay 2013; Nugraha et al. 2019; Bilal and McClay 2022; Winata
et al. 2023). These rifted strata are overlain by Cretaceous and Ceno-
zoic post-rift sediments of marine origin (Fig. 3a; Longley et al.
2002; Nugraha et al. 2022). In the Exmouth Plateau and surrounding
areas (Fig. 3a), a number of shallow failures have been documented to
have affected the Miocene to recent near seabed stratigraphy (Hengesh
et al. 2012; Hengesh et al. 2013; Scarselli et al. 2013; Scarselli et al. 2020;
Wu et al. 2021; Nugraha et al. 2022; Wu et al. 2023; Keep et al. 2024). The
precise ages of these failures are unknown due to poor stratigraphic
constraints within the Neogene deposits of the region (Keep et al. 2024).
Key triggering mechanisms for the activation of these landslides
have been ascribed to a combination of factors such as seismicity,
rapid seabed oversteepening, and the presence of weak, overpres-
sured layers within the post-rift stratigraphic succession (Scarselli
et al. 2013; Hengesh et al. 2013; Wu et al. 2023; Keep et al. 2024).
The Gorgon landslide is a large failure affecting the seabed
downslope of the Gorgon Platform continental shelf, where
slope angles are up to 15° (Fig. 3b; Hengesh et al. 2012; Nugraha
et al. 2022). The landslide has an estimated volume of ~300 km?

(Hengesh et al. 2012; Nugraha et al. 2022) and exhibits a composite
headscarp located at water depth of 400 m, suggesting a failure
dynamic of multiple, laterally contiguous events. The landslide
has a runout of ~70 km and developed through full evacuation
of the headscarp, leaving the basal surface exposed at the seabed
(Fig. 3a; Hengesh et al. 2012; Nugraha et al. 2022; Riera et al. 2022).

The Exmouth landslide is located across the western slope of
the Exmouth Plateau Arch, a prominent, NE-trending seabed relief
feature ~100 km offshore the Gorgon Platform (Fig. 3a). This land-
slide is part of a series of adjacent failures documenting a history
of instability across the arch spanning from the Neogene to the
present day (Fig. 3a and c; Scarselli et al. 2013). The headscarp of
the landslide is located at a water depth of ~800 m, along a slope
with an overall regional gradient of ~1°. The landslide has an esti-
mated volume of 30 km? and extends downslope for ~40 km (Scar-
selli et al. 2013). Mapping of the landslide’s basal surface shows
elongated, sub-parallel lineaments interpreted as scours resulting
from erosion and removal of seafloor sediments as the landslide
masses moved down the slope (Figs. 5 and 6; Scarselli et al. 2013).

Data and methods

The analysis involved interpreting key surfaces of interest (i.e.land-
slide basal surfaces) using 3D seismic reflection data from the two
study areas (Figs. 3 and 4). Given the lack of extensive multibeam
coverage, the seabed reflection was interpreted from the seismic
data to derive the bathymetry over the landslide areas. Further
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Fig.4 a Schematic workflow chart showing how the morphometric characteristics of scours at the base of landslides were analysed in
the research. Note that the morphometric analysis was applied on detrended basal surfaces so as to remove the effect of slope. This was
achieved by subtracting the basal surface of interest (SOI) from a trend surface (TS). The trend surface is generated by applying a median
filter to the surface of interest. b Seismic section with marked surface of interest and trend surface. The detrended surface is shown in the box
below the seismic profile. ¢ Detrended surface showing examples of scours at the base of the Exmouth landslide. The inset to the right shows
mapping polygons and associated oriented minimum bounding boxes used to extract morphometric parameters of the scours analysed. The
image also shows sets of longitudinal and cross profiles utilised to assess the morphology of scours. See text for a detailed description of the

data and methodologies implemented in the research

processing was applied to the landslide basal surfaces to create
detrended outputs. The latter were subsequently analysed using
GIS workflows in order to gain insights into the morphometric
characteristics of basal scours (Fig. 4a).

Seismic data

3D time-migrated seismic reflection data were depth-converted
using a simple two-layer velocity model to account for the sea-
water velocity (1500 m/s) and for the Miocene to recent sedi-
ments (1700 m/s) (Fig. 3).

The dominant frequency of the seismic packages below the
seabed reflection was calculated to be ~60 Hz. Assuming sea-
bed sediment velocity of ~1550 m/s (Hengesh et al. 2012), the
estimated seismic resolution for the shallow units where the
landslides are imaged is ~6 m.

The seismic data were obtained from the National Offshore
Petroleum Information Management System (NOPIMS; https://
www.ga.gov.au/nopims) open repository. The Exmouth land-
slide was interpreted using the Bonaventure 3D dataset, whereas
the Gorgon landslide was interpreted across the Draeck, Gor-
gon, and Acme 3D seismic surveys. Areas of poor imaging
characterized by amplitude loss and artifacts are commonly
observed at the overlapping edges of the seismic surveys (e.g.

Fig. 5¢).
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Detrending methodology

For the Gorgon case study, the interpreted surface of interest was
the seabed that was mapped in three dimensions using the seismic
data available. This is because the Gorgon landslide exhibits a fully
evacuated headscarp; hence, the seabed coincides with the basal
surface of the failure (Figs. 3 and 5).

For the Exmouth Plateau case study, the basal surface of the failure
is buried beneath ~50 m of sediments (Figs. 3 and 6). This surface
was also mapped using the available 3D seismic data in that location.

Seismic mapping was conducted using Halliburton Decision-
Space Desktop, following established 3D seismic interpretation
workflows (e.g. Dorn 1998; Cartwright and Huuse 2005; Posamen-
tier et al. 2007; Cox et al. 2020). Mapping was first carried out on a
set of widely spaced profiles to guide subsequent automatic inter-
pretation (i.e. autotracker; Dorn 1998) across the full 3D seismic
volume and generation of continuous surfaces. Where necessary,
additional manual mapping was performed in localised areas to
infill gaps and ensure a fully continuous interpreted surface.

Once a surface of interest (SOI; i.e. basal surface) was mapped, a
trend surface (TS; i.e. slope) was generated through the application
of a standard median filter to the SOI (Fig. 4a). The median filter
was calculated using the PowerCalculator tool within DecisionSpace
Desktop. The filter operates by selecting a local neighbourhood of
elevation points and assigning the median value to the central point
of the neighbourhood. The optimal size of the median filter was
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achieved by visually inspecting the result of multiple filtering itera-
tions (Fig. 4b). The optimal results are achieved when the filtering
produces a TS that resembles the overall bathymetric trend of SOI.
The detrended surface (DS) was calculated through a simple sub-
traction of SOI from TS (i.e. DS = TS-SOI; Fig. 4a). In essence, this
operation removes the effect of the trend imparted by the slope and
exposes the detailed morphologies of the SOI The DS surface would
show negative and positive elevation values for points resting below
and above the trend surface, respectively (Fig. 4b). In this work, the
points below the TS (which correspond to scours) are color-coded in
shades of blue, whereas the points above the TS are color-coded in
shades of red (Fig. 4b and c). Detrending provides clear advantages
over methods such as variance attribute (also known as coherence)
and dip maps for highlighting geomorphic features in seismic data.
Variance, which measures the similarity of adjacent seismic traces,
is widely used to detect faults and erosional features (e.g. Chopra
and Marfurt 2008). However, because the attribute relies on seis-
mic amplitude variations, variance does not convey the morpho-
logical relief of the features investigated. Similarly, dip maps, which
highlight gradient changes along a surface (e.g. Tibor et al. 2010), do
not, unlike detrending, capture the three-dimensionality of features
expressed along such surfaces.

Morphometric analysis

Detrended surfaces were further analysed using standard GIS
workflows in QGIS to extract key morphometric parameters of the
scours (see; Figs. 4a, cand 7).

Length and width of scours

The edge of scours was mapped using polygons (Fig. 4¢). Edges
were traced along the highest elevation points surrounding a scour
(Fig. 4¢). A standard, oriented minimum bounding box GIS algo-
rithm was implemented. This allowed the creation of rectangles
wrapping each scour (Fig. 4c). From these, the length and width of
the scours were automatically extracted.

Depth of scour erosion and volume of eroded material

Standard GIS zonal statistics workflows were implemented to calcu-
late the depth of scours, which provide a magnitude of the erosional
process that formed the scour. The statistics were calculated from
the detrended surface using the same mapping polygons used to
derive the length and width of scours. Since detrended values can
vary across positive and negative values (Fig. 4b), a standard range
algorithm was implemented to extract the depth of scours. Since the
algorithm measures the range between the maximum and minimum
values of the detrended surface within each scour mapping polygon,
the resulting magnitude of depth of erosion should be considered a
maximum estimate. The volume of eroded material for each scour
was calculated by multiplying depth with the area of each scour. To
expedite data gathering, the area of a scour was calculated as the
area of the same oriented minimum bounding box used to derive
the length and width of scours (see above). For this reason and given
the fact that scours tend to taper at their terminations, their calcu-
lated area and volume might be overestimated (~20%).

Slope gradient

A slope raster was computed from the trend surface using stand-
ard GIS workflows (TS; Fig. 4a). The slope raster was subse-
quently utilised to extract the mean slope gradient for each scour.
This was achieved by implementing established GIS zonal sta-
tistics calculated within each scour’s mapping polygon (Fig. 4¢).
This information provides insights into the overall slope gradient
of the seabed where the scours occurred.

Longitudinal and cross profiles

A series of longitudinal and cross profiles were created to evalu-
ate the morphology of scours (Fig. 4¢). Longitudinal profiles were
traced following the scour axis. The cross profiles were taken
perpendicular to the scour axis. For each scour, several cross
profiles were taken at an interval of ~200 m between profiles.
Both longitudinal and cross profiles were extracted from the
detrended surfaces (DS; Fig. 4a).

Results

Detrended basal surfaces of the Gorgon and Exmouth landslides
are shown in Figs. 5 and 6, respectively. A statistical morpho-
metric analysis of scours associated with the two landslides is
presented in Fig. 7.

Gorgon landslide

Detrended data of the Gorgon landslide show the presence of a
prominent scour field ~25 km across that developed along the
basal surface of this landslide (Fig. 5a). It is noted that the scour
field is locally affected by a number of subcircular pockmarks,
~100 m across, either randomly distributed or organised in NW-
oriented pockmarks trains (Fig. 5b and c).

Scours are mostly subparallel, trending NW-SE (Fig. 5a),
with their lengths and widths ranging 1-5 km and 100 to 9oo m,
respectively (Figs. 5a, b, and 7a). The orientation of the scours is
perpendicular to the landslide’s headscarp, suggesting transport
parallel to the scours’ orientation (Fig. 5a). However, notably, the
scours do not connect to the landslide headscarp, as most initi-
ate ~5 km further downslope (Fig. 5a and c), suggesting that the
onset of the process driving basal erosion is spatially detached
from the locus of landslide evacuation.

Detailed examination of cross profiles reveals a pronounced
asymmetry in the scour morphology. This is evident from the
fact that scours exhibit a steep and a gentle flank attaining aver-
age dips of ~4° and ~2°, respectively (Figs. sb and 7b). Depth
of erosion along scours rarely exceeds 20 m (Fig. 5a). However,
enhanced erosion might have occurred at the upslope termina-
tion of the scours, as suggested by the highest erosion depths
observed in the longitudinal profiles at these locations (Fig. 7b).

Furthermore, combined analysis of the detrended basal sur-
face and seismic profiles indicates that erosion along the scours
diminished in areas where increased seabed gradients coincided
with marked bathymetric breaks (Fig. 5¢). In these locations, dif-
ferent sets of scours are observed to initiate downslope of these
bathymetric breaks (Fig. 5¢), suggesting a profound control of
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«Fig.5 a 3D view of the detrended seabed in the vicinity of the Gor-
gon landslide. The image shows prominent scour fields trending
NW-SE. For comparison, unprocessed data is shown in the inset. b,
c Closeup views of detrended data showing the details of the scour
field. Insets at the bottom of the image show selected vertical seis-
mic profiles highlighting the morphologies of scours. The location of
the profiles is shown on the detrended maps (see text for detailed
description of the data)

slope gradient on the effectiveness of the mechanism of erosion
generating the Gorgon landslide scours.

Exmouth landslide

The Exmouth landslide shows an arcuate headscarp ~10 km across
followed by a constricted bottlenecked area ~2 km wide (Fig. 6a).
Detrending of the basal surface reveals prominent crosscutting sets
of diverging and converging scours indicating overall landslide
transport to the SE (Fig. 6b). The diverging scours link back to the
bottleneck indicating that remobilised materials were transported
down the slope through this narrow feature (Fig. 6a). Vertical pro-
files show that the landslide body is ~100 m thick and is internally
characterised by a chaotic seismic facies embedding numerous
blocks resting on the basal surface (Fig. 6a and b). The blocks are
commonly found at the downslope termination of scours and range
in size from several tens of metres up to a few hundred metres,
often exhibiting a triangular shape widening downwards toward
the basal surface (Fig. 6a and c).

The diverging scours start incising the basal surface from the
landslide headscarp and their length ranges from 250 to 10,000 m
(Fig. 6b). These scours are twice as long as the longest scours of the
Gorgon landslide (Figs. 5a, 6b, and 7a). The width of scours is simi-
lar to those of the Gorgon landslide (i.e., 70-1000 m). However, the
depth of erosion of the Exmouth landslide scours is larger as they
commonly exceed 15 m, with the deepest scours reaching a depth of
50 m (Figs. 6b and 7a). Longitudinal profiles of the Exmouth land-
slide scours markedly differ from those of the Gorgon Platforms.
The former commonly display an increase in the depth of erosion
towards the downslope termination of the scours (Figs. 6c and 7b),
while the latter see the increase in the depth of erosion towards their
upslope end (Fig. 7b). The cross profiles of the Exmouth landslide
scours also differ from those of the Gorgon landslide as the former
show symmetric and steeper flanks, with average flank dips of ~15°,
while the latter exhibit shallower and asymmetric flanks (Fig. 7¢).

Correlation of morphometric parameters

The cross-correlation matrix in Fig. 7c explores potential correla-
tion amongst scour morphometric parameters. Strikingly, the data
show a poor correlation of slope gradient with any of the other
morphometric parameters. There is, however, a noticeable sepa-
ration of the range of slope gradients between the scours of the
Exmouth and Gorgon landslides, with the latter restricted to slopes
with gradients of 1-1.5° while the former found on a wider range of
gradients up to 4° (Fig. 7a and c).

The matrix also shows correlation between the volume of eroded
material by a scour with its width and depth of erosion, which is

expected. It is also noticeable the correlation between length of
scours and depth of erosion, as well as appreciable correlation
between length of scours and volume eroded (Fig. 7c). However,
strikingly, these correlations are observed only for Exmouth land-
slide scours (Fig. 7¢).

Discussion—formation of basal scours in submarine landslides
The dynamics of submarine landslides involve a range of processes
that initiate with the detachment of material from the slope, typi-
cally occurring along a failure plane (e.g. Piper et al. 1985; Hampton
et al. 1996; Moscardelli et al. 2006). Once evacuated, the failed mass
may undergo rheological transformations through progressive dis-
integration and ingestion of seawater into the landslide body dur-
ing its downslope transport (Masson et al. 2006; Talling et al. 2007).
The initial movement often begins as a coherent block or series of
blocks that transition into internally disorganised slumps and to
gravity flows such as debris flows and turbidity currents (McHugh
et al. 2002; Scarselli et al. 2022; Li et al. 2023). Across the spectrum of
these transitions, seabed erosion is a common process that occurs
at the base of the failures (Gee et al. 2007; Bull et al. 2009; Sobiesiak
et al. 2018). In our study, application of trending workflows allows
the unravelling of the detailed morphologies of basal scouring to
provide insights into erosional processes associated with landslide
emplacement.

Downslope tooling due to sinking of landslide blocks (basal
block tooling)

The chaotic and disrupted nature of the Exmouth landslide sug-
gests that the deposits are internally disorganised, consistent with
emplacement by slumping or debris-flow processes (Posamentier
and Martinsen 2011; Scarselli 2020). Such cohesive, plastic modes
of submarine slope movement are well known for their ability to
transport large blocks as the deforming landslide mass moves
downslope (Martinez et al. 2005; Jackson 2011; Nwoko et al. 2020).
In the Exmouth landslide, large blocks are found to be lodged at
the downslope termination of the scours (Fig. 6c). Their position
suggests that these blocks may have eroded the sediments beneath
and formed the scours as the landslide moved (Moscardelli et al.
2006; Ogata et al. 2012; Nwoko et al. 2020).

The downslope increase in erosion depth observed in this
research along the Exmouth landslide scours (Fig. 7) may offer clues
into block tooling dynamics. In this process, blocks detached from
the landslide headwall and carried within the flow contribute to
progressively greater erosion during a waning phase of collapse.In
this scenario, as the landslide decelerates, blocks gradually sink to
the base exerting increased erosion and eventually become lodged
at the downslope termination of the resulting scours (Fig. 8). This
might be related to potential block lifting mechanisms such as
hydroplaning (Mohrig et al. 1998; De Blasio et al. 2004) and disper-
sive pressure (Bagnold 1954; Lowe 1982; Iverson 1997) becoming
inefficient as landslides decelerate (Fig. 8).

The observed correlation between the length, width, depth of
erosion and volume of eroded material for the Exmouth landslide
scours (Fig. 7c) suggests that larger blocks are capable of generating
larger scours, able to erode larger volumes of basal material. This is
because transported blocks within submarine landslides are known
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to mechanically degrade with transport (e.g. Hodgson et al. 2019;
Nwoko et al. 2020; Wu et al. 2021). In this context, larger blocks
(capable of generating wider scours) can withstand degradation
for longer transport distances, enabling them to form longer and
significantly more erosive scours (Fig. 8).

Erosional scours induced by longitudinal flow vortices

The lack of correlation amongst length, width, and depth of erosion
for the Gorgon scours (Fig. 7¢) along with their distinct asymmetric
and gentle flanks and their pronounced upslope erosion (Fig. 7b
and c) suggests that these features may have formed through a
mechanism not related to basal block tooling.

In flow dynamics, longitudinal vortices are known to develop
as a result of flow instabilities (Swearingen and Blackwelder 1987;
Forterre and Pouliquen 2001; Hall et al. 2008). In submarine envi-
ronments, scour fields formed by elongated, parallel to sub-parallel,
regularly spaced, erosional features are commonly documented
in the literature (Coleman et al. 1981; Canals et al. 2006; Lastras
et al. 2007; Puig et al. 2008). These scours are often attributed to
the erosional action of helicoidal currents and, as such, exhibit
their orientation parallel to flow direction (Allen 1969; Flood 1983,
1994; Bryant et al. 2001; Fedele and Garcia 2009). Similarly, in suba-
erial environments, longitudinal flow vortices are believed to form
scour fields at the base of glaciers, where they are associated with
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the runoff of subglacial meltwater in tunnel valleys (Lesemann
et al. 2010, 2014), in addition to formation within pyroclastic
flows (Kieffer and Sturtevant 1988; Kieffer et al. 2021). Planetary
landscapes featuring elongated grooves and ridges have also been
associated with the occurrence of longitudinal vorticity in fluid
and granular flows (Thompson 1979; Carling et al. 2009; Magnarini
et al. 2019).

We interpret the Gorgon landslide scours as features formed
by the erosive action of helicoidal gravity flows generated from
slope failures evacuated from the prominent headscarp observed
upslope and to the SE of the scour field (Fig. 5a). Submarine
landslides are well known to transition into sediment gravity
currents due to downslope rheological transformations, driven
by mechanical disaggregation and incorporation of ambient
fluid into the failing mass (Fig. 8; Hampton 1972; Schwarz 1982;
Piper et al. 1999; Dasgupta 2003; Strachan 2008; Piper and Nor-
mark 2009; Scarselli et al. 2022; Li et al. 2023). Along the Gorgon
Platform, these transformations might have been favoured by
the high velocity of the failing masses facilitated by the steep
seabed slope (up to 15° Fig. 3b) at the location of the landslide
headscarp (Fig. 8). Transition to gravity currents might also be
suggested by the fact that the Gorgon landslide lacks the abun-
dance of coherent blocks observed in the Exmouth landslide
(Figs. 5¢c and 6a).

In offshore continental margins, scours generated by helicoidal
flows can reach widths in excess of 100 m and depths exceeding
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20 m (Flood 1983, 1994). These dimensions are consistent with
the morphological parameters of the Gorgon landslide scours
measured in this research (Fig. 7). Previous research suggests
that the presence of substrate irregularities is required to focus
flow erosion and promote onset of helicoidal flows and associated
longitudinal scours (Flood 1983, 1994; Hall et al. 2008). In the case
of the Gorgon landslide scours, the detrended data show the pres-
ence of circular seabed pockmarks located within the scour field
(Fig. 5b and c). Provided that these formed before or during the
evacuation of the Gorgon landslide, the pockmarks might have
provided the roughness needed to promote initiation of helicoidal
flows and scouring. The relative time of formation of the Gorgon

landslides and the pockmarks is unknown. Pockmarks along the
Gorgon Platform have been known to exist within and outside
areas affected by landslides (Hengesh et al. 2012; Hengesh et al.
2013; Dirstein et al. 2013). Riera et al. (2022) suggested that the
presence of pockmarks within landslide areas may indicate that
interstitial fluids were mobilised and vented during, or shortly
after, landslide emplacement, producing pockmarks either con-
temporaneously with, or immediately following, the mass-move-
ment event. Pockmarks located outside the landslide area are
unlikely to be related to landslide events. Fluid uplift and pock-
mark formation can be initiated by fault activity causing breaching
of fluid reservoirs (e.g. Gay et al. 2007; Maia et al. 2016; Ruge et al.
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Fig.8 Schematic diagram for the formation of scours at the base of submarine landslides (see text for full discussion)

2021). In the Gorgon area, pockmarks are situated above major rift
structures, including horsts that are known to form traps for gas
accumulations in the Gorgon field (Riera et al. 2022). Reactivation of
these structures prior to the emplacement of the Gorgon landslide
and nearby failures cannot be excluded, as Miocene to present day
reactivation of rift structures along the Northwest Shelf of Australia
is well documented (Keep et al. 1998; Harrowfield et al. 2003; Har-
rowfield and Keep 2005; Keep et al. 2007; Keep et al. 2024). Evidence
for interaction between the Gorgon landslide and pockmarks is sup-
ported by two observations: (1) the Gorgon landslide scours exhibit
enhanced erosion at their upslope terminations (Figs. 5b, c and 7b),
likely due to the presence of pockmarks promoting the initiation
of helicoidal flows and localized scouring (Fig. 5b and c); and (2)
landslide scours are predominantly found in areas where pockmarks
are present (Fig. 5). In summary, it is plausible that these pockmarks
were present before and/or during the emplacement of the Gorgon
landslide, providing the seabed roughness necessary to promote the
initiation of helicoidal flows and associated scours.

The Gorgon landslide scours bear strong resemblance to those
formed by dilute pyroclastic density currents (Kieffer and Stur-
tevant 1988; Kieffer et al. 2021). In such flows, vorticity-associated
scours occur as regularly spaced features arranged in extensive
fields extending downslope from the flow origin (Kieffer et al.
2021), similar to the patterns revealed by detrending along the basal
surface of the Gorgon landslide (Fig. 5). Another point of similar-
ity is the cessation of the Gorgon landslide scours at bathymet-
ric breaks (Fig. 5¢), indicating that changes in slope gradient can
strongly influence flow dynamics, suppressing longitudinal vortices
and associated erosion. A comparable relationship between slope
changes and vortex suppression has been documented for pyroclas-
tic density currents (Kieffer et al., 2021) and attributed to the onset
of large-scale turbulence as flows encounter changing gradients
(Swearingen and Blackwelder 1987; Kieffer et al. 2021). These obser-
vations suggest that the flows responsible for the Gorgon landslide
scours were likely low-density, analogous to dilute pyroclastic den-
sity currents, and that a similar slope-control mechanism may gov-
ern the stability of helicoidal flows and the suppression of scours in
gravity-driven flows generated by submarine failures.

The Gorgon landslide scours also exhibited two distinct char-
acteristics, namely (1) that the scours initiate ~5 km downslope
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from the landslide headscarp (Fig. 5); (2) the asymmetric shape
of the scours observed on cross profiles (Fig. 7b). To explain the
first observation, it is proposed that a sufficient landslide runout
distance would be required to fully develop rheological transforma-
tions from a landslide to a sediment gravity flow (Fig. 8). Scarselli
etal. (2022) provided geophysical evidence that complete transfor-
mation from a slump ~50 m thick into an accelerated, erosive flow
occurred over a distance of up to 3 km. This, combined with the fact
that generating flow vortices and related erosion requires current
acceleration to velocities in excess of 30 cm/s (Flood 1994), could
explain the spatial gap between the Gorgon landslide headscarp
and the scour field further downslope (Fig. 8).

In submarine gravity currents, the Coriolis force acts at right
angles to flow direction, altering the dynamics of these currents
(e.g. Davarpanah Jazi et al. 2020). This effect is known to laterally
deflect the bulk flow in submarine gravity currents (Davies et al.
2006; Wells 2009), causing observable asymmetry in the morphol-
ogy of submarine channels systems (Cossu and Wells 2010; Cossu
et al. 2010; Davarpanah Jazi et al. 2020). Laboratory experiments
have shown that streamwise vorticity within bending channels is
also affected by the Coriolis force, modifying erosional and deposi-
tional patterns along sinuous channels (Cossu et al. 2010). Although
not supported by specific modelling effort, we infer that the Corio-
lis force might be able to perturb the symmetry of longitudinal vor-
tices, resulting in laterally varying vortex strength and asymmetry
in the scours they generate.

Along-slope bottom currents are also known to impact the
dynamics of submarine gravity flow (e.g., Rodrigues et al. 2022).
Flume tank experiments show that downslope gravity flows can be
impacted by laterally impinging currents (Miramontes et al. 2020).
This causes deviation of the downslope current and laterally vary-
ing erosional patterns at the base of the flow, producing asymmet-
ric channels (Miramontes et al. 2020; Rodrigues et al. 2022). The
NW Shelf of Australia, particularly the areas surrounding the
Exmouth Plateau, has been influenced by intense bottom currents
since the Late Jurassic (Wijeratne et al. 2018; Mantilla et al. 2022;
Nugraha et al. 2022), suggesting that along-slope currents together
with the effect of Coriolis cannot be excluded as factors that have
caused the asymmetry of the morphology of the scours at the
base of the Gorgon landslide. An alternative explanation for the



asymmetry of the scours is that unidirectional seafloor currents
may have partially infilled the scour depressions with thin veneers
of sediment. The thickness of such deposits would not be observed
in seismic profiles because it is below the vertical resolution of the
available seismic data.

Key remarks and implications

In this study of submarine landslide dynamics, detrending applied
to seismic data has proven to be a powerful tool able to remove
broad slope trends and reveal enhanced morphologies previously
not visible, therefore focusing on the mechanisms causing land-
slide evacuation and basal erosion. By applying this technique, new
insights into the factors that control landslide dynamics can be
gained to improve predictive models and enhance hazard assess-
ments for regions prone to submarine landslides. Detrending was
applied in this study to facilitate the recognition of erosional mor-
phologies related to submarine landslides, enabling reconstruc-
tion of erosional dynamics and to discern two distinct genetic
mechanisms of basal scouring (Fig. 8). Basal block tooling generates
scours with symmetric and steep flanks that connect upslope to the
source area of the blocks (i.e. headscarp). Increasing depth of ero-
sion at the downslope termination of scours suggests that tooling
is caused by substrate gouging as increased interaction of blocks
with the seabed takes place at the base of a decelerating landslide.
Width and length of scours might be intimately linked with the size
of blocks embedded in a landslide. Larger blocks which are able to
withstand degradation for longer distances during transport are
capable of generating wide, long and erosive scours.

In contrast, elevated acceleration of failing masses on steep
slopes favours downslope rheological transformation of landslides
to gravity flows. Onset of longitudinal flow vortices promoted by
the presence of seabed irregularities (i.e. pockmarks) can induce
erosional scours with open flanks and spatially disconnected to
the headscarp evacuating the initial landslide. Change in seabed
slope gradient likely plays a crucial control on the stability of lon-
gitudinal flow vortices, causing scours to terminate where marked
bathymetric breaks occur.

Being able to recognise these differing erosional morphologies
allows reconstruction of failure dynamics and provides invaluable
clues for a better understanding of the potential hazard posed by
submarine landslides in offshore basins. In this research, detrend-
ing enabled enhancing the basal surface morphologies imaged with
seismic data. This technique can be applied to any digital elevation
model, supporting in-depth analysis across a wide range of marine,
terrestrial, and planetary morphologies.
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