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ABSTRACT
Submarine slides (including slides, slumps, and debris flows) pose major geohazards by 

triggering tsunami and damaging essential submarine infrastructure. Slide volume, a key 
parameter in hazard assessments, can increase markedly through substrate and/or water 
entrainment. However, the erosive potential of slides is uncertain. We quantified slide erosivity 
by determining the ratio of deposited (Vd) to initially evacuated (Ve) sediment volumes; i.e., 
slides that gain volume through erosion have a Vd/Ve ratio >1. We applied this method to the 
Gorgon slide, a large (500 km3), seismically imaged slide offshore northwestern Australia, and 
reviewed Vd/Ve ratios for 11 other large slides worldwide. Nine of the 11 slides have Vd/Ve >
1 (median value = 2), showing emplaced volumes increased after initial failure. The Gorgon
slide is the most erosive slide currently documented (Vd/Ve = 13), possibly reflecting its pas-
sage across a highly erodible carbonate ooze substrate. Our new approach to quantifying 
erosion is important for hazard assessments given substrate-flow interactions control slide 
speed and runout distance. The variations in slide volume also have important implications 
for submarine infrastructure impact assessments, including more robust tsunami modeling.

INTRODUCTION
Submarine slope failure results in a range of 

mass-flow types including slides, slumps, debris 
flows, and their transitions. It is a key process 
along many continental margins, with individual 
deposit volumes sometimes exceeding 10,000 
km3 (e.g., Moscardelli and Wood, 2016). Mass 
flows can be tsunamigenic and deadly (Tappin 
et al., 2001) and damage vital seabed infrastruc-
ture, such as telecommunication cables (Carter 
et al., 2014) and hydrocarbon pipelines (e.g., 
Randolph and White, 2012). Most studies have 
focused on the size and impact of slope failure of 
siliciclastic sediment (e.g., ten Brink et al., 2006; 
Moscardelli and Wood, 2016), despite carbonate 
ooze composing a significant portion (∼30%) of 
the world’s ocean floor (see Fig. S1 in the Sup-
plemental Material1; Dutkiewicz et al., 2015). 
Post-failure shear strength of such oozes can be 
as low as 10% of its original strength, compared 
to 55% for siliciclastic clay (Gaudin and White, 
2009), allowing ooze-related mass flows to gain 

volume during transport more easily and become 
more hazardous (Winterwerp et al., 2012).

A mass flow may translate across its sub-
strate on a thin, highly pressured, basal water 
layer (“hydroplaning”; e.g., Mohrig et al., 1998; 
Toniolo et al., 2004) and may even suffer vol-
ume loss due to partial flow transformation from 
debris flow to turbidity current (e.g., Sun et al., 
2018). However, mass flows can be strongly ero-
sive (e.g., Bull et al., 2009; Hodgson et al., 2018; 
Sobiesiak et al., 2018), although the magnitude 
of substrate entrainment is poorly constrained 
due to limited exposure of exhumed deposits 
and their source areas and poor or spatially 
restricted imaging in subsurface data. Quanti-
fying mass-flow erosivity is important because 
(1) entrainment of material during transport
via basal erosion could modify flow rheology,
speed, and runout distance, the latter two being
key parameters for both tsunami modeling and
impact assessments on submarine infrastructure 
(e.g., Bruschi et al., 2006); and (2) initial failed 
volume is a key parameter in tsunami modeling 
(e.g., Murty, 2003).

We used three-dimensional (3-D) seismic 
reflection data from the Exmouth Plateau, off-
shore northwestern Australia, to quantify ero-
sion by the Gorgon slide (Fig. 1). We focused on 
the discrepancy between the volume of evacu-
ated (Ve) and deposited (Vd) sediment to provide 
a first-order estimate of slide erosivity. We also 
documented Vd and Ve for 11 other examples. 
Our approach (1) provides insights into the 
likely physical processes occurring during slide 
transport; (2) improves prediction of the impact 
of slope failure on submarine infrastructure; and 
(3) better constrains numerical models of slide-
induced tsunami.

GEOLOGICAL SETTING
The Cenozoic sedimentary history of the 

Exmouth Plateau (Fig. 1A) is dominated by 
carbonate ooze deposition (Longley et  al., 
2002), with repeated slope failure and mass-flow 
emplacement triggered by intraplate shortening 
and folding (Keep et al., 1998) and related seis-
micity (see Hengesh et al. [2013] for detailed 
geological setting). Here we focus on the most 
recent and shallowly buried, and thus best-
imaged, example, the Gorgon slide (Figs. 1B 
and 1C).

DATASET AND METHODS
Five time-migrated 3-D seismic reflection 

data sets (Fig. 1; see also Table S1 in the Sup-
plemental Material) image the Gorgon slide, its 
source area, and the adjacent, unfailed continen-
tal slope (Figs. 1B and 1C). A near-seabed sedi-
ment seismic velocity of 1824 m/s and domi-
nant seismic frequency of 40–60 Hz indicate 
the vertical seismic resolution at the base of the 
Gorgon slide (∼500 m below seabed) is 8–11 m. 
We depth-converted maps of the top and base 
of the Gorgon slide (see Figs. 1D and 1E) using *E-mail: harya​.dn@universitaspertamina​.ac​.id
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average water (1519 m/s) and near-seabed sedi-
ment (1824 m/s) seismic velocities, respectively 
(Table S1). Ten wells constrain the water seis-
mic velocity (Fig. 1B). Ocean Drilling Program 
(ODP) Site 762 (see Fig. 1A) penetrates a seis-
mic-stratigraphic sequence similar to that of the 
study area. We therefore used data from this well 
to infer near-seabed seismic velocity (see above) 
and lithology and porosity.

We calculated the ratio between Ve and Vd to 
derive a first-order estimate of slide erosivity (Fig. 
S2A). When Vd/Ve < 1, we infer the slide lost 
volume during transport; this could reflect water 
loss and partial flow transformation to turbidity 
currents that deposited basinward (Fig. S2B). 
Vd/Ve = 1 suggests no net volume change from 
the initial failed mass (e.g., entrained sediment 
volume balanced by volume loss due to flow 
transformation) (Fig. S2C). Vd/Ve > 1 implies net 
volume gain during transport due to lengthening 
and/or deepening (by erosion) of the basal-shear 
surface and substrate entrainment (Fig. S2D).

We calculated the Vd/Ve ratio for the Gorgon 
slide using three established methods to capture 
volume uncertainty (see Table S2 for details): (1) 
theoretical volume (e.g., McAdoo et al., 2000; Wil-

son et al., 2004); (2) bulk volume (e.g., Piper et al., 
1997); and (3) compacted volume (assuming theo-
retical zero porosity) (e.g., Lamarche et al., 2008).

EROSIVITY OF SUBMARINE SLIDES
The Gorgon Slide

The updip margin of the Gorgon slide source 
area is defined by a steep headscarp. The parent 
flow traveled ∼70 km northwestward from its 
evacuation zone before accumulating sediment 
in a depositional zone (Fig. 1D). The slide was 
confined downdip by its frontal toewall (i.e., 
frontally confined; sensu Frey-Martínez et al., 
2006). The slide deposit is ∼30 km wide, thick-
ens downslope to ∼500 m, and covers a total 
area of 1760 km2. Transparent, chaotic seismic 
reflections support interpretation of a debrite 
(Figs. 1D and 1E) (e.g., Posamentier and Mar-
tinsen, 2011). Discrete packages of subparallel, 
high-amplitude reflections are likely megaclasts 
(Fig. 1E) (e.g., Jackson, 2011), either sourced 
from the evacuation zone or entrained from the 
substrate. Key evidence of basal erosion is the 
truncation of underlying reflections (Fig. 1E).

We calculated the Vd of the Gorgon slide 
using the basal-shear surface and seabed (see 

Figs. 1D and 1E). This represents a minimum 
value, given a very small part (∼7%; i.e., 166 
km2 of 1760 km2; see Fig. 1C) of the slide is 
not imaged within the seismic data set. The 
headscarp of the slide extends from a lateral 
scarp in the southwest to a gullied slope in the 
northeast (Figs. 2A–2C). The headscarp may 
extend further northeast outside of the area of 
the available data set, given a lateral scarp is not 
confidently identified there (such as in Fig. 2B). 
However, we argue any lateral scarp is unlikely 
to lie beyond the seismically imaged area given 
that we can trace numerous basal grooves (see 
Bull et al., 2009) updip from the deposit to 
the source area and bounding headscarp. The 
deposit’s northeastern lateral margin also con-
nects directly back to its source area, suggest-
ing the northeastern limit of the headscarp (and 
thus evacuation zone) lies very close to the gul-
lied slope (Figs. 2A and 2C) (see also Hengesh 
et al., 2013, their figure 8). To reflect this uncer-
tainty, our Ve estimates comprise minimum 
(Fig. 2A) and maximum (Fig. 2D) cases (see 
Fig. S3). Note that Ve was estimated by using the 
adjacent unfailed slope as a proxy for the pre-
failure physiography across the evacuation zone 

Figure 1.  (A) Location 
of the study area in 
northwestern Australia 
(EP—Exmouth Plateau; 
AR—Argo Abyssal Plain; 
GA—Gascoyne Abyssal 
Plain; CU—Cuvier Abys-
sal Plain). Yellow dot is 
Ocean Drilling Program 
Site 762 well. (B) Seabed 
map (top of Gorgon 
slide) showing slide 
evacuation and deposi-
tion zones. Red dots are 
wells used for depth con-
version. TWT—two-way 
traveltime. (C) Extent of 
the Gorgon slide (gray). 
Black dashed line in the 
northernmost part of the 
slide defines the seismic-
scale pinchout of the 
slide; ∼7% of the slide is 
outside the three-dimen-
sional (3-D) seismic data 
but is mapped on two-
dimensional seismic 
profiles (green lines). 
Gorgon, Acme, Draeck, 
Duyfken, and Io-jansz are 
Geoscience Australia 3-D 
seismic data sets used 
in this study (see Table 
S1 [see footnote 1]). (D) 
Northwest-trending dep-
ositional dip–oriented 
seismic profile across the 
Gorgon slide, showing 
evacuation and deposi-
tion zones. Inset seismic 
section (red outline) 
shows frontal geometry 

of the Gorgon slide. (E) Northeast-trending depositional strike seismic profile across the Gorgon slide (note truncation at slide base).
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(Fig. 3). Our analysis shows that the estimated 
Vd/Ve ratio for the Gorgon slide ranges from 5 to 
16, depending on the calculation method used 
and taking into account uncertainties related to 
the position of the headscarp and lateral mar-
gin and thus the total evacuation zone volume 
(see Fig. S3). The entire range of calculations, 
accounting for the full range of uncertainty, sug-
gests the slide was strongly erosive (i.e., Vd/Ve 
> 1), a result consistent with the abundant evi-
dence for seismic-scale erosion along the basal-
shear surface (Fig. 3B).

Global Analysis of Slide Erosivity
To place our results in a global context, we 

collated data from other slides (see Table S3). 

Of the 357 slides documented in 97 studies, only 
11 presented both Ve and Vd, with 9 of these 11 
slides being erosive (Vd/Ve > 1, with a median 
value of 2 and an average value of 3; Fig. 4). 
The Gorgon slide (Vd/Ve = 5–16) is thus the 
most erosive slide yet documented (Fig. 4B). 
Although most are erosive, two slides have Vd/Ve 
< 1 (Fig. 4B): (1) in the South China Sea, where 
volume loss is attributed to partial flow trans-
formation from mass flow to turbidity current, 
resulting in (sub-seismic-resolution) turbidites, 
and pore-volume reduction due to continuous 
shearing during transport (Sun et al., 2018); and 
(2) in New Zealand, where the evacuation zone 
formed due to slope failure and tectonic erosion 
during seamount subduction (i.e., the evacua-

tion zone was enlarged by post-failure tectonics) 
(Collot et al., 2001).

DISCUSSION
Large Submarine Slides are Predominantly 
Erosive

We show that deposit volumes of subma-
rine slides are typically larger than their initial 
failed volumes, thereby confirming the erosivity 
of their parent mass flows. Substrate entrain-
ment and volume gain occurs when the shear 
stress exerted by an overriding flow exceeds the 
shear strength of its substrate. The overriding 
flow may also elevate substrate pore pressures, 
reducing substrate strength and making it more 
susceptible to entrainment. Substrate entrain-
ment can also occur due to “tooling” by rigid 
blocks (e.g., megaclasts; Hodgson et al. 2018). 
Our study thus supports physical experiments, 
which suggest that relatively dense debris flows 
can load, shear, and entrain their substrate and 
thus increase in volume (Toniolo et al., 2004). 
The mechanistic causes controlling the magni-
tude of erosion at the base of mass flows remain 
unknown. Toniolo et al. (2004) provided experi-
mental evidence and an analytical argument 
suggesting that the loading-related component 
of erosion reflects antecedent deposit density, 
yield strength, thickness, and seabed slope angle 
(which together control the resistance of the sub-
strate to shear exerted by the overriding flow), 
whereas seabed rugosity controls the degree of 
shear-related erosion (which controls the sub-
strate shearing by the overriding slide).

To assess the Toniolo et al. (2004) predic-
tions, we plotted several commonly measured 
slide parameters (i.e., evacuated volume, runout 
distance, height drop, and mobility; for termi-
nology, see Hampton et al., 1996) to investigate 
their potential relationship with slide erosivity 
(see Fig. S4). We found no significant relation-
ship between these parameters (R2 = 0.0002–
0.05), suggesting low predictive power and 
that other factors are at play. For example, an 
abrupt decrease in slope gradient may increase 
the vertical impact of the slide on the substrate, 
resulting in more erosion (Ogata et al., 2014; 
see also Sammartini et al. 2021). Likewise, the 
pre-failure substrate morphology and composi-
tion may be important controls on slide erosivity, 
given these may, respectively, focus the parent 
flow and determine spatial patterns of erosion 
(e.g., a clay-rich substrate is typically more 
resistant to erosion than a clay-poor substrate 
due to electrochemical forces between particles; 
Ortiz-Karpf et al., 2017). In the case of the Gor-
gon slide, we note that the basal shear surface 
broadly follows underlying substrate morphol-
ogy (Fig. 1E) and contains downslope-converg-
ing grooves (Fig. 2D). These observations imply 
that the parent flow was focused on the north-
eastern side of the slide, resulting in a straight, 
erosional lateral margin (see Figs. 1E and 2D).

Figure 2.  (A) Three-dimen-
sional (3-D) perspective of 
the seabed at the Gorgon 
slide (northwestern Aus-
tralia) showing lateral 
scarp in the southwest 
and minimum extent of 
the headscarp marked by 
the presence of a gullied 
slope. Grooves that can 
be traced back from the 
deposit to the source are 
also shown. (B) Seismic 
profile across the lateral 
scarp limiting the heads-
carp in the southwest. (C) 
Seismic profile across 
a gully that may define 
the northeastern limit of 
the headscarp. TWT—
two-way traveltime. (D) 
3-D perspective of basal-
shear surface showing 
downslope-converging 
grooves that indicate that 
parent flow was focused 
to the northeast and thus 
formed a straight, ero-
sional lateral margin.
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The Gorgon slide and other ooze-dominated 
slides may be especially erosive because their 
substrates were dominated by fragile foramin-
ifera and nannofossils, which are only weakly 

cemented at their contacts during early burial. 
This preserves unusually high near-surface poros-
ities and results in higher initial strength than in 
(uncemented) siliciclastic sediments (O’Brien 

and Manghnani, 1992). Under loading, these 
fragile biogenic particles are crushed, which gen-
erates excess near-seabed pore pressures and a 
dramatic loss of strength (e.g., Sharma and Joer, 
2015). When carbonate oozes fail, their residual 
strength can be only 10% of their initial strength, 
compared to as much as 55% for siliciclastic sedi-
ment (see Fig. S5; Gaudin and White, 2009).

Implications of Submarine Slide Erosivity 
for Geohazard Assessments

The Vd/Ve ratio provides a first-order, quan-
titative estimate of whether a slide increases or 
decreases its volume during transport, which 
mainly depends on processes at the base of mass 
flows. When a slide is erosive and “bulks up”, it 
may (1) slow down due to enhanced basal friction, 
thereby reducing runout distance (e.g., Schulz 
et al., 2009), or (2) speed up due to the added 
mass, thereby increasing runout distance (e.g., 
Gee et al., 1999). Conversely, when a slide hydro-
planes and does not erode its substrate, both its 
transport speed and runout distance may increase 
(e.g., Mohrig et al., 1998). Slide speed and runout 
distance are key components for tsunami mod-
eling (e.g., Murty, 2003) and for assessing the 
potential impact slides may have on submarine 
infrastructure (e.g., Bruschi et al., 2006). In addi-
tion, Ve is also a key factor for tsunami modeling 
because it dictates how much overlying water is 
displaced during failure (e.g., Murty, 2003). Accu-
rate volume assessment is especially challenging 
if only Vd is known and if there is significant ero-
sion or partial flow transformation. For example, 
the use of Vd as an estimate of Ve for tsunami 
modeling would overestimate displacement of 
the overlying water when Vd/Ve > 1. Conversely, 
if Vd/Ve < 1, tsunami modeling would underes-
timate the displacement of the overlying water. 

A

B

Figure 4.  (A) World distribution of documented slides in peer-reviewed literature, containing 
information on evacuated (Ve) and deposited (Vd) volumes. Note that the Gorgon slide (north-
western Australia) is the only carbonate-dominated slide. MTD—mass-transport deposit. 
(B) Vd/Ve ratio of submarine slides in A. Error bars represent minimum and maximum values 
obtained from different volume calculation methods. References for each slide are available 
in Table S3 (see footnote 1).

Figure 3.  (A) North-
west-trending seismic 
profile across the unfailed 
margin. (B) Seabed depth-
structure map showing 
the headscarp of the 
Gorgon slide (northwest-
ern Australia) and the 
adjacent unfailed margin 
to the southwest. TWT—
two-way traveltime. (C) 
Northwest-trending seis-
mic profile across the 
headscarp of the Gorgon 
slide and reconstructed 
(i.e., pre-failure) seabed. 
(D) Isopach of difference 
between reconstructed 
pre-failure seabed and 
depth-structure map, 
assuming minimum 
extent of the headscarp.
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Therefore, to understand uncertainties associated 
with tsunami modeling, a range of Vd/Ve scenar-
ios should be considered. Our study suggests that 
most slides are erosive and that a ratio of 1 to at 
least 2 (median value) should be used for scenario 
modeling. Carbonate ooze–dominated slides such 
as the Gorgon slide, which have only rarely been 
documented to date, could also be significantly 
more erosive than siliciclastic slides.
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