
Page 1/25

Assessment of Submarine Landslide Volume
Thore Falk Sager  (  tsager@geomar.de )

GEOMAR Helmholtz Centre for Ocean Research Kiel
Morelia Urlaub 

GEOMAR Helmholtz Centre for Ocean Research Kiel
Christian Berndt 

GEOMAR Helmholtz Centre for Ocean Research Kiel

Research Article

Keywords: volume assessment, pre-failure sea�oor reconstruction, landslide volume, emplacement
mechanism

Posted Date: August 16th, 2023

DOI: https://doi.org/10.21203/rs.3.rs-3205387/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-3205387/v1
mailto:tsager@geomar.de
https://doi.org/10.21203/rs.3.rs-3205387/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/25

Abstract
Submarine landslides pose major geohazards as they can destroy sea�oor infrastructure such as
communication cables and cause tsunamis. The volume of material displaced with the landslide is one
factor that determines its hazard and is typically estimated using bathymetric and/or seismic datasets.
Here, we review methods to determine the initial failed volume based on a well-constrained case study,
the Ana Slide, a small slope failure in the Eivissa Channel off the eastern Iberian Peninsula. We �nd that
not only the availability and quality of datasets but also the emplacement mechanism determines the
quality of the volume estimation. In general, the volume estimation based on comparison of modern and
reconstructed pre-failure sea�oor topographies yields conservative, yet robust volumes for the amount of
material that was mobilized. In contrast, volume estimated from seismic data may be prone to
overestimation if no detailed constraints on the nature of the chaotic, transparent, or disrupted seismic
facies commonly used to identify landslide material are available.

1. Introduction
Submarine landslides are a serious geohazard to coastal populations worldwide (Bondevik et al., 2005;
Haugen et al., 2005; Løvholt et al., 2017; Prior et al., 1984; Synolakis et al., 2002; P. Talling et al., 2014;
Watt et al., 2012). Slope failures can destroy offshore infrastructure such as platforms and
telecommunication cables (e.g., Løvholt et al., 2019; Vanneste et al., 2014) and release large quantities of
methane and other greenhouse gases from the sea�oor (e.g., Maslin et al., 2004). While the record of
slope failure-generated tsunamis is mainly limited to their deposits on land (e.g., Bondevik et al., 1997,
2005; Fruergaard et al., 2015), mass-transport deposits (MTDs) are widespread features on the ocean
�oor (e.g., Camerlenghi et al., 2010; Gatter et al., 2021; Moscardelli & Wood, 2015). The inclination of the
sea�oor, water depth, duration of the slide event, its acceleration, related landslide mechanisms, run-out
velocity, the timing between multiple stages of failure, the volume of mobilized material, and its density
and cohesion are all factors that control the impact of a landslide (e.g., Harbitz et al., 2014; Murty, 2003).
Constraining these factors requires sea�oor samples and age datings that are rarely available. Some
factors, such as the acceleration and propagation velocity cannot be quanti�ed at all from MTDs. While
the landslide mechanism is one of the most important factors for the generation of tsunamis (e.g.,
Synolakis et al., 2002), this is also di�cult to quantify. However, the volume of a submarine landslide can
be estimated relatively easily from bathymetry and/or a few seismic lines. The volume of a landslide is
not constant as it may change during the evolution of the landslide. The volume of the deposit may thus
exceed the initial failed volume because of processes like basal erosion and entrainment (e.g., Sobiesiak
et al., 2018; Watt et al., 2012). On the other hand, the deposit may be distributed over large areas by highly
mobile sediment �ows (P. J. Talling et al., 2007), which can escape the resolution of mapping and
imaging systems. Here, we focus particularly on the initial failed volume of a landslide as it is one of the
key input parameters for tsunami models (e.g., Iglesias et al., 2012; Murty, 2003).

There are various ways to estimate the volume of submarine landslides from bathymetric or re�ection
seismic data. McAdoo et al. (2000) measured the area of the source area (A) and height of the headscarp
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(H) from bathymetric data to estimate the evacuated volume through volume = 1/2 * A * H. On the
contrary, Völker (2010) estimated the evacuated volume by subtracting a pre-failure sea�oor that was
reconstructed by �tting slope functions into the landslide scar from the present-day sea�oor. Here, a
negative volume in the source area provides an estimate of the initial failed volume and a positive
volume in the sink area provides an estimate of the deposited and accumulated volume. Wilson et al.
(2004) calculated the volume of a debris lobe from measures of its depth or thickness (D), width (W), and
length (L) through the relationship of volume = 1/6 * π * D * W * L. For landslides that are imaged from
sub-sea�oor sediment echo-sounder pro�les or 2D and 3D re�ection seismic data, the average thickness
of chaotic, transparent, and disrupted seismic facies representing the mobilized material can be
measured and multiplied by the landslide area. This provides the ‘bulk volume’ of material involved in and
affected by the landslide referred to as Vd by Nugraha et al. (2022) that accumulated inside the sink area.
This method was used by Lastras et al. (2004) to estimate the landslide volume or total affected volume
of Ana Slide, located in the Eivissa Channel, western Mediterranean Sea. These authors used the average
thickness of Ana Slide at 23 m inside the landslide scar (with an area of 6 km2) to propose a volume or
Vd (sensu Nugraha et al., 2022) of 0.14 km3.

This study aims to determine the most suitable and robust approach to determine this initial failed
volume, in particular in the absence of extensive coverage of re�ection seismic data and geological
sampling. This is done for the Ana Slide in the Eivissa Channel located in the western Mediterranean Sea,
for which the landslide structure, as well as the development, emplacement, evacuation, and
accumulation processes, are known in the much detail. Ana Slide is entirely covered by high-resolution 3D
re�ection seismic data. Both the detailed knowledge and complete coverage of seismic data allow us to
determine its volume with low uncertainties.

2. Emplacement of Ana Slide
Ana Slide is a relatively small landslide located on the eastern slopes of the Eivissa Channel, western
Mediterranean Sea between 635 and 790 m water depth (Berndt et al., 2012; Lastras et al., 2004, 2006;
Sager et al., 2022) (Fig. 1b). Beneath Ana Slide the pre-Ana Slide was previously identi�ed by Lastras et
al. (2004) and mapped by Berndt et al. (2012) and Sager et al. (2022) with a congruent headscarp toward
the east while the pre-Ana Slide extends around 1.5 km further toward the west (Fig. 1b). We take the
interpretation of development and emplacement processes of Ana Slide presented by Sager et al. (2022).
These authors use high-resolution bathymetry, 3D re�ection seismic data and re-processed 2D re�ection
seismic pro�les that completely cover this landslide. Sager et al. (2022) show that Ana Slide developed
during two stages referred to as the primary (300 ka) and secondary failures (61.5 ka after Cattaneo et al.,
2011). The primary failure involved slope material located between the basal shear surface represented
by the reference re�ector Ref and the sub-re�ector R1 (Sager et al., 2022) (Fig. 2a and b). The landslide
material emerged frontally, travelled across a 500 m long by-pass zone, and accumulated above the pre-
failure sea�oor at the time of the primary failure represented by the ‘pre-failure R1 re�ector’ inside the sink
area as the ‘actual deposit of the primary failure’ (Fig. 2a and b). The accumulation of this deposit
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induced in situ deformation of the underlying sediments reaching a depth of up to 30 m below the pre-
failure R1 re�ector throughout the sink area that marked the sea�oor during the primary failure (Fig. 2f).
Landslide material mobilized during the primary failure accumulated inside the sink area and attained a
thickness of approximately 15 m. The secondary failure involved slope material between R1 and SFR. It
was much smaller and is not seismically resolved even in high-resolution seismic data (~ 5 m vertical
resolution, Berndt et al., 2012).

For this study, the primary and secondary failures of Ana Slide are combined as the seismic data do not
allow to distinguish the secondary failure deposit from the sea�oor re�ection (Fig. 2b). Consequently, the
top re�ector of Ana Slide referred to as SFR corresponds to the occurrence of the secondary failure.

Submarine landslides can generally be de�ned as those that are frontally con�ned or frontally emergent
(Frey Martinez et al., 2006). A con�ned landslide experiences restricted downslope translation above a
basal shear surface at depth and it is unable to emerge frontally onto the sea�oor, whereas an
uncon�ned landslide can emerge frontally onto the sea�oor and propagate freely above the sea�oor
leaving the source area entirely evacuated. On the one hand side landslide material is mobilized and
evacuated from a source area where it leaves a void space between the pre-failure and present-day
sea�oor. On the other hand, this landslide material accumulates inside the sink area and if the landslide
is frontally emergent this landslide material may propagate further downslope as a turbidity current and
lay down a debris �ow or turbidite deposit over a large area (e.g., Lastras et al., 2002). Ana Slide describes
a mixed system landslide. The primary failure developed as frontally emergent while the secondary
failure developed more like a frontally con�ned slope failure. A fraction of the mobilized landslide
material was able to overcome frontal con�nement and emerge onto the sea�oor. The other part of the
mobilized material remained ponded inside the source area de�ned as ‘undifferentiated landslide
material’ by Sager et al. (2022) (Fig. 2b).

2.1. Tectonic setting of the Ana Slide area
Sager et al. (2022) and Berndt et al. (2012) identi�ed several faults inside the extent of the 3D re�ection
seismic data (Fig. 1b). Three of these, the southern, central, and northern faults are located beneath the
sink area of Ana Slide and further south of it. These faults characterize an en-echelon fault system that
strikes SSW and NNE and extends into the 3D re�ection seismic data from the south with an unknown
extent. This fault system dips in the opposite direction compared to the sea�oor and therefore is termed
‘sea�oor antithetic’ in this study. Primarily the northern but also the central fault affected the sea�oor
morphology before the primary failure of Ana Slide by vertical fault movement (Sager et al., 2022).

2.2. Depositional environment in the Eivissa Channel
Eivissa Channel received a limited input of terrestrial sediments from rivers on the Iberian Peninsula
including the Ebro, Turia, and Jucar and there are no permanent rivers on the Balearic Islands (Lafuerza et
al., 2012; Lastras et al., 2004; Panieri et al., 2012). Steady hemipelagic sedimentation with the deposition
of �ne-grained water-rich marine clays enriched in calcareous nano fossils generated well-strati�ed
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sea�oor sub-parallel re�ectors and there exists no evidence for strong bottom currents or contourites (e.g.,
Lastras et al., 2004). In pro�le, the thickness of the interval between re�ector Ref and SFR increases in the
downslope direction toward the west with increasing water depth (Sager et al., 2022 their Fig. 4c)
generating predictable thicknesses of these stratigraphic intervals.

3. Datasets
This study uses bathymetric data and 3D re�ection seismic data acquired with the P-Cable system of the
National Oceanographic Centre (NOC) in Southampton, UK equipped with two sleeve guns and 11
streamers during cruise 178 onboard RSS Charles Darwin in 2006 (CD178). Data were processed
including time migration with water velocity (1500 m s− 1). For further information about acquisition and
processing work�ows, the reader is referred to Berndt et al. (2012) and Sager et al. (2022). The
bathymetric data have a horizontal resolution of 5 m, and the vertical resolution is approximately 0.5% of
the water depth (Fig. 1b) while the 3D re�ection seismic data have a vertical resolution of 5–6 m and a
horizontal resolution of 10–15 m (Berndt et al., 2012). The 2D re�ection seismic pro�le presented in
Fig. 2a shows a re-processed pro�le presented previously by Sager et al. (2022).

4. Methods for volume estimation of submarine landslides through
pre-failure sea�oor reconstructions
Volume calculations of evacuated and accumulated landslide material of Ana Slide are performed in
Kingdom Suite using the Volumetric tool that uses one bounding polygon and two depth-converted grids
in meters depth (calculated from horizons in seconds two-way travel time or seconds TWTT). For depth
conversion of seismic horizons, a seismic velocity of 1500 m s− 1 is used. This velocity is consistent with
seismic velocity measurements from the shallow 8 m long Kullenberg gravity core PSM-KS18 (0° 50.453’
E 38° 38.184’ N) presented by Lafuerza et al. (2012) obtained during the PRISM cruise with the R/V
L’Atalante in 2007 led by IFREMER, France. The 3D re�ection seismic data are presented in the time
domain (seconds TWTT) and volumes are calculated in the upper 50 m beneath the sea�oor. Sediments
are water-rich (Lafuerza et al., 2012; Lastras et al., 2004; Panieri et al., 2012) and seismic P-wave
velocities of such sediments typically vary between 1500 to 1640 m s− 1 (Hamilton, 1979). Thus, a
seismic velocity of 1500 m s− 1 is appropriate to use for depth conversion of seismic re�ectors Ref and
SFR and the reconstructed pre-failure sea�oors for the source and sink areas.

In this study, three horizontal bounding polygons are de�ned: the source area that covers an area of 1.9
km2, the by-pass zone with an area of 0.45 km2, and the sink area covering an area of 2.45 km2 (Figs. 1b
and 2c). In total, Ana Slide covers an area of 4.8 km2 referred to as the landslide scar.

We de�ne several landslide volumes (Figs. 2 and 3), the values of which are calculated independently and
with different approaches:

Apparent evacuated volume (Ve void )
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the void space in the source area. Vevoid is calculated following the approach of Völker (2010) where the
volume of evacuated landslide material is calculated by comparing the present-day with the
reconstructed pre-failure sea�oors (e.g, Omira et al., 2022; Sun et al., 2018; Webster et al., 2016). The pre-
failure sea�oor of the source area of Ana Slide is reconstructed by manually interpolating the course of
local and regional contour lines from outside the landslide scar into the inside of it using the contour-line
approach (Fig. 2a and b). To test the sensitivity of the applied pre-failure sea�oor reconstructions, we
reconstructed the sea�oor inside the source area assuming a simple yet unlikely realistic pre-failure
sea�oor morphology (referred to as the straight-line approach hereafter). This was done by reconstructing
straight pre-failure contour lines between the intersection of the landslide scar with local 10 m contour
lines (Figure S1). The resulting calculated volume of evacuated landslide material from the source area
serves as the maximum value for Vevoid.

Remaining volume (Ve r )

the volume of ‘undifferentiated landslide material’ (sensu Sager et al., 2022) that remained inside and
was mobilized but did not leave the source area of Ana Slide. It is calculated from the 3D re�ection
seismic data and represents the difference between the present-day sea�oor (SFR) and the basal shear
surface (Ref) in the source area.

Turbidite volume (Vt)

the volume of material which potentially was transported into the deeper basin and out of the study area
by turbidity currents. This material accumulated over a potentially vast area approaching zero thickness.
With the available geophysical datasets limited to the proximal area of Ana Slide, it is impossible to
determine whether a turbidity current was caused nor to estimate the volume of the turbidite deposit
because of the lack of appropriate distal geological sampling. In the following, we, therefore, assume Vt = 
0 for Ana Slide.

Evacuated volume (Ve)

the initial failed volume. It is the sum of Vevoid, Ver, and Vt (if a turbidite deposit was generated in the
distal part):

Ve = Vevoid + Ver + Vt.

Bulk accumulated volume (Va bulk )

chaotic, transparent, and disrupted seismic facies representing mobilized and affected landslide material
and slope sediment. This volume is calculated from 3D re�ection seismic data between the present-day
sea�oor and re�ector Ref in the sink area. This volume is referred to as volume deposited Vd by Nugraha
et al. (2022).

Accumulated volume (Va)
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the amount of material that accumulated above the pre-failure sea�oor and the present-day sea�oor SFR
inside the sink area. It represents the difference between the apparent evacuated volume of Vevoid and the
volume of a potential turbidite deposit and therefore:

Va = Vevoid – Vt.

The approach of Völker (2010) could be used to estimate Va. However, for Ana Slide, the morphology of
the sink area was modi�ed by a local sea�oor antithetic en-echelon fault system before the failure
occurred and before the primary failure (Sager et al., 2022). Thus, the pre-failure sea�oor inside the sink
area cannot be reconstructed using the contour-line approach previously used for the source area.
Therefore, to account for vertical fault movement in the pre-failure sea�oor reconstruction, the predictable
thickness of sedimentary sequences (between Ref and SFR) throughout the study area is used to
constrain the course of the pre-failure sea�oor inside the sink area (Fig. 2b and e). For the horizon-
�attening approach, �rst re�ectors Ref and SFR are picked in the 3D re�ection seismic data. Then,
re�ector SFR is removed from inside the sink area. For pre-failure sea�oor reconstruction, re�ector Ref is
horizontally �attened and SFR is reconstructed inside the sink area using the predictable thickness of the
stratigraphic sequence between re�ectors Ref and SFR by manually picking straight lines that represent
this thickness between the upslope and downslope extent of the source area on individual inlines (the
work�ow is presented in Figure S2). After reconstruction is completed, re�ector Ref is de-�attened with
the resulting reconstructed pre-failure sea�oor accounting for vertical tectonic movement of the sea�oor
antithetic en-echelon fault system with activity before failure occurrence of the primary failure of Ana
Slide (Sager et al., 2022). The resulting surface is called the ‘pre-failure sea�oor following the horizon-
�attening approach’ (Fig. 2b and e).

 

4.1. Uncertainties of volume estimations
General uncertainties for volume estimation are related to re�ection seismic data such as unknown
seismic velocities, lateral changes in seismic velocities, and re�ector picking errors (related to the vertical
seismic resolution). Additional uncertainties unique to Ana Slide are related to the localization of
bounding polygons of the source and sink areas related to the horizontal resolution of re�ection seismic
data and those related to issues with ghost artefacts in the 3D re�ection seismic data previously
discussed by Sager et al. (2022). Overall, the picking errors are small for 3D re�ection seismic data (< 5%
of the total volume) and the uncertainty due to unknown seismic velocity is small for the uppermost
sediments (< 5%), while the uncertainty related to polygons of the source and sink areas is neglectable (< 
2%).

Dugan (2012) and Sun & Alves (2020) demonstrate that MTD material has higher density and lower
porosity compared to background sediment, which would impact the seismic velocity of the landslide
interval. A comparison of several cores inside and outside the landslide area shows that no notable
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differences in P-wave velocities in background sediment and MTD exist, at least in the upper 8 m
(Lafuerza et al., 2012). Therefore, we assume no uncertainties resulting from lateral variations in seismic
velocities.

The above uncertainties affect the different volume estimations in distinct ways. In sum, the above
uncertainties of the volume estimation of Ana Slide add up to 12%. Uncertainties related to the approach
to pre-failure sea�oor reconstruction are signi�cantly larger but di�cult to quantify in percentages
(Table 1).

Volume assessment of Ana Slide assumes that slope failure occurred at once. From the analysis of the
development and emplacement processes of Ana Slide (Sager et al., 2022), it is known that it developed
during two overall stages of failure separated by around 240 ka. Because of limited vertical seismic
resolution (5 m), it is not possible to identify the boundary between the two, which would be needed to
differentiate between the individual volumes. Hence, despite better knowledge, we have to consider both
as one and therefore Ve given here overestimates the initial failed volume for the main (primary) failure.
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Table 1
Results from volume assessment of Ana Slide. Names of volumes calculated, and bounding surfaces are
presented. The volume of Vevoid (evacuated volume from the source area) and Va (volume accumulated

above the pre-failure sea�oor inside the sink area) is the same at 0.016 km3 (b and d).

  Name Upper surface (depth-
converted horizons)

Lower surface (depth-
converted horizons)

Bounding
polygon

Areal
extent
(km2)

Volume
(km3)

a Ver present-day sea�oor
(SFR)

reference re�ector (Ref) source
area

1.90 0.024

b Vevoid reconstructed pre-
failure sea�oor using
the contour-line
approach

present-day sea�oor
(SFR)

source
area

1.90 0.016

  Ve Ver+ Vevoid

Ver+ Va

      0.040

0.040

c Vabulk present-day sea�oor
(SFR)

reference re�ector (Ref) sink area 2.45 0.084

d Va present-day sea�oor
(SFR)

reconstructed pre-
failure sea�oor using
the horizon-�attening
approach

sink area 2.45 0.016

e Vevoid
(straight-
line
approach)

reconstructed pre-
failure sea�oor using
the straight-line
approach

present-day sea�oor
(SFR)

source
area

1.90 0.027

f Va
(straight-
line
approach)

present-day sea�oor
(SFR)

reconstructed pre-
failure sea�oor using
the straight-line
approach

sink area 2.45 0.006

5. Results from volume assessment of Ana Slide
The amount of evacuated landslide material that remained inside the source area of Ana Slide called Ver

is 0.024 km3 (Table 1a). Together with the volume of Vevoid of 0.016 km3 (Table 1b), the amount of all
mobilized and involved landslide material from inside the source area called Ve is calculated by:

Ve = Ver + Vevoid + (Vt), thus 0.024 km3 + 0.016 km3 = 0.040 km3 (Table 1b and d).

The amount of material that was transported and deposited as a turbidite Vt could not be determined and
is assumed to be zero.
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The amount of apparent bulk landslide material inside the sink area Vabulk is 0.084 km3 (Table 1c). This

volume refers to both the amount of actually accumulated landslide material Va of 0.016 km3 above the
pre-failure sea�oor reconstructed using the horizon-�attening approach (Table 1d), and the slope
sediment deformed in situ between the reconstructed sea�oor using the horizon-�attening approach and
re�ector Ref inside the sink area. Va corresponds to Vevoid through (Vt is assumed to be zero):

Va = Vevoid – Vt, thus 0.016 km3 = 0.016 km3, and therefore Va = Vevoid for Ana Slide.

From the simple yet unrealistic pre-failure sea�oor reconstruction using the straight-line approach applied
inside the landslide scar of Ana Slide, we have estimated the amounts of Vevoid (straight-line approach)

between the reconstructed and present-day sea�oors inside the source area at 0.027 km3 (Table 1e). The
amount of Va estimated between the pre-failure sea�oor using the straight-line approach for pre-failure
sea�oor reconstruction and the present-day sea�oor inside the sink area yields a volume of 0.006 km3 for
Va (Table 1f).

6. Discussion

6.1. Ana Slide volume assessment
The initial failed volume of Ana Slide Ve is the sum of the actually evacuated volume Vevoid from the
source area and the volume of the remaining material Ver inside the source area (Fig. 3a). Furthermore,
Ve can also be expressed as the sum of Vevoid and the volume of accumulated landslide material in the
sink area Va. For Ana Slide both approaches result in Ve of 0.040 km³ and thus are consistent (Table 1).
This suggests that the Ana Slide did not generate a turbidity current, because otherwise Ve estimated
from Vevoid and Ver should exceed the Ve estimated from Va and Ver.

The volume of Vabulk at 0.084 km³ (Table 1c) is more than twice as large as Ve. Because of the previously
detailed investigations for Ana Slide by Sager et al. (2022), we know the reason for this discrepancy. The
deposit of Ana Slide induced in situ deformation that penetrated to a depth of re�ector Ref in the sink
area so that this deformed slope sediment appears chaotic, transparent, or disrupted in the re�ection
seismic data. However, the sediment beneath the deposit inside the sink area is not related to the initial
failed volume mobilized from the source area Ve as the sediment deformed in situ and only very limited
displacement or transport occurred above re�ector Ref inside the sink area of Ana Slide (sensu Lastras et
al., 2004). Hence, volume estimation based on seismic data considering seismically chaotic facies
without further constraints on its origin would overestimate the initial failed volume of Ana Slide by more
than 200%.

To obtain the initial failed volume Ve, Ver and either Vevoid or Va need to be known. While Vevoid (and Va)
can be estimated from bathymetry data alone, for example through comparing the modern and pre-failure
sea�oors, Ver can only be identi�ed and quanti�ed using sub-sea�oor re�ection seismic data. If no
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re�ection seismic data had been available for Ana Slide, only Vevoid could have been estimated. This

would have underestimated the initial failed volume by 40% (because Ve = 0.040 km3 while Vevoid = 0.016

km3).

The value of Vevoid using the straight-line approach represents the upper limit of Vevoid because more
realistic pre-failure sea�oor reconstructions will estimate a smaller volume of Vevoid, and contour lines
will diverge further upslope following the local and regional trends (Fig. 1b and S1). The maximum Vevoid

is thus 0.027 km³, which exceeds the actual value of Vevoid of 0.016 km³ by far. Similarly, the amount of
Va estimated using the straight-line approach represents the lower limit of Va because more realistic
contour lines will again diverge further upslope than those reconstructed with this approach. This value is
much lower than Va estimated from the ‘realistic’ sea�oor reconstruction.

Ana Slide is known to have formed during two stages of failure (Sager et al., 2022). The volume of the
secondary failure is ignored because the thickness of accumulated landslide material is below the
vertical seismic resolution. Nevertheless, the potential volume of a deposit resulting from the secondary
failure that uniformly covers the entire sink area assuming a thickness of 4 m which is just below the
vertical seismic resolution of 5 m would have a volume of < 0.010 km3, hence about a fourth of the
volume of Ve at 0.040 km3 (Table 1).

6.2. Volume assessment of uncon�ned and con�ned
submarine landslides
In this section, we generalize our �ndings for Ana Slide. For the discussion, it is useful to categorize
submarine landslides according to their emplacement mechanisms. Here, we distinguish between two
endmembers following the terminology and de�nition by Frey Martinez et al. (2006) – con�ned and
uncon�ned types.

In the completely uncon�ned case, the source area is fully evacuated and devoid of landslide material,
therefore Ve = Vevoid (Fig. 3b). This is because once a failure emerges frontally, the source area gets
evacuated as the failing parts accelerate and gain kinetic energy that creates an uninterrupted process of
frontal emergence. Ve can also be estimated by adding Va and Vt. Consequently, to assess the volume of
uncon�ned submarine landslides, bathymetric data are ideal to estimate the volumes of Vevoid (and
potentially Va) by comparing the modern and pre-failure sea�oor topographies. Here, any post-slide
modi�cations of the sea�oor by external factors, such as tectonic movement or bottom currents, need to
be excluded. The bathymetry-based approach will yield more robust values for Ve than approaches based
on single pro�les of sub-sea�oor re�ection seismic data. First, it is possible to cover the entire landslide
area. Second, estimates for Ve and Va can be made and compared for additional quality control
assuming that Ve = Va, here called volume balance between the source and sink areas and under this
assumption, Va should not exceed Ve. Third, when using sub-sea�oor re�ection seismic data, a potential
�aw could be introduced by estimating Vabulk instead of Va. This is because the internals of a submarine
landslide may be imaged as chaotic, disrupted, or transparent seismic facies. Sediments that were
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disturbed through internal deformation for example by rapid loading (e.g., Sager et al., 2022) or shearing
induced by passing landslide material (e.g., Sobiesiak et al., 2018) also display as chaotic, disrupted, or
transparent seismic facies. Hence, seismic facies of Va and Vabulk are similar if not identical and
therefore it is di�cult if not impossible to distinguish material that moved, was translated, or was
deformed in situ. This is problematic because Vabulk may largely exceed Ve (and Va).

In the case of a con�ned landslide (Fig. 3c), the initial failed volume of Ve equals the sum of Vevoid and
Ver, where Ver > > Vevoid. In this case, it is impossible to differentiate between Ver and Va. The amount of
Ver can be calculated between the present-day sea�oor and the basal shear surface and thus this
approach requires sub-sea�oor re�ection seismic data. Using only bathymetric data to determine Vevoid

will underestimate the initial failed volume by the value of Ver (Ve = Vevoid + Ver). In the analysis of
re�ection seismic data, care must be taken in the identi�cation of the basal shear surface. There is a risk
to end up estimating Vabulk instead of Va because of the reasons outlined above.

6.3. How to determine the initial failed volume of submarine
landslides?
Based on the above considerations we here provide a framework and recommendations for assessing the
initial failed volume of submarine landslides taking into account available datasets and emplacement
mechanism (Fig. 4). The framework applies only to landslide scars outcropping at the sea�oor in areas,
which have not experienced modi�cation of the sea�oor since the occurrence of the landslide. Hence,
vertical tectonic movement, deposition by sediment transport processes, or ocean currents must be
excluded, or these in�uences need to be accounted for in the pre-failure sea�oor reconstruction. For
instance, this is demonstrated by the horizon-�attening approach applied for pre-failure sea�oor
reconstruction performed inside the sink area of Ana Slide.

First, the pre-failure sea�oor must be reconstructed using bathymetric data. Then, this reconstructed pre-
failure sea�oor may act as the upper surface in calculating Vevoid inside the source area using the
present-day sea�oor as the lower surface. Va is calculated between the present-day and reconstructed
pre-failure sea�oor inside the sink area. Now, the suggested work�ow deviates according to the
emplacement mode (uncon�ned or con�ned).

In the case the given submarine landslide developed as frontally uncon�ned (left branch in Fig. 4), it is
bene�cial to have seismic data covering the source area so that the amount of remaining landslide
material (Ver) can be calculated in order to estimate the complete initial failed volume by Ve = Vevoid +
Ver. Ve can also be estimated from Ve = Va + Vt. In the case no re�ection seismic data are available, the
rule that Vevoid > = Va can serve as an additional constraint. Va cannot be larger than Vevoid because the
material deposited in the sink area (estimated based on bathymetry) cannot exceed what was evacuated
from the source area while Va can decrease if landslide material is transported as a turbidity current (Vt).
If this condition, nevertheless, is not ful�lled one should revise the pre-failure sea�oor reconstruction until
the condition is ful�lled. In both cases, if re�ection seismic data are available or not, it is robust to
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calculate Vevoid inside the sink area, because it either represents the amount of initial failed landslide
material and represents the amount of Va, or the pre-failure sea�oor reconstruction is incorrect assuming
that no turbidite transported landslide material (not resolvable in the bathymetric data) and that no
erosion and incorporation of sea�oor sediment occurred.

In the case the given submarine landslide developed as frontally con�ned (right branch in Fig. 4) if
re�ection seismic data are available, the amount of all landslide material involved in or affected by the
slope failure can be calculated as the bulk accumulated volume Vabulk. For frontally con�ned submarine
landslides the amount of Vabulk is equal to Ve only in the case where no deep deformation has occurred.
In that case, Vabulk is larger than Ve. Vevoid underestimates Ve because the source area is only partly
evacuated. In case no sub-sea�oor re�ection seismic data is available, the only means to approximate
the initial failed volume of a submarine landslide is by Vevoid and Va, both of which will underestimate
Ve.

In case the given landslide developed as a mixed system placed kinematically between the uncon�ned
and con�ned case, or if the emplacement mode is unknown, we suggest estimating Vevoid and Va. If the
amount of landslide material transported and deposited as a turbidite is neglectable, the amount of Vevoid

and Va should be the same (Vevoid = Va). If Ver is unknown, one should consider that Vevoid and Va likely
underestimate Ve by the unknown amount of Ver.

We showed that for Ana Slide, Vabulk based on seismic data overestimates Ve by more than 200%
whereas estimating Ve from Vevoid and/or Va based on bathymetry data alone underestimates Ve by
40%. Due to the risk of excessive overestimation, we suggest that the Ve = Vevoid + Ver approach should
always be preferred over the Vabulk approach, even if Ver is unknown.

6.4. Limitations and assumption of submarine landslide
volume assessments
Estimation of Ve relies on the approach to pre-failure sea�oor reconstruction. This may be challenging for
submarine landslides in morphologically complex settings and pre-failure sea�oor reconstruction might
require a certain degree of subjectivity. For instance, the sea�oor morphology of the source area before
the failure of Ana Slide may have been in�uenced by the earlier pre-Ana Slide source area (Berndt et al.,
2012; Sager et al., 2022). It is clear that Ve and Vevoid must be equal or larger than Va (if Vt > zero). This
constraint can help assess the quality of the sea�oor reconstruction at least in one direction.

Volume estimation based on bathymetry and pre-failure sea�oor reconstructions also relies on the
assumption that the sea�oor has not changed signi�cantly since the occurrence of the landslide. Any
modi�cations of the sea�oor, for instance by vertical tectonic movements, erosion, deposition by
sediment transport, or ocean currents will result in wrong volume estimates. Another assumption is that
the volume has been evacuated during one event. If the volume was evacuated during multiple stages
with signi�cant time gaps in between, for instance, the potential hazard will likely be overestimated,
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although controlled by many other factors such as landslide mechanisms, angle of the slide, water depth,
density and cohesion of the landslide material, duration of the slide event, its acceleration, and run-out
velocity (e.g., Harbitz et al., 2014).

Va is prone to underestimation because the resolution of bathymetric data and re�ection seismic data is
typically too low to resolve thin and far travelled turbidites approaching zero thickness in the distal parts,
making a clear distinction between Va and Vt di�cult.

Recent studies have shown that processes of basal erosion and incorporation of sea�oor material can
lead to a signi�cant increase in Va (Nugraha et al., 2022; Sobiesiak et al., 2018), but this volume does not
represent the volume of initial failed landslide material Ve. The deposit in the sink area might therefore
not be a good representation and therefore we advocate to consider Ve, Ver, and Vevoid to estimate the
initial failed volume.

7. Conclusions
In the absence of extensive geological, geotechnical, and age data, the hazard of submarine landslides is
oftentimes assessed from their volume. Next to the landslide mechanism, which is di�cult to express in
quantitative terms, the initial failed volume is an important factor in tsunami simulations (Murty, 2003),
for the estimation of which we identify the most robust method. It is not only the data type and quantity
that controls the quality of the volume estimation but also the landslide`s emplacement mechanism. If no
seismic data from the source area of the landslide is available, the initial failed landslide volume Ve can
relatively reliable be determined only for frontally uncon�ned landslides. For uncon�ned or mixed
systems, this approach will underestimate the true initial failed volume because the amount of landslide
material that was mobilized but remained inside the source area is neglected. Seismic data are required
to estimate the volume of landslide material that remained inside the source area. If such data are not
available, we �nd that the most robust approximation for the initial failed volume of an uncon�ned or
mixed-system submarine landslide also is to determine the amount of evacuated landslide material
between the pre-failure and present-day sea�oors inside the source area from the void space between
both surfaces using bathymetric data.

The initial failed volume has previously been estimated using the seismically identi�ed deposit (Vabulk). It
is important to acknowledge that this may be prone to extreme overestimation (more than 200% in this
case) because of in situ deformation of sediments underlying the pre-failure sea�oor in the sink area that
may result from rapid deposition or shearing of the accumulating landslide deposits. When estimating
the volume from the amount of seismically chaotic, transparent, or disrupted seismic facies, we advocate
for balancing this against the initial failed volume estimated from bathymetric data, which yields a more
conservative estimate.
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Figure 1

a) Regional map of the western Mediterranean Sea showing the study area in the Eivissa Channel located
on the Balearic Promontory between the Iberian Peninsula and the island of Eivissa. b) Hillshaded
bathymetry map of Ana Slide at water depths between 635 and 790 m. The southern, central, and
northern faults comprise a local sea�oor antithetic en-echelon fault system that controlled the
development of Ana Slide (Sager et al., 2022). The location of Kullenberg gravity core PSM-KS18 is
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indicated by a blue symbol (0° 50.453’ E 38° 38.184’ N) presented by Lafuerza et al. (2012). Landslide
material involved in Ana Slide was evacuated from the source area and accumulated inside the sink area.

Figure 2

a) Uninterpreted 2D re�ection seismic pro�le (Channel 01 – Line 37) of Ana Slide (see Figure 1)
previously presented by Sager et al. (2022). Landslide re�ectors Ref (green), R1 (blue), and SFR (red) are
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highlighted. b) Interpreted pro�le of Ana Slide showing several volumes related to Ana Slide: Va describes
accumulated landslide material inside the sink area above the pre-failure sea�oor. Ver represents
mobilized landslide material (of the primary and secondary failures) which was unable to overcome
frontal con�nement and ponded downslope inside the source area. Vabulk represents all affected and
involved landslide material and slope sediment, while Va represents the volume of actually accumulated
landslide material above the pre-failure sea�oor inside the sink area. c) Plan-view map of the present-day
sea�oor SFR re�ector mapped from the 3D re�ection seismic data. d) Reconstructed pre-failure sea�oor
using the contour-line approach used for volume estimation of Vevoid inside the source area. e)
Reconstructed pre-failure sea�oor using the horizon-�attening approach for volume estimation of Va
inside the sink area. f) Thickness distribution of the reconstructed pre-failure sea�oors inside the source
(using the contour-line approach) and sink area (using the horizon-�attening approach) and the present-
day sea�oor SFR. A vertical thickness of up to 20 m of landslide material (Vevoid) was evacuated from the
source area, while a thickness of up to 15 m of accumulated landslide material (Va) was added to the
sink area.
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Figure 3

Conceptual models for assessing submarine landslide volume using uncon�ned and con�ned slope
failure end members. a) Model of Ana Slide, with frontal emergence of landslide material above slope
sediment that comprises the by-pass zone (in pro�le) and in situ deformation to a depth of re�ector Ref
inside the sink area beneath the pre-failure sea�oor. b) Model of an uncon�ned landslide with free
propagation of landslide material over the sea�oor inside of the extensively evacuated source area. c)
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Model of a con�ned landslide with restricted propagation of landslide material inside the sink area and
limited evacuation of the source area.

Figure 4

Work�ow for assessing volumes of frontally uncon�ned and con�ned landslides.
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