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Abstract

Planview detailed morphological analysis of martian landslides is usually performed using orbital
imagery such as from the ConTeX camera (CTX) at 6 m/pix, the Colour and Stereo Surface Imaging
System (CaSSIS) at 4.5 m/pix or the High-Resolution Imaging Science Experiment (HiRISE) at 0.25-0.5
m/pix. However, topographic information is key to fully understand a landslide’s formation mechanism
and its mobility, by estimating the material volumes mobilised and the spatial distribution of erosion
and deposition. Digital Elevation Models (DEM) are required to carry out these analyses; nevertheless,
there is a currently gap in landslide-volume studies between those using Mars Orbiter Laser Altimeter
(MOLA) dataset at ~450 m/pix or HRSC at 50-200 m/pix and those using HiRISE data at 1-2 m/pix, which
is only partially filled by CTX elevation data at ~20 m/pix. The CaSSIS camera on board the ESA/Trace
Gas Obiter (TGO) can be used to produce DEMs, but so far, such data have not yet been used to
conduct a landslide volume analysis. Here, we use three reconstruction methods (semi-automatic,
morphology-based and tilted) on a CaSSIS DEM to estimate the initial topography and hence the
volume and the distribution of erosion and deposition of a 6 km long landslide in Baetis Chaos. Despite
the complex topography of the surrounding area due to the presence of an ejecta deposit beneath the
landslide, we were able to estimate the landslide’s volume and mass distribution. Using a tilted plane
as part of estimating the initial topography produced the best results. We evaluated the success by
considering the quantifiable balance between erosion and deposition (given the uncertainties) and
more subjectively by considering whether the volume distribution matched with what was expected
based on the morphology in images alone. Therefore, we recommend the use of this method for
individual landslide studies in complex topography where detailed knowledge of the deposit-thickness
distribution is required. The semi-automatic reconstruction method produces satisfactory volume
estimates and would be better suited to studies where hundreds of landslides are present. We found
that CaSSIS data can be used to successfully conduct such analyses, providing additional DEM coverage
to study martian medium-scale landslides or other landforms of similar scale (5-15 km) with the
notable benefit that it provides single-pass stereo image acquisition.

1. Introduction

Martian landslides are common features that can have morphologies that resemble Earth debris
slides (e.g., Crosta et al., 2018), mudflows (Guimpier et al., 2021), or giant rock avalanches (McEwen,
1989; Quantin et al., 2004; Magnarini et al., 2019). They can mobilise large quantities of material up to
102 m? and spread over areas of up to 10° m? (Quantin et al., 2004; Crosta et al., 2018b). The typical
morphology of a landslide is composed of three distinct zones (Highland and Bobrowsky, 2008): the
erosion zone at the top of the landslide, the transport zone through which the material transits and
the deposition zone where the material accumulates.

In order to better understand the dynamics of landslide formation, it is important to quantify the
volume of mobilised material and understand both the distribution and thickness of the deposit. The
dynamics of landslides can be influenced by parameters such as the presence of water or ice within
the sliding material (Cruden and Varnes, 1996), so a better understanding of their dynamics permits a
better understanding of the conditions in which these landslides are formed. When compared with
the vertical and horizontal distances travelled, the volume of the sliding mass can be used as a measure
of the event mobility and used to compare it to other landslide events (Lucas and Mangeney, 2007).
Moreover, the mass distribution of the deposit can be compared with the outputs of 3D flow
simulations of landslides (Crosta et al., 2018b; Magnarini et al., 2019; Guimpier et al., 2021; Pajola et
al., 2022), which can be used to better understand the physical mechanisms involved in the mass
movement. In the case of recent terrestrial landslides, these volume calculations can be obtained by
differencing Digital Elevation Models (DEMs) from pre- and post-landslide (Tsutsui et al., 2007).

For places where no pre- landslide topographic data are available, a topographic reconstruction is
needed to obtain a pre-landslide DEM. This kind of reconstruction is carried out on Earth when no pre-
event topography exists, such as on volcanic events using a DEM with a spatial sampling of 5 m/pix
(Rodriguez-Gonzalez et al., 2010) and on landslides using DEM with a 0.1-0.2 m vertical resolution and
2 m spatial sampling (Conoscenti et al., 2015).
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On Mars, topographic reconstruction has been carried out for landslides using the Mars Orbiter Laser
Altimeter (MOLA) data, which has a 1.5-2 m vertical resolution (Quantin et al., 2004; Lucas and
Mangeney, 2007; Lucas et al., 2011). However, because of the spatial sampling of 463 m/pix (Smith et
al. 2001a) only landslides bigger than ten kilometres have been studied. Also, data from the High
Resolution Stereo Camera (HRSC), which has a maximum of 10 m vertical resolution (Neukum et al.,
2004), has been used for landslide reconstruction (Crosta et al., 2018b). These authors used HRSC
DEMs with spatial sampling of 15 m/pix allowing the study of landslide < 10 km, yet the vertical
resolution leads to significant uncertainty in the volume calculation for smaller landslides. Finally,
elevation data from the High Resolution Imaging Science Experiment (HiRISE) with 1-2 m/pix spatial
sampling and <1 m vertical resolution has been used to perform topographic reconstruction for
kilometre-scale gullies (Conway and Balme, 2014; de Haas et al., 2015) and landslides (Guimpier et al.,
2021; Pajola et al., 2022). However, features larger than 6 km cannot generally be accommodated in a
single DEM due to relatively narrow HiRISE imaging swath (McEwen et al., 2007).

Out of the 3000 landslides identified on Mars (Crosta et al., 2013, 2018b), around 1/3 fall between
these two spatial scales. The Colour and Stereo Surface Imaging System (CaSSIS) instrument on board
the Trace Gas Orbiter (TGO) can be used to produce DEMs with a 4-5 m vertical resolution and 15 m/pix
spatial sampling and have a spatial coverage of 9.4 by 47 km (Thomas et al., 2017). Such DEMs have
never been used to perform topographic reconstruction of landslides, and together with CTX could be
used to fill the scale-gap between HiRISE and HRSC-MOLA. The benefit of the CaSSIS camera over CTX
is that it uses a 180° rotation mechanism to capture stereo images of a given site in a single pass
(Thomas et al., 2017).

Our first aim is to test whether topographic reconstruction of a terrain is possible given the spatial
sampling and quality of CaSSIS DEM data and to determine whether it is possible to derive useful
information for the analysis of landslide dynamics (estimation of the volume and thickness of the
deposit). For this purpose, we use a 6 km long landslide located in Baetis Chaos region where no stereo
HiRISE nor exploitable stereo ConTeXt (CTX at 6 m/pix) imagery datasets are available. We then test
three reconstruction methods to estimate the mass distribution and volume of the landslide with the
aim to understand which method produces the best result.

In this manuscript, we first introduce previous methodologies used to reconstruct topography in
landslide studies on Mars. Then we present the geographic context and the morphology of the
landslide used in this study. Afterwards, we describe the methodology used to create the CaSSIS DEM
followed by a description of the three reconstruction methods and associated uncertainties. Finally,
we present the results of each reconstruction method and provide an assessment on the use of CaSSIS
stereo data for pre-landslide reconstruction.

2. Brief summary of previously used topographic reconstruction methods

In order to better understand the dynamics of martian landslides, several studies have already been
carried out that estimate landslide volumes or deposit distributions. In the following section, we will
briefly review the different methods used to carry out these estimates. We first describe topographic
reconstruction methods applied to large numbers of landslides in population-scale studies (Section
2.1) and then reconstruction methods applied at local scales for selected individual case studies
(Section 2.2).

2.1. Martian landslide population-scale studies

Quantin et al. (2004) studied 45 large landslides within Valles Marineris (with volumes ranging between
5x10%° and 5x10'? m?) and estimated the landslide volumes with two methods, one using the erosion
zone of the landslides and another using the surface area of the deposit combined with an estimate of
the height at the deposit front. For the second method, following Legros (2002), they multiplied the
estimated volume by 7, because the toe of the deposit is not thought to be representative of the
average deposit thickness. To estimate the volume of the erosion zone, Quantin et al. (2004)
reconstructed its initial topography using two reference topographic profiles extracted from the MOLA
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gridded data (with a 1.5-2 m vertical resolution and 463 m/pix spatial sampling), located on each side
of the landslide to interpolate the pre-landslide topography. This method is quick to implement, but
does not take into account local variations in topography specific to each landslide. Accordingly, they
estimated expansion coefficients ranging from 5% to 70%, which have been calculated by taking the
difference between the erosion zone volume and the total deposited volume (Fig.9 in Quantin et al.,
2004). This coefficient should correspond to the decompaction of material induced by the mass
movement processes (Chen et al., 2005). However, they interpret this wide range of values as mainly
resulting from error during the pre-landslide reconstruction due to topographic irregularities, as in
reality the expansion coefficient should not exceed 33% (Jaboyedoff et al., 2019). Their reconstruction
method underestimates the deposition volume compared to the initial volume of the erosion zone due
to inclusion of topographic irregularities under the deposits. Quantin et al. (2004) used their volume
calculation to assess to the mobility of these landslides by comparing the coefficient of friction to the
volume and then comparing those to terrestrial data.

Brunetti et al. (2014) studied 219 landslides in Valles Marineris and determined the volume of 49 of
them, comprised between 107 and 102 m3. To determine these volumes the authors first mapped the
landslide outline and used its geometry to reconstruct the geometry of the failure plane, they used
both HRSC and CTX image data (with a spatial sampling of 15 m/pix and 6 m/pix, respectively) for
landslide identification and used MOLA data at 463 m/pix for the topographic reconstruction. To take
into account the uncertainties in estimating the failure plane position, they selected a deeper and a
shallower surface based on the geomorphological and topographical constraints. They then computed
the volumetric difference between the present-day topographic surface and the shallower and deeper
surface. The landslide volume was then estimated by averaging the two volumetric differences leading
to a maximum error in the volume estimation of a factor of two. Brunetti et al. (2014) compared their
results to volumes of terrestrial landslides and found that the Valles Marineris landslides are similar to
the largest submarine landslides on Earth. Using their volume calculation, they also derived an
empirical relationship between the volume of the landslide and its area. They used this empirical
relationship to estimate the volume of 83 landslides classified as rock slides and complex/compound
landslides for which they did not undertake a reconstruction.

Crosta et al. (2018b) classified the morphology of 3118 martian landslides located between 60°N and
60°S. For 222 of these landslides, they estimated their volume using HRSC data for 74% of the
landslides (maximum 10 m vertical resolution, 15 m/pix spatial sampling) and MOLA data for the
remaining 26%. In order to manually reconstruct the initial topography of the landslide, which is
required to estimate the volume of the deposit and of the erosion zones, they extrapolate the
neighbouring topography within the landslide by drawing contour lines with maximum 50 m interval.
They find volumes between 107 and 102 m3, and estimate the mean error of the volume calculation
to be about 40%. This value results from the difference between the maximum and minimum volume
calculated by least square fit on the volumes of 222 martian landslides divided the average volume for
each landslide (Crosta et al., 2018a). They used these volume calculations to establish a relationship
between the mean volume of the landslide and the area of the deposit. Then, by using the Heim’s
ratio, i.e., the ratio between the vertical drop height (H) and the horizontal runout distance (L) they
estimated the landslide mobility and found a dependency with the landslide volume: the higher the
landslide volume, the higher the landslide’s mobility. Using their relationship between the mean
volume and the landslide deposit area for the 222 cases, they apply this relationship to the remaining
2896 landslides in their database to estimate their volumes (Crosta et al., 2018a).

2.2. Individual landslide studies

Lucas et al. (2011) focussed on four landslides in Valles Marineris which they estimated to have
a volume between 102 and 10! m3 using MOLA data (with a 1.5-2 m vertical resolution and 463 m/pix
spatial sampling). They used two main steps to reconstruct the pre-landslide topography. First, they
removed the topographic data in the deposit zone and manually reconstructed the contour lines in the
deposit zone. They then interpolated the elevation values using the reconstructed contours using a
kriging algorithm (Stein et al., 2002), which takes the spatial position and the spatial variability of the
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topographic information into account. Then, they reconstructed the topography of the erosion zone
using the surrounding topography to connect each side of the contour line across the erosion zone—
they used three different initial shapes for the sliding surface which extends under the deposits. They
determined the expansion coefficient for each landslide, ranging between 9% and 70%, with +/-10%
as a margin of error. They stated that the 70% expansion coefficient could be a result of reconstruction
error and/or be a real signal resulting from a greater dilatancy of the material during its deposition
compared to the other landslides. The aim of this study was to determine the influence of the shape
of the sliding surface in the erosion zone on the flow dynamics of landslides using numerical
simulations.

Magnarini et al. (2019) focused on a landslide located in Coprates Chasma in Valles Marineris of more
than 50 km long and 60 km wide. They did not estimate the volume of the landslide, instead, they used
the thickness of the deposit to study the longitudinal ridge distribution on the landslide. They used
CTX-derived DEM with a vertical resolution between 2 and 13 m and about 15 m/pix spatial sampling.
To perform the pre-landslide reconstruction, they extrapolate the contour lines located outside the
landslide into the landslide’s interior. Then, they estimated the error on the landslide deposit thickness
to be between 25 and 70 m which is consistent with the local magnitude of topographic variation of
80 m. Magnarini et al. (2019) found that the wavelength of the longitudinal ridges is 2-3 times the
average thickness of the deposit.

Guimpier et al. (2021) described and reconstructed the pre-landslide topography for three small
landslides in the Nilosyrtis Mensae region, with a volume less than 10’ m3. A similar reconstruction
process was also used in Pajola et al. (2022). These two studies used HiRISE DEM data, with 1 m vertical
resolution and 1-2 m/pix spatial sampling. In these studies, both of the volume and thickness of
landslide were calculated and used for analysis. To perform the reconstruction, they used the DEM to
derive elevation contours of each landslide at 25 m interval. After delimiting the landslide boundary,
they manually reconstructed the topographic contour lines inside the landslide boundary, using the
shape of the topographic contour lines outside the landslide boundary as a guide. These new
reconstructed contour lines are then converted into point features at 2 m interval and then
interpolated into a DEM using the Natural Neighbour algorithm (e.g., Watson, 1999) to obtain the
reconstructed initial topography.

2.3Summary

Most of the martian landslide studies have used topographic reconstruction techniques to estimate
the volume of landslide in order to analyse the mobility of the landslides and to compare them to
terrestrial analogues. In some cases, detailed studies are performed that analyse the volume and
thickness of the deposits in order to examine specific aspects of landslide dynamics (e.g., Quantin et
al., 2004; Lucas, 2010; Lucas et al., 2014; Brunetti et al., 2014; Magnarini et al., 2019; Guimpier et al.,
2021).

To reconstruct the initial topography, most of the methods used so far in the literature exploit
topographic contour lines derived from a DEM. In our study, the three reconstruction methods use this
same starting point. Different adjustments are applied to produce the best landslide volume and
thickness estimations.

3. Overview of the study area

The study area is located in Baetis Chaos (0°14’ S, 60°34’ W) (Fig.1a, b). Martian chaos terrains were
first described by Sharp (1973) and they are commonly characterised by a rough floor topography
where irregular jumble of blocks with different sizes occur (ranging from hundreds of metres to several
kilometres in size). These blocks, generally have a fairly flat top-surface, flanked by steep slopes and
can reach several kilometres in diameter (e.g., Pajola et al., 2016). The exact formation mechanism of
chaos terrain in general is still under debate and in the case of Baetis Chaos the following hypothesis
has been put forward. Located to the northwest of Juventae Chasma and connected in its northern
part to Maja Valles, Baetis Chaos is thought to be formed through a deep fluvial incision after a
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catastrophic flooding of ancient lake in Juventae Chasma (Coleman and Baker, 2009), which is thought
to have occurred during the early Hesperian (3.33 Ga) (Gross et al., 2009). As a result, Baetis Chaos
appears as a 55 km wide and 75 Km long north-south oriented oblate depression with a depth of 700 m
(Fig.1b), containing numerous chaos blocks. The area has a relatively abrupt southern escarpment and
at its northern end it shallows gradually into the Maja Valles outflow system. The geologic map of
Tanaka et al. (2014) classifies this region as part of a Middle Noachian highland unit. Indeed, it is mostly
composed of moderately to heavily degraded undifferentiated impact, volcanic, fluvial and basin
materials (Tanaka et al., 2014).

On the southern escarpment of Baetis Chaos there are four north-facing landslides located 1200 m
above the martian reference level (Fig.1b). The landslide deposits are located on the Chaos floor and
cover the ejecta of a 13 km diameter impact crater located 5 km to the southwest (Fig.1c). Hence, the
landslides are younger than the ejecta they cover. These ejecta deposits have a complex surface
roughness which may have influenced the emplacement of the landslides.

We focus in this study on the easternmost of these landslides which measures ~6 km long and 3.4 km
atits widest point (Fig.1c). The other landslides are only partially covered by the available CaSSIS stereo
data, hence we decided to not focus on them. We divide this landslide into three distinct areas, the
erosion zone, the transport zone and the deposit zone (Fig.1c, d). The erosion zone is located at the
top of the landslide, it cuts into the plateau bounding the southern edge of Baetis Chaos and it is
characterised by a well-defined erosion scar. There is residual material at the base of the erosion zone
comprised of a flat area, which appears to be a displaced, yet practically intact, portion of the plateau
(Black arrow, fig.1b, c). The slope of the erosion zone reaches 35° and becomes almost flat (2°) where
the residual material is located. The erosion zone is followed by the transport zone with a 28°
inclination. The deposit zone covers the impact crater ejecta and therefore is hummocky in appearance
because of the ejecta roughness, but slopes at ~3° towards the north direction at the hundred-metre
scale.

4. Methodology

In order to perform the pre-landslide topographic reconstruction, we need a post-landslide DEM of
the area within which the landslide is clearly recognisable (which is not the case for MOLA or HRSC).
CaSsIS provides a more detailed representation of this landslide and allows, with its stereo capability,
a more complete analysis than could be performed with the other existing data (Fig.3b). In section 4.1.,
we detail the DEM construction from the CaSSIS stereo images using 3DPD (three Dimensional
reconstruction of Planetary Data) software (Simioni et al., 2021) and we then explain the three
different methods used to reconstruct the pre-landslide topography with this CaSSIS DEM in
section 4.2.
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Figure 1 — (a) Colour representation of the MOLA DEM indicating the location of the study area (North of Valles Marineris);
(b) The MOLA DEM in the Baetis Chaos region; (c) CTX images of the study area in Baetis Chaos, blue arrows indicate raised
ridges due to the ejecta of the crater in the SE part of the image (FO4_037533_1813, J15_050746_1774); (d) Detailed view
of the landslide. The black arrow indicates the residual material in the erosion zone, while blue arrows indicate raised ridges
due to ejecta (CaSSIS image MY34_005367_181_1, RED, PAN, BLU filters, image footprint marked in red in panels (b) and
(c)); (e) Longitudinal profile of Baetis landslide using a CaSSIS DEM. Credits: NASA/JPL/MSSS/UofA/ESA/Roscosmos/UniBe.
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4.1. DEM creation

Onthe landslide study area (Fig.1b), we planned and acquired a CaSSIS stereo pair (Fig.2) characterised

by a spatial sampling of 4.6 m/pixel (Table 1).

b 2 L

MY35 005367 181 1

Figure 2 — The CaSSIS stereo pair acquired (PAN cf;\a};e/).
The landslide under study is located in the bottom part of

the image. Credit: ESA/Roscosmos/Unibe.

MY35 005367 181 2

(Acton,

1996).

In order to construct the CaSSIS DEM, we used the
3Dimensional reconstruction of Planetary Data
(3DPD) photogrammetric pipeline described in
Simioni et al. (2021), and summarised here, the
pipeline demonstrated an accuracy comparable to
well-known ASP pipeline (commonly used for CTX
images) (Re et al., 2019).

First, the framelets were mosaicked into a single
image making use of the attached Spice Kernels
Such framelets
radiometrically calibrated (Thomas et al., 2022). The
geometric calibration is applied while mosaicking,
and the bundle adjustment process consequently
returns the best undistorted panchromatic images.
The images are then rectified projecting them on a
plane at a height derived through the intersection
of the boresight direction with the MOLA surface
(Smith et al., 2001). The matching workflow then
focuses on a feature-based extraction of the seed
points that are used for finding sparse disparity,
extrapolated to the full image. Consequently,
through the Delaunay triangulation (Chew, 1989)
the starting location of the matching pairs are
determined and an approximate parallax field is
defined. A Normalised Cross Correlation (NCC,
Lewis, 1994) pyramidal coarse-to-fine algorithm is
performed to reduce the search area and to limit
blunders. Finally, after the application of a 2D
parabola fit, a Least Squares Matching (LSM)
algorithm (Gruen, 1985) is used to refine the
disparity map, and the final projected product (ID
CAS-DTM-MY34_005367_181_1-OPD-01-02)
obtained (Fig.3a).

are

CaSSIS Image ID MY35 005367 181 1 MY35 005367 181 2
Local Time 15:26:34 15:27:24
Incidence Angle (°) 52.297 52.497
Emission Angle (°) 10.959 11.016

Phase Angle (°) 51.285 51.109

Pixel Scale (m) 4.6 4.6

Filters Acquired PAN — RED - BLU PAN — NIR - BLU

Convergence angle (°)

22.4

Table 1 — Details of the CaSSIS images acquired and used to generate the DEM used in this analysis.

4.2.

In order to estimate the mass distribution and the volume of the landslide, we need to reconstruct the
initial topography before the Baetis Chaos landslide occurred. Using the DEM we adapt the method

Reconstruction of the initial topography
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Figure 3 — (a) Colour-keyed rendering of CaSSIS DEM with semi-transparent hillshade (MY34_005367_181) compared to (b) the
standard HRSC DEM product displayed with the same elevation colours (h1059_0000) Credits: ESA/DLR/FU Berlin/Roscosmos/INAF

287  used in Conway and Balme (2014) and de Haas et al (2015) using three levels of complexity to test the
288  fidelity of each reconstruction: i) a semi-automatic method; ii) a manual method that is informed by
289  the morphology of the terrain surrounding the landslide; and iii) a manual method that is informed by
290 the morphology of the terrain surrounding the landslide and applies a terrain tilt to improve the
291 reconstruction of the deposits. Each additional step should represent an improved, better
292 reconstruction, but as the complexity increases, the computation time does as well, from a few
293 minutes with method 1 to several hours with method 3. For each reconstruction method, we estimate
294  the uncertainties linked to the data and to the reconstruction procedure and these calculations will be
295  described at the end of the methodology section.

296  Before starting any further processing, in order to remove artefacts produced during the DEM creation
297  (see supplementary material), we first smooth the DEM, by applying a 10-cell radius moving average.
298  For each reconstruction method, we start by deriving the contour lines from the DEM at a 25 m
299 interval. Then, we digitise the outline of the landslide by identifying sudden changes in the contours
300 correlated with textural changes along the boundary of the landslide. We also made use of a second
301 outline which we call the “reconstruction outline”, which is located outside the original outline at a
302 maximum distance of 300 m, hence excluding any possible topographic feature related to secondary
303 processes that may have degraded the landslide. We placed the reconstruction outline at the point
304  just before the contour lines start to curve as they encounter the landslide outline.
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Figure 4 — Key steps in the semi-automatic reconstruction method (a) Colour-coded original CaSSIS DEM of Baetis Chaos landslide with
contour lines at 25-m interval overlain by the semi-transparent PAN orthoimage. (b) Same as panel a without the contour lines inside
the landslide reconstruction outline. (c) Automatically reconstructed contour lines in red produced from a DEM interpolated using the
Natural Neighbour interpolation algorithm. Credit: ESA/Roscosmos/Unibe/INAF

Semi-automatic method. The semi-automatic method uses minimal manual intervention and an
interpolation algorithm to allow fast reconstruction of the initial topography. First, we remove the
contour lines inside the reconstruction outline (Fig.4a & b). We convert the contour lines outside the
reconstruction outline into feature points containing elevation data every 2 m. Then, we fill this gap
using the Natural Neighbour interpolation algorithm (e.g., Watson, 1999) to produce a new DEM
without the landslide (Fig.4c).

A final smoothing step is applied to remove artefacts that can be created by the interpolation on the
DEM. For each DEM cell, we average the elevation values within a 10-cell radius around a central cell.
We defined this value on the basis of the size of the artefacts identified on the original DEM.

Morphology-based reconstruction method. This reconstruction method is based on a manual
reconstruction informed by the topography around the landslide, followed by interpolation. As before,
we remove the contours inside the reconstruction outline. With this method, we manually reconstruct
the contour lines inside the reconstruction outline using the topographic contour lines outside the
landslide outline as a guide (Fig.5b). In addition, we used the morphological characteristics of the
landslide to better estimate the initial shape of the erosion zone. By using the CaSSIS images, coupled
with the longitudinal profile (Fig.1d, e), we observed that the residual material in the erosion zone has
a flat surface. This suggests that it is an intact portion of the plateau above. Hence, we use the
topography of this residual material (Fig.5a, green contour lines) to better reconstruct the upper part
of the erosion zone, as follows. We manually shift the contour lines of the residual material (Fig.5b,
blue contour lines) to place them at the top of the erosion zone. We then connect the contour lines of
the residual material smoothly into the surrounding topographic contour lines and replace their
elevation values with those of the surrounding contours.

For the rest of the landslide, we manually connect the ends of the corresponding contour lines located
on either side of the landslide guided by their curvature outside the landslide (Fig.5b, red contour lines).
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1215 670 —— Residual material contours (25 m interval)

l —— DEM contours (25 m interval)

. . — Residual material adjusted contours (25 m interval)
m Reconstruction outline

. . —— Manual reconstruction contours (25 m interval)
Landslide outline

Figure 5 — Key steps in the morphology-based reconstruction method. Background is the colour-coded CaSSIS DEM with
semi-transparent PAN orthoimage. (a) CaSSIS DEM contour lines with 25-m interval in black. The residual material is in
green. (b) Manually reconstructed contour lines in red inside the reconstruction outline. The shifted and merged residual
material contour lines appear in blue. Credit: ESA/Roscosmos/Unibe/INAF

The final step is to create the new DEM by converting the contour lines into points every 2 m containing
elevation data. Afterwards, we interpolate them using the Natural Neighbour interpolation algorithm,
as for the previous method. To remove artefacts at the interface between surrounding topography
and manual reconstruction, we used the same smoothing method as described above.

Tilted reconstruction method. This final reconstruction method increases the number of contours on
the deposit zone. In the previous method, there are few contour lines on the deposit zone, this means
that details are missing in this zone. As shown in figure 1a, the chaos floor is covered by the ejecta
deposit coming from the impact crater located to the southwest, and superposed by the landslide
deposit. Given the irregularities observed on the chaos floor, the reconstruction of the landslide
deposit zone could lead to an overestimation of the thickness and volume of the landslide deposit
itself, if the ejecta deposits are not taken into account during the reconstruction process. To better
reproduce the complexity of the initial topography of the chaos floor, we tilt the DEM prior to the
reconstruction. This additional step, reduces the amplitude of the irregularities expressed by the
contours (making them easier to project) and increases the number of contour lines for the same
contour interval, therefore providing more information into the final interpolation.
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Figure 6 —Key steps in the tilted reconstruction method. Background is the colour-coded CaSSIS DEM with semi-transparent PAN orthoimage.
(a) Contour line on a 15° inclined original CaSSIS DEM at 25-m interval. (b) Manually reconstructed contour lines on the 15° inclined DEM at
25-m interval in brown for the deposit zone and at 50-m interval in purple for the erosion and transport zones. (c) Contour lines of the
reconstructed topography in red after removing the tilt.

344  To create this inclined plane, we draw a base line with a 0-metre elevation on the top of the erosion
345  zone, perpendicular to downslope direction. From this baseline, we calculate the distance which we
346  use to construct an inclined plane at 15° covering the entire landslide. This angle was chosen in order
347  to provide a sufficient number of contours without completely subduing the surrounding topography.
348  We then subtract the inclined plane from the original DEM, to tilt it.

349 Using this tilted DEM, we derive contour lines at 25 m interval in the deposit area (Fig.6a, brown
350 contour lines) and at 50 m interval for the erosion and transport area (Fig.6a, purple contour lines). We
351 chose to increase the contour line interval to 50 m in the erosion and transport zone to avoid an
352  excessive number of contour lines which would increase the time taken to manually connect them.
353  Then, we proceed as for the previous method and manually replace the contours within the
354  reconstruction outline (Fig.6b). We then convert the new contour line to points at 2 m intervals
355 containing elevation data and interpolate them using the Natural Neighbour algorithm to create a
356  reconstructed and tilted DEM. As before, we smooth the resulting DEM. Finally, we remove the tilt by
357  adding the inclined plane to tilted DEM (Fig.6c).

358 4.3. Reliability of the methods

359 In order to estimate the reliability of each reconstruction method, we compare the volume of the
360 erosion and deposit zone to determine the mass balance. In terrestrial landslides there is usually an
361  expansion coefficient which corresponds to the decompaction of material induced by the mass
362 movement processes (Chen et al., 2005; Pajola et al., 2022). Analysis of terrestrial landslides have
363  shown that this expansion coefficient should not exceed 30% to 33% between the erosion and deposit
364  volume (Jaboyedoff et al., 2019).
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To estimate the landslide volume, we subtract the three reconstructed DEMs from the original DEM,
hence obtaining three thickness maps of the landslide. The positive values of the thickness map
correspond to deposition and negative values to erosion. By summing each positive or negative cell
value and multiplying it by the cellsize, we obtained the volume of deposit and erosion zones,
respectively.

4.4. Uncertainties

There are three main types of uncertainty related to this analysis. The first is related to the vertical
accuracy of the DEM used and the second is related to the uncertainty in reconstructing an unknown
initial topography. The third is related to the manual digitisation steps (tracing the outline of the
landslide and the contours in methods 2 and 3).

The uncertainty related to the vertical accuracy (Acc) of the data is calculated using the method of
(Okubo, 2010). We used the angle of convergence of stereo images of a = 22.4° (Thomas et al., 2017),
the image resolution (R, Table 1) and assuming pixel correlation P..,= 1/5 (Okubo, 2010) to estimate
the vertical accuracy of the CaSSIS DEM using the following equation:

Using equation (1) we estimate the vertical accuracy to 2.23 m. In order to calculate the uncertainty
of the deposit and erosion volume we multiplied their respective areas by 2.2 m providing a worse-
case uncertainty value (presented in Table 2).

CaSSIS elevation (m) Roughness elevation (m) |:] Roughness location outline
L1 | | | =

1219 -675 346 -185

7: J Landslide outline

Figure 7 — (a) Colour-keyed CaSSIS DEM with semi-transparent PAN orthoimage MY34_005367_181_1 and the landslide
location; (b) Roughness of the DTM showing the influence of the impact crater ejecta (See section 4.4 for details on how
this was calculated). The red outline shows the area that was used to provide an estimate of the potential roughness of
the surface before the landslide occurred for the uncertainty estimations. Credit: ESA/Roscosmos/Unibe.
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The second uncertainty is related to the unknown topography of the area preceding the formation of
the landslide. In order to quantify the likely magnitude of this uncertainty, we make the assumption
that the terrain pre-landslide had a similar roughness to the undisturbed neighbouring terrain of this
area. Hence, we sampled an area of the DEM not influenced by the landslide and whose surface is
representative of the general roughness of the area (Fig.7). In this case, the majority of the topographic
variation at the decametre-to hundred-metre scale originates from the ejecta deposits from the impact
crater located to the east of the landslide. To estimate the magnitude of the ejecta-related roughness,
we smoothed the CaSSIS DEM by applying a 50-cell radius moving average which we then subtracted
from the original DEM. An additional smoothing of 10-cell radius moving average is then applied to
avoid the presence of artefacts related to the original DEM (see supplementary material). The positive
and negative values of the DEM of difference are separately summed over a given area (deposition or
erosion area) and the mean taken of their absolute values to provide the volumes given in Table 2.

The third source of uncertainty derives from the manual parts of the reconstruction methods. For the
semi-automatic method, the manual step, which can influence the volume calculation, is the position
of the landslide boundary. In order to estimate the sensitivity of the volume calculation to the position
of this boundary we recalculated the volume using the inner boundary of the landslide instead of the
outer one as an extreme case. The difference between this volume and the original volume is taken as
the uncertainty in Table 2.

The morphology-based and tilted plane reconstruction methods both involve a manually placing
contour lines. To estimate the sensitivity of the volume calculation to this uncertainty the manual
contour line reconstruction step was repeated three times for each of the two reconstruction methods.
The volume was then recalculated for each deposit and erosion zone for the two-reconstruction
methods. We obtain three volumes: initial volume, the second volume and the third volume from each
reconstruction (Table 2) and we calculate the standard deviation to represent the uncertainty on the
reconstruction from the digitisation.

We take the maximum value of these three uncertainty values as the final uncertainty on our volume
estimates.

5. Results
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Figure 8 — Hillshaded relief view of (a) the original CaSSIS DEM with Baetis Chaos landslide. Hillshaded relief view of the topographic
reconstructions using (b) the semi-automatic method, (c) the morphology-based method and (d) tilted method.
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The three reconstruction methods provided different results, highlighting that the reconstruction is
sensitive to the assumptions made during the reconstruction process and to the complex topography
in the deposit zone. The ejecta deposits on the Chaos floor mean that the topographic reconstruction



414  is more uncertain if compared to the landslides that superpose the flat floor of Valles Marineris, for
415 example (e.g., Quantin et al., 2004).

416  The hillshaded relief view of the original and reconstructed DEM are shown in Figure 8. The elevation
417 difference map between the original DEM and each reconstructed DEM is shown on Figure 9. Then,
418 Table 2 summarises the volume calculation for the erosion and deposit zones and the corresponding
419  expansion coefficient for each reconstruction. We describe below the results for each reconstruction
420  method.

— Isopach (25m interval) m Reconstruction outline Landslide outline

Figure 9 — Baetis Chaos landslide elevation difference using each reconstruction method with isopach lines at 25-m intervals. Background
is the the CaSSIS PAN orthoimage. (a) The semi-automatic reconstruction method. (b) The morphology-based reconstruction method. (c)
The tilted reconstruction method.

421  Semi-automatic method. This method was successful in removing the topographic signature of the
422 landslide, as shown by comparing the hillshaded relief view of reconstructed DEM (Fig.8b) with that of
423  the original DEM (Fig.8a). But even if we smooth the reconstructed DEM, there is an artificial step
424  visible around the landslide outline. In the elevation difference map of the landslide (Fig.9a), there are
425  two areas dominated by erosion: the first in the erosion zone with a maximum depth of 123 m and the
426  second spanning the transport and deposition zones of the landslide with a maximum depth of 93 m.
427  The second erosion area is not consistent with the visible surface morphology of the landslide which
428  does not indicate that any significant erosion has occurred in this area. This depositional part of the
429 landslide is mainly located at the front of the landslide and the eastern levee, with a maximum
430 thickness of 85 m, and deposition is also recorded for the residual material at the base of the main
431  erosion zone. We estimate the uncertainty on the eroded and deposited volume of 11% and 13%
432 respectively. The uncertainty related to the landslide digitisation dominates over the other sources of
433 uncertainty. This reconstruction method produces a smaller deposit volume compared to the erosion
434  volume resulting in an expansion coefficient of -9.0% (Table 2). By taking into account the uncertainty
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on the volume calculation, the expansion coefficient could vary from minimum of -10.8% to maximum
of —6.6% (Table 2).

Semi-automatic method

Morphology-based method

Tilted method

Deposit

Erosion

Deposit

Erosion

Deposit

Erosion

Area (m?)

7.20x10°

8.26x10°

1.23x107

3.15x10°

1.20x107

3.47x10°

Initial volume estimation (m3)

2.83x108

3.11x108

3.23108

2.38x108

3.59x108

3.22x108

Vertical
accuracy
uncertainty

Percentage of
the initial
volume

Volume
equivalent to
percentage
(m?)

2x107

2x107

3x107

7x10°

3x107

8x10°

Roughness
uncertainty

Percentage of
the initial
volume

Volume
equivalent to
percentage
(m?)

1x10’

1x10’

2x107

3x10°

2x107

4x10°

Outline/Contour
uncertainty

Calculated
volume n°2
(m?)

2x108

4x108

5x108

2x108

4x108

2x108

Calculated
volume n°3
(m?)

4x108

2x108

4x108

3x108

Volume
standard
deviation

(m?)

3x107

4x107

6x107

4x10°

3x107

4x107

Standard
deviation of
percentage of
initial volume

11

13

18

11

Expansion coefficient (%)

-9.0

35.7

Expansion coefficient min (%)

-10.8

13.9

Expansion coefficient max (%)

-6.6

56.3
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438

439
440
441

442
443
444

Table 2 — Initial volumes of the erosion and deposit zone calculated for each reconstruction method with the associated
uncertainy volumes and the corresponding coefficient of expansion (calculated as: 100 x (deposition — erosion) / erosion).

Morphology-based reconstruction method. This method also successfully removed the topographic

signature of the landslide (compare Figs.8a and 8c). In addition, there is a smooth transition between
the landslide and the surrounding topography (unlike for the previous method).

The elevation difference map (Fig.9b) reveals a distinct erosion zone at the top of the landslide
followed by a distinct deposit zone covering the last 4/5 of the landslide. The erosion zone has a
maximum depth of 300 m. The residual material at the base of the erosion zone has a maximum
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thickness of 70 m, which is displaced to the west. The deposits are otherwise concentrated in the
lateral levees whose thickness attains 110 m, while the toe of the landslide where the deposit is up to
95 m thick. The uncertainty estimate for this reconstruction method is 18% and 3% for deposit and
erosion zones respectively. The vertical accuracy of the DEM dominates the uncertainty of the erosion
zone, whereas the digitisation uncertainty dominates for the deposit zone (Table 2).

The volume calculation for erosion and deposit zone (Table 2) shows an expansion coefficient of 35.7%
between the erosion zone and deposit zone. Taking into account the uncertainty for the deposit and
the erosion zone volumes, we determined that the expansion coefficient could be between 13.9% and
a maximum of 56.3% (Table 2). Hence, this reconstruction seems more consistent with the morphology
of the landslide when compared to the semi-automatic method, even if the deposition volume appears
to be overestimated.

Tilted reconstruction method. This method also successfully removed the topographic signature of
the landslide (compare Figs. 8a and 8d) as it was the case for the morphology-based reconstruction
method. Moreover, there is a smooth transition between the landslide and the surrounding
topography. The elevation difference map (Fig.9c) reveals a similar overall pattern to that of the
morphology-based reconstruction method with some key differences:

e The residual material at the base of the erosion zone is more central and thicker — 110 m. It is
flanked by two erosional areas (5 to 20 m deep) corresponding better to our expectation’s
morphology of the landslide.

e The deposits are concentrated more evenly along the toe of the landslide and not so much in
the levees, yet with a similar maximum thickness of 88 m.

e The expansion coefficient is lower, at 11.5%.

For this last reconstruction method, the uncertainty on the volume estimates are 9% and 11% for the
deposit and erosion zones, respectively. The uncertainty is dominated by the digitization.

Taking into account the volume uncertainty the expansion coefficient value could be between 7.5%
and 16.7%.

Overall, given the distribution of material inside the landslide and the volume balance, the tilted
reconstruction method is the most consistent with the morphological observations compared to
the other two reconstructions of the Baetis Chaos landslide.

6. Discussion

6.1. Assessment of three reconstruction methods

The semi-automatic reconstruction method produces a similar estimate of the overall volume of the
landslide to the other two methods despite producing an unrealistic volume distribution. Therefore,
this quick method would be appropriate if only an estimate of the volume is required. However, if we
remove the second unrealistic erosion zone, which is located in the transport and deposition zones,
the expansion coefficient reaches about 344%, revealing that the amount of erosion in the erosion
zone is greatly underestimated. This landslide’s complex underlying topography consisting of a
plateau, followed by a cliff and impact ejecta on the chaos floor is too complex to be accommodated
by the semi-automatic reconstruction method. However, in case of a simpler underlying topography,
such as a landslide located on a continuous smooth slope and without breaks in slope or significant
underlying roughness, this method could be applied (Guimpier et al., 2021), hence generating reliable
volume distributions. Moreover, this methodology has the advantage of being simple and quick to
implement.

The morphology-based reconstruction method better accounts for the large-scale variations in
topography of the landslide area, with a topographic profile with a break in slope to produce a more
realistic distribution of volume. However, this method produces an imbalance between the erosion
and deposition volumes with an expansion coefficient of 35.7%, exceeding what might be expected
due to decompaction alone (Jaboyedoff et al., 2019). If we take into account the possible minimum
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expansion coefficient which is 13.9%, this reconstruction method would fit within the decompaction
limit set by (Jaboyedoff et al., 2019), but considering the possible maximum expansion coefficient
(56.3%), there is a large uncertainty associated with this reconstruction.

The tilted reconstruction method produces the most realistic volume distribution and has a reasonable
expansion coefficient of 11.5%, with also reasonable minimum and maximum expansion coefficient
taking into account the uncertainties. This last method is more time-consuming than the two others,
but in the specific case where the terrain morphology is complex, it produces better results. The
distribution of volume corresponds better with what might be expected from the morphology alone.
We recommend that in areas of complex topography the morphology-based reconstruction method
should be attempted, followed by the tilted reconstruction method if the morphology-based
reconstruction has not produced satisfactory results.

These three reconstructions show that the CaSSIS DEM data is suitable to perform a satisfactory
reconstruction that reproduces the expected volume distribution as informed by the morphology.
Moreover, the spatial resolution of CaSSIS DEM is sufficient to resolve the ejecta structures observed
on the images and that affect the landslide deposit. CaSSIS data can therefore be used to increase the
amount of data already available for this type of reconstruction. Furthermore, with acquisitions
covering a larger area, ~441 km? (Thomas et al., 2017) compared to ~360 km? for HiRISE (McEwen et
al., 2007), CaSSIS is able to image larger landslides, hence filling a gap in the dataset.

7. Conclusions

Our successful reconstruction of pre-landslide topography with a CaSSIS DEM means that these data
can be added to the already available coverage of high-resolution stereo-topographic data with CTX
and/or HiRISE. By using three different reconstruction methods from the simplest to the more complex
has allowed us to show that CaSSIS data can be used to perform successful and detailed topographic
reconstructions. We evaluated this by considering the quantifiable balance between erosion and
deposition and more subjectively by considering whether the volume distribution matched what was
expected based on the morphology in images alone. In the case of the specific landslide studied in
Baetis Chaos, the more complex method, using a tilted plane, produced the best estimates of both
volume and mass distribution of the landslide. If only a volume estimate is required, we found that the
simplest semi-automatic method produces a satisfactory result and would be suitable to implement
for any topographic dataset where large amounts of data are needed for statistical studies. The tilted-
plane method is more suited for detailed individual landslide studies, where the landslide is in a
complex topographic setting and accurate deposit thickness distributions are required. The CaSSIS
ability to acquire a pair of stereo images in a single pass increases the stereographic data coverage of
the martian surface. Landslides > 15 km long can currently be studied with MOLA or HRSC data, while
landslides < 5 km long can be studied using HiRISE data. CTX data is similar in resolution to CaSSIS, but
because of differing surface illumination conditions, acquisition geometry and time interval between
images used for stereo, it is not always possible to create a CTX DEM. In addition to providing colour
images of the surface, CaSSIS can partially fill the DEM data gap for landslides and other structures
between 5 and 15 km in size.
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