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15 Abstract. Much work has been done to study the behaviour of long runout landslides and their associated longitudinal
ridges, yet the origin of the hypermobility of such landslides and the formation mechanism of longitudinal ridges are poorly
understood. As terrestrial long runout landslides emplaced on glaciers commonly exhibit longitudinal ridges, the presence of
these landforms has been used to infer the presence of ice on Mars, where hundreds of well-preserved long runout landslides
with longitudinal ridges are found. However, the presence of the same landforms in regions where extensive glaciations did

20 not occur, for instance, on the Moon and in the Atacama region on Earth, suggests that ice is not the only factor influencing
the formation of long runout landslides with longitudinal ridges.

Iceland is a unique region for its high spatial density of well-preserved hypermobile large landslides with longitudinal ridges.
Here, we compiled the first catalogue of Icelandic long runout landslides with longitudinal ridges and we compared them
with martian long runout landslides with longitudinal ridges of similar length. Moreover, we present detailed morphological

25 observations of the Dalvik landslide deposit, in the Trollaskagi peninsula, Iceland and compare them with morphological
observations of martian landslides.

Our results show that Icelandic long runout landslides share key features with martian analogue deposits, including splitting
of longitudinal ridges and development of associated en-echelon features. Therefore, Icelandic long runout landslides with
longitudinal ridges represent good analogues of martian landforms. Moreover, Iceland represents the ideal site to investigate

30 these landforms at a regional scale and their link with ice retreat following the Late Glacial Maximum, which could also

provide insights into martian paleoclimatic and paleoenvironmental conditions.
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1 Introduction

Long runout landslides are hypermobile landslides that can have distinctive morphologies, such as longitudinal ridges, which
are features visible at the surface of the deposit and extend parallel to the direction of movement (Figure 1). The

35 hypermobility of long runout landslides is expressed by their horizontal runouts (L) that are significantly longer than their
vertical drops (H). In the literature, the H/L ratio is used to describe the mobility of landslides, which for long runout
landslides is significantly lower than 0.6 (e.g., Heim, 1932; Hsii, 1978; Legros, 2002).

Long runout landslides and their associated longitudinal ridges are ubiquitous in the Solar System (Beddingfield et al., 2020;
Lucchitta, 1979; Schmidt et al., 2017; Singer et al., 2012), and their behaviour has been extensively studied (e.g., Davies and

40 McSaveney, 2012; Harrison and Grimm, 2003; Legros, 2002; Lucas et al., 2014; Pudasaini and Miller, 2013; Vardoulakis,
2000; Voight and Faust, 1982), yet the origin of the hypermobility of such landslides and the formation mechanism of the
longitudinal ridges are poorly understood. So far, two hypotheses have emerged: 1) the environment-dependent origin, in
which environmental conditions, namely the presence of basal ice (De Blasio, 2011, 2014; Dufresne and Davies, 2009;
Lucchitta, 1987; Mége and Bourgeois, 2011; Schmidt et al., 2017) and/or clays (Watkins et al., 2015), are a necessary

45 condition for the development of long runout landslides and their associated longitudinal ridges. According to this
hypothesis, low friction surfaces would favour tensional deformation of the sliding mass, by both longitudinal stretching and
lateral spreading (De Blasio, 2011; Dufresne and Davies, 2009). Such tensile deformation would generate the longitudinal
structures observed on the surface of long runout landslide deposit by the mechanism of necking, similarly to the tensile
deformation that generates boudinage in tectonic context. 2) the environment-independent origin, in which the development

50 of longitudinal ridges does not depend on the presence of a specific environmental condition and/or lithology (Magnarini et
al., 2019, 2021a, 2021b). Magnarini et al. (2019) propose that longitudinal ridges that characterise terrestrial and planetary
long runout landslides may be the expression of a mechanical instability that emerges within the flowing mass once a
velocity threshold is surpassed, as observed in laboratory experiments on rapid granular flows (Forterre and Pouliquen,
2001). However, as this mechanism involves the generation of helicoidal convection cells within the moving landslide, it is

55 contradicted by the evidence of the preservation of the slope stratigraphy within the final deposit, attributed to the lack of
turbulence during the emplacement of long runout landslides (e.g., Dufresne et al., 2016; Johnson, 1978; Magnarini et al.,
2021a; Shreve, 1968; Weidinger et al., 2014). To reconcile with field observations, Magnarini et al. (2021a) speculate on the
existence of a vibration-assisted mechanism that would be able to produce the longitudinal pattern via mechanical instability
yet maintain the internal structures.

60  As terrestrial long runout landslides emplaced on glaciers commonly exhibit longitudinal ridges (e.g., Dufresne et al., 2019;
McSaveney, 1978), the presence of these landforms and associated morphologies has been used to infer the presence of ice
on Mars (De Blasio, 2011; Gourronc et al., 2014; Lucchitta, 1979, 1987), where hundreds of well-preserved long runout
landslides with longitudinal ridges are found. However, the presence of the same landforms and associated morphologies in

regions where extensive glaciations did not occur, for instance, on the Moon (e.g., Boyce et al., 2020) and in the Atacama
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region on Earth (Mather et al., 2014), suggests that ice is not the only factor influencing the formation of long runout
landslides with longitudinal ridges.

On Earth, there are not as many well-preserved cases of long runout landslides with associated longitudinal ridges as there
are on Mars. Such difference might suggest that longitudinal ridges in long runout landslides do not commonly form on our
planet. However, more than one hundred landslides characterised by longitudinal ridges are easily identifiable in Iceland
(e.g., Decaulne et al., 2016; Mercier et al., 2013), making it an exceptional region on Earth for its high spatial density of such
landforms. The unique record of long runout landslides with longitudinal ridges in Iceland suggests that either longitudinal
ridges are indeed common in long runout landslides on Earth, but their record is more easily lost on our planet; or conditions
in Iceland, at the time of landslide formation, were optimal for the development of these landforms. The study of long runout
landslides with longitudinal ridges in Iceland represents an opportunity to investigate the formation mechanisms of such
hypermobile landslides and their possible link with past environmental conditions. A better understanding of the influence of
climatic, geological, and environmental conditions in the development of hypermobile landslides will have implications for
both terrestrial hazard assessment and reconstruction of extra-terrestrial paleo-environments.

In this study, we conducted a detailed survey of landslides in Iceland to identify and compile the first Icelandic catalogue of
long runout landslides with longitudinal ridges. We compared the morphological parameters of Icelandic landslides with
martian landslides that are similar in length. We present detailed morphological observations of one Icelandic case study, the
Dalvik landslide, and we compare them with morphological observations of analogue martian landslide deposits. We show
that Icelandic long runout landslides share similar morphometric values and diagnostic structures, such as longitudinal
ridges, to those observed in martian long runout landslides. Therefore, we conclude that Icelandic long runout landslides
with associated longitudinal ridges can be used as good analogues of martian landforms, similar to other elements of the
Icelandic landscape and its associated mass-wasting processes (e.g., Conway et al., 2015, 2019; de Haas et al., 2015;

Hartmann et al., 2003; Morino et al., 2019, 2023).

2 Data and Methods.
2.1 Icelandic long runout landslides.

In order to identify and map long runout landslides with longitudinal ridges in Iceland, we used available high-resolution
satellite/aerial imagery from Google Earth Engine and the Icelandic Map website (https://www.map.is). In ArcGIS, we used
digital elevation models (DEMs) provided by ArcticDEM (Porter et al. (2018); 2 m/px resolution) and their hillshade models
to extrapolate landslide morphometric data (elevation drop and horizontal length; H and L, respectively, in Supplementary
Table T1). In combination with the image-data, the hillshade was used to identify the furthest point of the headscarp and toe
of the deposit so their elevation values could be extracted from the DEM.

We acquired drone imagery of one Icelandic landslide, near the town of Dalvik (I-Landslide ID 47 in Supplementary Table
T1). We used 10 Ground Control Points (GCPs) in order to correctly georeference the drone images (Supplementary Table

3
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T2), acquired by differential GPS and marked by 0.8x0.8 m square orange targets easily visible in the images. We obtained
the latitude and longitude coordinates (WGS84) and the height above the ellipsoid of 10 locations, of which 8 on the
landslide deposit and 2 on the slope adjacent the distal, frontal edge of the deposit (Figure 4), using a Leica dGPS GS09. We
occupied the points for >5 minutes and post-processed the data using the permanent GPS station in Akureyri (AKUR run by
LMI (Landmezlingar islands)) 38 km away from the site. The resulting positions had errors much less than the error
produced by inherent uncertainty in identifying the control points in the drone images (the worst position had a standard
deviation of 2.4 cm in vertical position, yet this was typically 3 mm). We calculated the elevation above the geoid (i.e.,
elevation above sea level) using an online geoid calculator (GeoidEval). We built a digital elevation model (DEM; 4.65
cm/px resolution) and an orthoimage (2.38 cm/px resolution) of the Dalvik landslide using Agisoft Metashape (dataset

provided in Magnarini et al. (2023)).

2.2 Martian long runout landslides.

We made use of the landslide inventory provided by Crosta et al. (2018) to select martian landslides with longitudinal ridges
that are less than 5 km long (Supplementary Table T3), which is double the length of the longest Icelandic landslide
considered in this study (I-Landslide ID 103; L = 2629 m). We added additional landslides with longitudinal ridges that are
not found in the Crosta et al. (2018) inventory, found using high-resolution satellite imagery acquired by the ConTeXt
(CTX) camera (6 m/px resolution; Malin et al. (2007)) and, where available, the High-Resolution Imaging Science
Experiment (HiRISE) camera (nominal resolution 25 cm/px; McEwen et al. (2007)) on board the NASA Mars
Reconnaissance Orbiter (MRO). In ArcGIS, we calculated the elevation drop (H) and measured the horizontal length (L)
using the HRSC MOLA-Blended global DEM at 200 m/px resolution (Fergason et al., 2018). CTX images were used to
identify the top of the headscarp and toe of the deposit so their elevation values could be extracted from the DEM.

We generated digital elevation models (DEMs) and orthoimages of four landslides (M-Landslide ID 31; M-Landslide ID 42;
M-Landslide ID 46; M-Landslide ID 47) using CTX (Malin, 2007; Malin et al., 2007) image pairs (Supplementary Table
T4). CTX-derived DEMs were generated using the USGS Integrated Software for Imagers and Spectrometers (ISIS)
software and commercial image analysis software SOCET SET (Kirk et al., 2008). DEMs were vertically and horizontally
controlled to Mars Orbital Laser Altimeter topographic data (Smith et al., 1999; Zuber et al., 1992). The resolution of DEMs
and orthoimages are 20 m/pixel and 6 m/pixel, respectively. We estimated the vertical precision of the CTX-derived DEMs
using the established method of Okubo (2010) (Supplementary Table T4).

3 Landslides in Iceland.

Paraglacial adjustment, that is the readjustment of glaciated landscapes to non-glacial conditions following deglaciation, is
considered a critical cause of slope instability in high latitude environments (e.g., Ballantyne and Stone, 2004; Wyrwoll,

1977). According to the ‘exhaustion model’ (Ballantyne, 2002; Cruden and Hu, 1993), during the paraglacial period, the

4
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occurrence of mass-wasting decreases exponentially over time after deglaciation. In Iceland, the occurrence of large
landslides is attributed to ice retreat following the Last Glacial Maximum (LGM), either by the effect of glacial debuttressing
or glacial rebound (e.g., Ballantyne, 2002; Coquin et al., 2015; Cossart et al., 2014; Fernandez-Fernandez et al., 2022;
Saemundsson et al., 2022; Vick et al., 2021) or by pressurised water derived from glacial melting (Whalley et al., 1983). The
ages available for large landslides in Iceland fit the paraglacial exhaustion model. Most of the dated landslides occurred in
the first half of the Holocene (Coquin et al., 2015; Cossart et al., 2014; Decaulne et al., 2016; Mercier et al., 2013, 2017),
consistent with the Icelandic landslide theory of Jonsson (1957), according to which landslide activity initiated shortly after
the retreat of the ice sheet at the end of the LGM. However, out of more than a hundred of landslides, only a few have been
dated (Decaulne et al., 2016; Mercier et al., 2013, 2017), and patterns of landslide occurrence following deglaciation are still
debated (e.g., Cossart et al., 2014). Therefore, more data are needed to better constrain the relationship between the
occurrence of large landslides and the effects of deglaciation.

Iceland has a unique high spatial density of well-preserved hypermobile large landslides with longitudinal ridges (Figure 2;
Figure 3). This type of landslide is commonly found in the Trollaskagi peninsula, in Northern-central Iceland (Figure 4).
This region is constituted of Tertiary basalt lava flows alternated with weathered red vesicular basaltic rocks (paleosols)
(Johannesson and Saemundsson, 1989; Saemundsson, 1980; Thordarson and Hoskuldsson, 2002), the latter considered weak
layers within which slope failure planes could potentially develop (Jonsson, 1957; Mercier et al., 2013). Three landslides
with longitudinal ridges have been dated: the Vatn landslide (I-landslide ID 69 in this work) is thought to have occurred
between 11,400 and 10,790 cal. yr BP (Decaulne et al., 2016); the Hofdaholar landslide (I-landslide ID 118 in this work) is
thought to have occurred between 10,200 and 7,975 cal. yr BP (Mercier et al., 2013); the Flokadalur landslide (I-landslide ID
57 in this work) is thought to have occurred between 15,577 + 1455 - 11,002 + 2778 cal. yr BP (Mercier et al., 2017).

3.1 The Dalvik landslide.

In this study, we investigated in the field a landslide located one kilometre northeast of the town of Dalvik, in the Trollaskagi
peninsula (Figure 4). The Dalvik landslide (I-landslide ID 47) is good example of a well-preserved long runout landslide
with longitudinal ridges in Iceland. The landslide has a horizontal runout (L) of 1.210km and a vertical drop (H) of 0.480 km
(Figure 1), resulting in a H/L ratio of 0.396.

Similarly to other long runout landslides, the edges of the accumulation zone are steep (on average about 30° slope), and
about 15-25 m high (Figure 5d). The bedrock in the headscarp exposure shows typical alternation of Tertiary lava layers and
red paleosols (Figure 5a, 5b). The landslide deposit sits on a sedimentary cover that has an undulating surface appearance
(Figure 5c) and could be due to previous mass movements or glacial deposits. The zone of depletion is characterised by a
toreva block (about 200 m long, 450 m wide, and 80 m high), while the zone of accumulation is composed of a debris apron
about 750 m long. Boulders decimetre- to metre-size are found on the surface of the deposit. However, size sorting of

boulders from proximal to distal area of the landslide seems not to occur.
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The debris apron is characterised by longitudinal ridges, which can be identified from both aerial/satellite images and ground
photos. The longitudinal ridges occur across the entire length of the debris apron (Figure 6). At some locations, longitudinal
ridges bifurcate (e.g., locations marked with a star in Figure 6; red arrowheads in Figure 13), forming two ridges commonly
narrower than the parent ridge. Consequently, the number of longitudinal ridges increases from the proximal to the distal
area of the apron. Transverse ridges appear only on the SW-side of the deposit.

In addition to longitudinal ridges, the Dalvik landslide exhibits other linear structures, superposed on, and broadly transverse
to the longitudinal ridges (Figure 7). These linear structures appear to have en-echelon configuration. The en-echelon
structures appear to be oblique to the longitudinal direction of the ridges. Towards the frontal edge of the deposit, the
orientation of these linear structures changes and gradually becomes perpendicular to the extension of the ridges, which

corresponds to the direction of movement of the landslide.

3.2 Catalogue of Icelandic long runout landslides with longitudinal ridges.

We compiled the first catalogue of Icelandic long runout landslides with longitudinal ridges (Supplementary Table T1). We
included only landslides that have distinct longitudinal ridges and we omit those landslides for which the presence of
longitudinal ridges was uncertain. Ridges were identified by their horizontal continuity in the downslope direction and their
presence is evaluated using a top-view observation of the landslide deposit.

The horizontal length of the Icelandic landslides spans from 0.287 km (I-landslide ID 127) to 2.629 km (I-landslide ID 103).
The H/L ratio of this set of Icelandic long runout landslides ranges from 0.149 (I-landslide ID 18) to 0.58 (I-landslide ID 42).
The statistics of the morphometry of Icelandic landslides is summarised in Figure 12 and Figure 13.

Some of the landslides have their headscarps at the top of cliffs and mountains (e.g., I-landslide ID 8, ID 9 in Figure 3),
whereas other cases develop from the mid/lower part of slopes (e.g., I-landslide ID 74, ID 88 in Figure 3). All the landslide
deposits are characterised by steep edges, typically about 20 m high. Not all landslides have a toreva block. Another
characteristic found in some landslides is the presence of lateral levees that develop continuously from the depletion zone. In
about the 80% of the cases, the deposit does not entirely reach the slope break at the base of the slope. The landslides often
rest on inclined surface that connects the slope to the bottom of the valley (e.g., I-landslide ID 45, 69, 74, ID 115 in Figure 3
and the Dalvik landslide). In the case of absence of the connecting inclined surface, landslides extend beyond the slope break

at the base of the slope (e.g., I-landslide ID 8, ID 9 in Figure 3).

4 Landslides on Mars.

Geomorphological observations have been used to provide evidence of paraglacial periods on Mars (e.g., Gourronc et al.,
2014; Jawin et al., 2018; Jawin and Head, 2021; Mége and Bourgeois, 2011), that immediately postdate glacial retreat. These
are characterised by an assemblage of specific landforms that develop in response to ice removal, glacial unloading, and the

exposure of steep slopes and large sediment stores (e.g., Ballantyne, 2002). In Valles Marineris, structures diagnostic of
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deep-seated gravitational slope deformation have been described (Gourronc et al., 2014; Mége and Bourgeois, 2011) and
their development has been interpreted as the consequence of slope debuttressing and decohesion following the retreat of
glaciers (Makowska et al., 2016; Mége and Bourgeois, 2011).

Mege and Bourgeois (2011) suggest that the large long runout landslides in Valles Marineris are the result of an advanced
stage of paraglacial, deep-seated gravitational slope deformation that led to large-scale catastrophic slope failures. Moreover,
Mege and Bourgeois (2011) and Gourronc et al. (2014) conclude that the long runout landslides in Valles Marineris are
supraglacial landslides based on two observations: first, the emplacement on ice could explain the excessive runout of the
landslides (e.g., De Blasio, 2011, 2014; Dufresne et al., 2019; Dufresne and Davies, 2009; Lucas et al., 2011, 2014; Shreve,
1966); second, the longitudinal ridges that characterise their deposits are considered a morphological signature of landslides
emplaced on glaciers (De Blasio, 2011; Dufresne and Davies, 2009). However, Magnarini et al. (2019) argue that the
presence of an icy surface is not necessary to develop longitudinal ridges in long runout landslides on Mars, which instead

could develop from a mechanical instability imparted by high-velocity granular flow mechanisms.

4.1 Martian long runout landslides with longitudinal ridges.

In this work, we compiled a catalogue of martian long runout landslides less than 5 km long that exhibit longitudinal ridges
(Supplementary Table T3, Figure 8, Figure 9, Figure 10), thus comparable to the length of Icelandic long runout landslides
with longitudinal ridges. We only included long runout landslides that have distinct longitudinal ridges and we did not
consider landslides where the presence of longitudinal ridges is uncertain. Moreover, we have excluded deposits with
longitudinal ridges that do not have matching headscarps.

The horizontal length of the martian landslides included in the catalogue spans from 0.508 km (M-landslide ID 3) to 4.902
km (M-landslide ID 43). The H/L ratio of this set of martian long runout landslides ranges from 0.076 (M-landslide ID 14) to
0.468 (M-landslide ID 12). The statistics of the morphometry of small martian landslides is summarised in Figure 12 and
Figure 13. Small-scale martian long runout landslides with longitudinal ridges are found between 38° N and 34° S. The
largest concentration is found in the chaotic terrains east of Valles Marineris and in the channels and valleys that flow into
Chryse Planitia. Other major clusters are found in Noctis Labyrinthus and north of Terra Cimmeria. Some of the landslides
have their headscarps at the top of cliffs and mountains (e.g., in Figure 9a, 9b; Figure 10a, 10g), whereas other cases develop
from the lower part of slopes (e.g., in Figure 9c; in Figure 10b, 10c, 10e, 10f, 10h). All the landslide deposits are
characterised by steep edges, typically about 20-50 m high. Only about 20% of these landslides have a toreva block. Another
typical characteristic is the presence of lateral levees that develop continuously from the depletion zone (e.g., Figure 11a).
The debris aprons rest on sub-horizontal surfaces, either valley or crater floors. In only five cases (M-landslide ID 67, 71, 79,
102, 112), the deposit does not entirely reach the slope break at the base of the slope (e.g., in Figure 10b, 10e, 10f).

At 20 m/px resolution, CTX-derived DEMs are not able to resolve longitudinal ridges in small-scale (< 5 km long)
landslides. Unfortunately, no HiRISE image pairs are available to generate DEM of the landslides included in this work.

However, longitudinal ridges are visible in both CTX and HiRISE images across the entire length of the debris aprons.

7
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Similarly to what we observed at the Dalvik landslide, longitudinal ridges split, generating two ridges from a parent ridge

(Figure 11).

5 Morphometric and morphological comparison between Icelandic and martian long runout landslides with
longitudinal ridges.

The gigantic, long runout landslides on Mars have attracted much interest, giving rise to a common commonly accepted
belief that martian landslides are an order of magnitude larger than terrestrial landslides (e.g., Brunetti et al., 2014; Legros,
2002; Lucchitta, 1978, 1979; McEwen, 1989). However, the availability of higher resolution orbital imagery has shown the
existence of martian long runout landslides that are smaller and similar in size to terrestrial long runout landslides (Crosta et
al., 2018; Guimpier et al., 2021, 2022). Not only they share morphometric similarities, but also morphological structures: in
addition to longitudinal ridges, they are all characterised by steep terminal edges; additionally, both the Icelandic and
martian populations can develop lateral levees or toreva blocks, and have their headscarps either at the top of cliffs or at a
mid-to-lower part of slopes. However, only five martian landslides do not entirely reach the slope break at the base of the
slope, whereas more than 80% of the Icelandic landslide deposits rest on the inclined surface that connects the slope to the
bottom of the valley.

In order to conduct a morphometric comparison between Icelandic and small-scale martian long runout landslides with
associated longitudinal ridges (Figure 12), we selected a subgroup of martian landslides with L <2800 m, in order to match
the maximum length of the Icelandic landslides. The statistical analysis shows that Icelandic landslides have median and
mean values of length (median= 1037 m; mean = 1150 m) and elevation drops (median = 317 m; mean = 337 m) lower than
the martian subgroup of landslides (length: median = 1930 m; mean = 1803 m. Elevation: median = 527 m; mean = 536 m).
It is interesting that, although the same length range is considered, the martian landslide subgroup shows cases that are
characterised by higher elevation drops (Icelandic max elevation drop = 810 m; martian max elevation drop = 1071 m).
However, the martian subgroup is constituted of 51 landslides, less than half the population of the Icelandic landslides (N =
129).

Such difference in the population number of landslides within an equal length range may be due to the fact that small-scale
landslides on Mars do not form as readily as they do in Iceland; and/or that the martian record of small-scale landslides has
been largely removed. The former suggests that the removed small-scale martian landslides were much older than the
Icelandic landslides, therefore they have been subject to either erosion or burial for much a longer time span. In fact, we
identified several deposits almost fully obliterated by sedimentary burial (Supplementary Figure Sla, S1b). Moreover, one of
the best examples is found in Coprates Chasma, Valles Marineris, on Mars, where we found evidence of landslides with
longitudinal ridges that have been partially buried and subsequently exhumed (Supplementary Figure Slc). Therefore, we
suggest that the different population numbers reflect the removal of the geomorphological records of martian long runout

landslides. Moreover, this also suggests that such lost record has not been replaced by recent long runout landslide
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formation. The ages of large, long runout landslides (> 10 km long) in Valles Marineris span from 3.5 Gya to 50 Ma
(Quantin et al., 2004; Hager and Schedl, 2017) and younger, small-scale landslides (< 2 km long) have been found to be less
than 20 My old (Guimpier et al., 2021). According to these results, it appears that long runout landslides on Mars have been
recurring throughout much of the martian history, suggesting that the formation mechanism of long runout landslides and
their longitudinal ridges is persistent in time. However, the lack of much more recent deposits suggests that the mechanism
favourable to their formation may have become unavailable on Mars, whereas in Iceland it has operated since the LGM
(Decaulne et al., 2016; Mercier et al., 2017, 2013).

In the literature, the H/L ratio has been plotted against other parameters, such as length (Beddingfield et al., 2020; Johnson
and Sori, 2020; Schmidt et al., 2017; Singer et al., 2012), elevation drop (Johnson and Campbell, 2017), and volume
(Johnson and Campbell, 2017; Legros, 2002; Lucas et al., 2014; McEwen, 1989), in order to find possible correlations that
could explain the hypermobility of long runout landslides. The H/L ratio is found to decrease with increasing volume.
However, the physical significant of the H/L ratio has been questioned as its definition does not involve the displacement of
the centre of gravity, the spreading of mass, or the role of the topography (e.g., Legros, 2002; Lucas et al., 2014).

The top panel of Figure 13 is a visual representation of the H/L ratio that characterises the population of the landslides that
we have analysed in this study, and it aims to compare the main morphometric characteristics (namely length and elevation
drop) between the Icelandic and martian landslide population. The plot shows that the H/L range that characterises the two
landslide populations overlaps, and that is there is no distinct trend in the H/L ratio of the Icelandic and small-scale martian
landslides. Sometimes length (L) is used as a proxy for the volume of landslides, when volume values are not available, even
though it has been shown that it does not show the same correlation as that between H/L ratio and the volume (e.g., Johnson
and Campbell, 2017; Legros, 2002; Lucas et al., 2014). The plot obtained for the Icelandic and martian landslide populations
of this study shows a weak correlation between the two parameters, that is that the H/L ratio decreases with increasing
length. Instead, the plot H/L ratio versus elevation drop seems to show a better correlation, only for the martian landslides:
the H/L ratio increases with increasing fall heights. This trend was shown to also exist for large landslides on Earth, Mars,

and lapetus by Johnson and Campbell (2017) and confirmed by their numerical simulations.

5.1 Flow structures and behaviour of longitudinal ridges.

We observed longitudinal ridges bifurcating, thus splitting and developing two ridges from the parent ridge, in both the
Dalvik landslide (Figure 6 and Supplementary Figure S2a, S2b) and small-scale martian landslides (Figure 11). The resulting
new ridges are less wide. This process leads to an increase in the number of longitudinal ridges with distance. Similar
behaviour has been described for the 63-km-long martian Coprates Labes landslide, in Valles Marineris, by Magnarini et al.
(2019) (Supplementary Figure S2c, S2d). Therefore, the occurrence of ridge splitting seems to be scale-independent.
However, in the Dalvik landslide, we do not observe the appearance of new, smaller ridges between two existing ridges,

which is observed in the small-scale martian landslide ID 109 (Figure 11b). Similar ridge behaviour is observed in two other
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martian landslides that are not included in the current selection, the landslide shown in Figure 11c, and the Coprates Labes
landslide (Magnarini et al., 2019).

Lateral spreading of landslide deposits has been considered as an important factor controlling the behaviour of longitudinal
ridges and the thickness of a landslide deposit (Magnarini et al., 2021b). Unconfined long runout landslides tend to spread
laterally, causing the thinning of the deposit with distance and hence divergence of the longitudinal ridges. However, the
existence of a scaling relationship between the thickness of the landslide and the spacing between the ridges (Magnarini et
al., 2019, 2021a, b) implies that as the landslide thins while laterally spreading then the distance between the ridges has to
decrease accordingly. Therefore, the scaling relationship is maintained by the splitting of parent ridges and also by the
appearance of new smaller ridges between spreading longitudinal ridges (Magnarini et al., 2019).

The fact that the Dalvik landslide shows only the splitting of parent longitudinal ridges into two smaller ridges and does not
show the appearance of new ridges between two existing ridges may be due to limited lateral spreading at Dalvik compared
to the martian examples. Limited lateral spreading in turn limits the thickness reduction of the deposit and limits the space
for new ridges to develop. Lateral spreading may be limited in Dalvik by: the basal surface over which the landslide moved
not providing sufficiently low friction; the rheology of the landslide prevented it from spreading further laterally; or the
landslide was not large enough, thus did not have enough kinetic energy to expand further. The latter proposed explanation
may have support in the fact that the landslides in which we report the appearance of new ridges (in addition to ridge
splitting) are all much larger than the Dalvik landslide.

Similarly to the Dalvik landslide, linear, en-echelon structures are seen in an 8-km-long martian landslide (e.g., Figure 14a,
16b) and have also been described in the 63-km-long Coprates Labes landslide by Magnarini et al. (2019) (Figure 14c, 14d).
Similar linear structures superposed on longitudinal ridges were also described in the Sherman Glacier landslide deposit,
Alaska, as ‘transverse fissures’ by Shreve (1966) and McSaveney (1978), in the Lamplugh landslide, Alaska, by Dufresne et
al. (2019), and in the Iymek landslide, China, by Shi et al. (2022). Such linear structures have been interpreted as kinematic
indicators, as they indicate the differential velocity of adjacent sections of the landslides during emplacement (e.g., Dufresne
et al., 2019; Magnarini et al., 2019; McSaveney, 1978; Shreve, 1966).

In the Dalvik landslide, towards the frontal edge of the deposit, these linear structures change orientation and gradually
become perpendicular to the direction of the ridges (Figure 7), which corresponds to the direction of movement of the
landslide. The observed change in the orientation of the en-echelon structures may represent the expression of changing
velocity during emplacement: the oblique configuration shows that different parts of the deposit were characterised by
different velocities; and the transition to transverse configuration, i.e., perpendicular to the landslide movement direction,
shows that different parts of the landslide progressively attained similar velocity. Given that the oblique-to-transverse
transition occurs towards the terminus of the deposit, it may represent evidence of slowing down of the landslide. However,
such transition does not seem to take place towards the terminal part of the martian landslide in Figure 16a and 16b,
therefore, either a different interpretation is required or the martian landslide came to a halt in a different manner than the
Dalvik landslide.

10
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6 Conclusions.

We compile the first catalogue of long runout landslides with longitudinal ridges in Iceland (n=129) and an equivalent
catalogue of small-scale (< 5 km long) landslides with longitudinal ridges on Mars (n=112). We measured length and drop
325 height in both catalogues and found significant overlap between the populations. In addition to morphometric comparability,
our morphological observations show that Icelandic long runout landslides share similar structure behaviours with martian
analogue deposits, such as splitting of longitudinal ridges and development of en-echelon features. Therefore, Icelandic long
runout landslides with longitudinal ridges represent good analogues of martian landforms. The large record of long runout
landslides with longitudinal ridges emplaced after the Last Glacial Maximum in Iceland offers a unique opportunity to study
330 the possible relation between the development of these landforms and glacial/paraglacial conditions. Unlocking this
information will both contribute to tackling the challenges that current glaciated regions will face due to ongoing global

warming and gain insights into martian paleoclimatic and paleoenvironmental conditions.
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Figure 1: Example of a terrestrial long runout landslide with longitudinal ridges. The red line shows the headscarp of the landslide.
The black line shows the extent of the landslide deposit. The white lines show the longitudinal ridges that mark the landslide deposit and
extend parallel to the direction of the movement. The yellow and orange dots represent the highest point of the headscarp and the lowest
point of the deposit, respectively; these locations are used to derive the elevation drop (H) and the horizontal extent (L) of the landslide.

575  Left panel shows the hillshade model of the Dalvik landslide obtained from the 2 m/px resolution ArcticDEM (Porter et al., 2018). The
right panel shows a photomosaic from drone imagery of the Dalvik landslide and its longitudinal topographic profile.
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Figure 2: Distribution of long runout landslides with longitudinal ridges in Iceland. The yellow dots represent locations of 129 long
runout landslides with longitudinal ridges, which geographic coordinates are given in Supplementary Table T1. The map shows the
location of the three landslides with longitudinal ridges that have been dated by previous work and the location of the Dalvik landslide,
investigated in this work. Base map is the hillshaded and colour-keyed 500 m/px resolution ArcticDEM (Porter et al., 2018).

580

21



https://doi.org/10.5194/esurf-2023-13 Earth Surface
Preprint. Discussion started: 15 May 2023 DynamiCs
(© Author(s) 2023. CC BY 4.0 License.

Discussions
(GMOom

<N

585  Figure 3: Examples of long runout landslides with ridges in Iceland. The white lines identify the landslide deposits and the pink lines
identify the headscarps. For each landslide, ID and length (L) are provided. For the full list of the landslides catalogued in this work, see
Supplementary Table T1.
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Figure 4: The Dalvik landslide in the Trollaskagi peninsula. The landslide is located near the town of Dalvik. The landslide is ID 47 in
the Icelandic catalogue of long runout landslides with longitudinal ridges that we compiled in this work. The figure shows in colour the
DEM generated from drone imagery overlain on a hillshaded render of the ArcticDEM and the points indicate the location of 10 GCPs
used to georeference the DEM. The inset shows the location of the Dalvik landslide in Trollaskagi peninsula (blue star) along with the
other landslides in this work (orange dots), showing that it is the Icelandic region with the highest landslide density. The location of the
Trollaskagi peninsula within Iceland is shown in the bottom left corner of the inset with red box. The inset uses as a basemap the
hillshaded ArcticDEM.
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Figure 5: The Dalvik landslide. The image in the centre shows a perspective view of the drone photomosaic of the Dalvik landslide.
Annotations highlight the main morphological features and structures. Panel a) and b) are photos acquired by drone showing details of the
rock formations that characterise the headscarp. Panel c) shows an outcrop of the unsorted sediments that form the undulating pre-

600 landslide surface over which the Dalvik landslide is found. Panel d) shows a closer view of the 15-25 m high, steep termination of the
landslide deposit.
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Figure 6: Morphology of longitudinal ridges in Dalvik landslide. The image shows the high resolution orthoimage of the Dalvik
landslide generated from drone-acquired photos. The orthoimage provides complete view of the extent of longitudinal ridges over the
605 landslide deposit. Panels a), b) and c) show close-up views of longitudinal ridges, whose morphology is shown by topographic profiles
extracted from the profiles (A-A’, B-B’, and C-C’, respectively) and the annotations al, a2, etc indicate corresponding ridges in the images
and profiles. The stars show locations where longitudinal ridges bifurcate, resulting in the development of two ridges from a parent ridge.
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Figure 7: En-echelon structures found superposing longitudinal ridges of the Dalvik landslide. Panel a) Drone-acquired image
mosaic of the SW terminal part of the Dalvik landslide. Panel b) shows digitised en-echelon features observed on the longitudinal ridges in
panel a). Orange lines represent the linear structures that are oblique to the direction of the ridges, which are shown with dashed black
lines. Green lines represent the linear structures that are transverse to the direction of the ridges. This map shows how the transition from
oblique-to-transverse occurs towards the terminal part of the deposit. Black arrowheads show the direction of movement of the landslide;
red arrowheads show locations where en-echelon linear structures are found superposing longitudinal ridges.
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Figure 8: Distribution of long runout landslides (less than 5 km long) with longitudinal ridges on Mars. The pink dots represent the
locations of 112 long runout landslides with longitudinal ridges, which geographic coordinates given in Supplementary Table T3. Base
map is a greyscale render of the HRSC MOLA-blended global digital elevation model (200 m/px resolution). Some examples of the
landslide deposits included in this catalogue are shown in Figure 7.

27



https://doi.org/10.5194/esurf-2023-13 Earth Surface ¢
Preprint. Discussion started: 15 May 2023 Dynamics >
(© Author(s) 2023. CC BY 4.0 License. Discussions §

OMom

Y

ID 31 ID 42
L=3.461km L=23868km

T T T T T T T T T —1000 - T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000 [ 1000 2000 3000 4000 5000
[meter] [meter]

—1000

Figure 9: Martian long runout landslides with longitudinal ridges. Panels a) and b) show top-views of landslide ID 31 (CTX image
D16_033578_1752_XN_04S084W) and landslide ID 42 (CTX image D21_035252_2083_XN_28N072W), and their longitudinal

625  topographic profiles; in both panels, North is up. Panel ¢) is an oblique view of a cluster of landslides with longitudinal ridges
(J16_050944 1665 _XN_13S065W). Red lines show headscarps; white lines show landslide deposits (dashed red and white lines are for
landslides not included in the catalogue because either too long (> 5 km) or missing the headscarp); orange lines show the base of the
slope. In each panel, the landslide ID, lengths, and thickness (t) values at the frontal edge are provided.
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Figure 10: Examples of martian long runout landslides less than 5 km long that exhibit longitudinal ridges. The orange arrowheads
show the approximation location of the headscarp and of the toe of the landslides. For each landslide, ID and length are provided. For the
full list of the landslides catalogued in this work, see Supplementary Table T3. In all panels, North is up. a) CTX image
P16_007244_1796_XN_00S045W; b) CTX image P19_008417_1807_XN_00N036W; ¢) CTX image P05_002800_1814_XI_01NO035W,
d) CTX image P02 002022 1801 XN _00N035W; e) CTX image P16 007349 1831 _XN_03NO032W; f) CTX image
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Image credit: NASA/JPL/MSSS

Figure 11: Behaviour of longitudinal ridges in small-scale (< 5 km long) martian long runout landslides. The red arrowheads show
the locations where longitudinal ridges bifurcate, resulting in the development of two ridges from a parent ridge. Dashed red lines show the
640  orientation of longitudinal ridges. Panel a), b), and d) show examples of landslides included in this work and whose number ID is provided
in the figure (HiRISE images: ESP_040790 1805, ESP 070830 1795 and ESP 026497 1755, respectively. Image credit:
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NASA/JPL/UofA). Panel c) shows an example of bifurcating longitudinal ridges in a landslide not included in the list presented in this
work, as its length is slightly more than 5 km (CTX image: PO1_001337_1757_XN_04S063W. Image credit: NASA/JPL/MSSS). In all

panels, North is up.
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Figure 12: Morphometric results. The data in ‘sea blue’ colour represent the Icelandic landslide population. The data in ‘gold’ colour
represent the martian landslides less than 5 km long. Top panels show the distribution of landslide lengths. The lower panels show the
distribution of landslide elevation drops. In the panels showing Icelandic landslides, the data relative to the subgroup of the martian

31



https://doi.org/10.5194/esurf-2023-13
Preprint. Discussion started: 15 May 2023
(© Author(s) 2023. CC BY 4.0 License.

Earth Surface ¢
Dynamics : { EGU
Discussions &

landslides with maximum length less than or equal to the maximum length of the Icelandic landslides are also plotted. Dashed lines

650  represent the mean and dotted lines represent the median.
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Figure 13: H/L ratio. In this plot the elevation drop (H) is plotted against the horizontal length (L) to visually represent the H/L ratios that
characterise the landslides compiled in this study. The dashed grey lines represent constant H/L ratios, whose values are given at the left-
655 hand side of each line. The light grey vertical line shows the value of L = 2800 m, which corresponds to the maximum length of the

martian landslide subgroup.
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Figure 14: En-echelon structures found superposing longitudinal ridges in martian long runout landslides. Panels a) and b) show
examples of linear structures superposed on longitudinal ridges in an 8-km-long landslide on Mars (HiRISE image: ESP_016778 1750).
Panels ¢) and d) show examples from the 63-km-long Coprates Labes landslide deposit on Mars (CTX image:
P20 008906 1685 XN 11S067W). In all panels, black arrowheads show the direction of movement of the landslides; red arrowheads
show locations where en-echelon linear structures are found superposing longitudinal ridges (note that these are examples and the
structures are found ubiquitously on the deposits).
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