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Key Points:

* Sentinel-1 SAR data unravel the world’s largest reported active lateral rock spreading
complexes near the Aral Sea

* A >80 km long section of the west bank of Aral Sea is moving at an average rate of 4 cm/
yr over the period 2015-2020

* These landslides involve the lateral spreading and rotations of competent limestone beds
overlying weak clays-rich layers
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Abstract

We report here a slow-moving landslide revealed by Sentinel-1 interferometric time-
series analysis. Located along the western coast of the Aral Sea, with a >80-km length and 4-km
width, this is the world’s largest active landslide complex reported so far with a constant velocity
of 40 mm/yr. Systematic subsidence up to 5 mm/yr, is also observed along narrow strips of
terraces that appear to result from rotations of fault-bounded blocks. The horizontal deformation
does not correlate with the annual variations of the water level in the Aral Sea over the same
period, indicating a long-term forcing of this landslide that might be caused by the long-term sea-
level drop. The lateral spreadings involve the competent limestone beds lying horizontally on
plastic clay- and evaporite-rich layers. We propose a conceptual model for the mechanism of
landslides that appear to be controlled by the attitude of bedding, lithological sequence,
hydrogeology, and low angle faults.

Plain Language Summary

Space-based measurements of slow ground motions of the Earth’s surface provide a new tool to
improve the understanding of various geophysical phenomena such as earthquakes, volcanoes,
landslides, etc. with spatiotemporal aspects. We take advantage of recent advances in satellite-
based radar interferometry techniques to measure the spatio-temporal evolution of the surface
velocities of slow-moving landslide complexes along the western coast of the Aral Sea. We used
three data sets comprising interferometric radar images obtained from different viewing
geometries to monitor the lateral spreading motion over the study area from 2014 to 2020. We
also compared the surface velocities obtained by the InSAR time series with the water-level
height variations of the Aral Sea and find that the long-term forcing of this landslide might be
caused by the long-term sea-level drop.

1 Introduction

Slow-moving landslides are a form of ground motion that occur in mechanically weak,
clay-rich soil, and rock formations (Lacroix et al., 2020). Although, slow-moving landslides
rarely claim lives (Mansour et al., 2011), they can pose a high risk to local infractructure and
public safety. Slow-moving landslides creep at rates ranging from millimetres to several metres
per year with almost constant slip rate (Palmer, 2017; Schulz et al., 2018). They play a major
role in controlling the Earth surface processes in a variety of ways, from sediment transport, to
hillslope denudation, and landscape erosion (Mackey & Roering, 2011; Schmidt & Montgomery,
1995; Simoni et al., 2013). However, constraining the mechanisms that control their movements
is a challenging task because these events are variable both in time and space and are closely
linked to the spatial and temporal stochastic nature of the environment, such as geology,
geomorphology, vegetation, earthquakes and precipitation rate, among other parameters (van
Asch et al., 2017; Hu et al., 2020). Thus, measuring the surface displacement field of landslides
at high space and time resolution is essential to better constrain failure mechanism and define
hazard and consequent risk senarios.

The Persistent Scatterer (PS) interferometry technique has allowed achieving significant
results in monitoring and quantifying slow-moving landslides (Righini et al., 2012; Notti et al.,
2010; Bovenga et al., 2012; Cigna et al., 2013; Tofani et al., 2013; Herrera et al., 2011; Carla et
al., 2019; Aslan et al., 2020; Lacroix et al., 2020). This technique has also proven its
effectiveness for monitoring lateral rock spreading processes at different scales (Frodella et al.,
2016; Mateos et al., 2018; Galve et al., 2017; Vicari et al., 2019). In the present study, we
compute time series of the ground deformation fields acquired by satellite imaging over two
study areas on the west coast of the Aral Sea over the eastern edge of the Ustyurt Plateau (Fig.
1). Results report the slow horizontal and vertical moving kinematics and dynamics of a gigantic,
80 km long, lateral spreading of rock mass over a six-year period.
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2 Study area and background

The Ustyurt plateau, is located between the Mangyshlak Peninsula and Kara-Bogaz-Gol lagoon
of the Caspian Sea to the west, and the Aral Sea and Amudarya Delta to the east (Fig. 1a). The
plateau stretches > 1500 km from north to south. Brittle Sarmatian limestones (Upper Miocene)
overlying Miocene and Paleogene marls, chalks, claystone, and sand control its topography
(Garetsky, 1972). Its edges are separated from adjacent territories by very steep scarps, also
called tchink, with vertical rock exposures reaching up to 250 m high on the western coast of the
Aral Sea. The tchinks are the most striking topographical objects in the whole region that extends
hundreds of kilometers to the west until the shallow gulf of the Caspian Sea (Fig. 1a). The
coastal geomorphic response to sea-level and climate changes, particularly along the boundaries
of the Ustyurt Plateau, remains enigmatic. However, it is widely accepted that sea transgression
in the late Pleistocene (40-25 ka BP) inundated vast portions of the low-lying semi-desert of
western Kazakhstan and Uzbekistan (Panek et al., 2016). Cliff cuts during these highstands
generated the prominent over-steepened escarpments that presently surrounds the Ustyurt
Plateau. This region is affected by giant landslides (>10®m?) in a form of complex lateral rock
spreadings and the present day cinematic of these landslides is unknown.

These landslides share characteristics of lateral rock spreads along nearly horizontal basal failure
planes involving brittle limestones overlying weak and plastic claystone (Panek et al., 2016).
Although similar landforms have been observed along the present-day coastline of the Caspian
Sea and Aral Sea, it remains unclear whether some of these landslides are still active today and
whether the movement is slow or catastrophic.
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Figure 1. Map of the Aral Sea region showing the geographic position of (a) the Ustyurt Plateau,
(b) the study areas along the eastern cliff of the plateau near the western coast of the Aral Sea,

mean line-of-sight (LOS) velocity fields over the study areas obtained from the descending
orbit (T166) and three-dimensional topographic cross-sections for profiles AA’ and, (d) BB’ (e).
The line AA’ in (b) indicates the location of the cross-section plotted in Fig. 4. The point P in the
bottom right in (b) indicates the viewpoint and perspective of the photo in Fig. S1.

The two selected areas are located between the eastern cliff of the Ustyurt plateau and the
western coast of the Aral Sea and extend >80 km length in a north-south direction with a
landward expansion of 0.5-1.5 km on the coastal ledges to 2.5-4.0 km on the concave sections
(Fig. 1b). The areas under consideration are bounded on their east side by a strip of dry land and
a beach, at the foot of which fragments of ancient Aral Sea terraces are located, and on their west
side by the sharp upper edge of the Ustyurt plateau. The study area contains the deepest coastal
bottom of the Aral Sea (40 m below sea level near Kassarma, Fig. 1b). The slope of the cliff
adjoining from the rear to low sea terraces is characterized by straight, and sometimes concave
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profiles. The base of the cliff is covered by colluvial and aluvial sediments deposited during the
20" century (Bronguleyev & Rozanov, 1978). The foot of the cliff is covered with aeolian sands
that form coastal dunes and tongues that move along the slope of the cliff under the effect of
wind, blocking the mouths of ravines (Veynbergs, 1972). The coastal zone along the concave
sections is mostly covered by Upper Quaternary sediments, mainly clayey fine-grained dry sands
and interlayered pebble-beds (Lymarev, 1967). The surface of the narrow strips of terraces
consists of a regular alternation of several (2-4) parallel Sarmatian limestone blocks and
depressions (Fig. 1d,le and Fig. S1). Subvertical cliffs, also called ramparts, are composed of
red-colored Oligocene-Miocene clays and marls, which also contain scattered pack of gypsum-
rich layers covered with crushed to large blocks and partially washed away by the armor of
Sarmatian white shell limestones and marls (Bronguleyev & Rozanov, 1978).

Rock or block spreading is defined as the lateral expansion of fractured rock masses occurring
along shear or tensile discontinuities (Cruden & Varnes, 1996; Bobrowsky, 2013). Such
processes may develop on nearly horizontal slopes where brittle rocks overly weak and more
ductile layers (Bois et al., 2018) and several conceptual models have been proposed (Fig. S2). In
addition to kinematic and geological predisposing factors, erosion and tectonics, or their
combination in space and time, are the main driving factors for lateral spreading, resulting in
over-steepened slopes that are kinematically unconstrained at their toe and that can move freely
in a lateral direction (Alfaro et al., 2019) (Fig. S2b, c¢). Various studies have reported a large
variety of such lateral rock spreading movements. Striking examples come from Czech Republic,
where a weak marl and shale substrate deforms under the weight of sandstone blocks (Zaruba &
Mencl, 2014). In the Italian Apennines, lateral spreading occurs due to widespread overlapping
of volcanic or sedimentary stiff rock masses on more ductile clay shales layer (e.g., Canuti et al.,
1990; Picarelli & Russo, 2004; Bozzano et al., 2013). Lateral spreading may also occur by
multiple retrogressive sliding failures where a number of instabilities exploit a single weak
horizon (Hungr et al., 2014) (Fig. S2d). Spectacular examples of lateral spread in South
Saskatchewan, Canada are caused by multiple retrogressive compound sliding in glacio-
lacustrine clay overlying Cretaceous shale (Haug et al., 1977; Mollard & Janes, 1984). Another
spreading mechanism may be involved when rigid blocks of brittle rocks are underlain by
soluble evaporitic formations where water percolation and hydrogeologic conditions will play
critical roles in interstratal evaporite dissolution (Gutierrez et al., 2012) (Fig. S2e).

3 InSAR Data and Methodology

We used data from the European Space Agency Sentinel-1 SAR constellation, which is
composed of two satellites that were launched in April 2014 (S1A) and April 2016 (S1B) and
equipped with C-band SAR sensors. The Sentinel-1 operation in Terrain Observation with
Progressive Scan (TOPS) mode represents an important advantage compared to other sensors’
modes as it provides wide area coverage and a short revisit time of up to 6-days over Europe and
12-days globally. Here, we processed SAR datasets acquired on three overlapping tracks in
descending (T166) and ascending (T13, T86) orbits, consisting respectively of 74, 93 and 110
images over the period of 2015-2020 (Fig. S3). We employed an individual set of interferograms
for each track with a sufficiently high phase coherence pattern over the study area. The region
examined here is arid with fairly flat topography and with almost no vegetation. These conditions
provide a favorable image coherency for interferometric SAR processing.

We computed all interferograms using the open-source software GMTSAR (Sandwell et al.,
2011) based on a single reference network for persistant scatterer interferometry analysis. The
choice of the reference images is made on the basis of having the most optimal spatial and
temporal baselines for all the pairs of interegrams (Fig. S3). To compute the simulation of
topographic phase in the interferograms, we used the Shuttle Radar Topography Mission 3-
arcsecond digital elevation model (Farr et al., 2007). We processed the single master stacks of
interferograms using the StaMPS software package (Hooper, 2008; Hooper et al., 2012), which
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allows the identification of PS points, using both amplitude and phase information. In a first step,
the initial PS points are selected based on their noise characteristics, using the amplitude

dispersion criterion defined by Damp:(a amp! M Amp), where o ,,, and m,, —are the standard
deviation and mean of the amplitude in time, respectively (Ferretti et al., 2001). We selected a
threshold value of D, =0.27 that minimizes the random amplitude variability and eliminates
highly decorrelated pixels in some areas covered with vegetation, agricultural fields, or snow.
After the selection of stable PS targets based on amplitude analysis, the PS probability is refined
by phase analysis in a series of iterations. This process allows the detection of stable pixels even
with low amplitude. Once the final selection of PSs has been done, the residual topographic
component can be removed. Then, phase unwrapping is performed both spatially and temporally.
This analysis enables retrieval of the average Line-Of-Sight (LOS) surface deformation rate
maps. To remove atmospheric effects from interferograms, we used the freely available Toolbox
for Reducing Atmospheric InSAR Noise (Bekaert et al., 2015). This toolbox uses ERA-Interim
(ERA-I, European Center for Medium-Range Weather Forecast) numerical weather model
datasets (Dee et al., 2011). Finally, we decomposed the mean PS-InSAR LOS velocity fields into
vertical and east-west horizontal components using the formulation described by Samieie-
Esfahany et al. (2009). We neglected here the motion along the north—south direction, which a
reasonable assumption for an eastward slope motion.

4 Results

Time series analysis of 277 Sentinel IW SAR images on the three tracks reveals the spatio-
temporal evolution of the landslide complex over both study areas (Figs. 1c, 2 and 3). The mean
line-of-sight (LOS) and vertical and horizontal maps show that the landmass is sliding mainly
horizontally toward the Aral Sea at a LOS velocity of up to 4 cm/year. The vertical velocity
maps displayed in Figs. 2e and 3e show also relatively higher rates of vertical motions (yellow to
red areas) localized along narrow stripes of terraces formed by secondary slip planes. The narrow
strip between the shoreline and PS points (in white in Figs. 2 and 3) consists of a sandy layer and
is lacking scatter points due to temporal decorrelation. The landslide complexes cover surface
areas of approximately 30 km? and 115 km? for the Kassarma and Aktumsuk landslide zones,
respectively. While the Kassarma landslide exhibits one main sliding zone in an amphitheater-
shaped bounded by stable the Ustyurt Plateau (Fig. 2), the Aktumsuk landslide complex shows
several sliding zones with varying velocities and forms (Fig. 3).
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Figure 2: InSAR mean line-of-sight along the three tracks (a-c), east-west horizontal (d) and (e)
vertical velocity maps of the Kassarma Landslide located between Kassarma and Aktumsuk
capes, for the period 2015-2020 from permanent scatterer interferometric synthetic aperture
radar time series. In a-c) negative velocities (cold colors) represent the motion of the ground
toward the satellite and positive velocities (warm colors) represent motion away from the
satellite. The mean velocity value of the PS-InSAR points within the solid black point (D1) is
used to illustrate the temporal evolution of the landslide (Fig. 4) deformation with respect to a
reference point (red point R1) considered as a stable area on the plateau. The red point (R1) also
shows the location to which all InSAR velocities are referenced before decomposition of LOS
maps into horizontal and vertical components.
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Figure 3: Mean line-of-sight (LOS) velocity fields of the Aktumsuk Landslide located between
Aktumsuk and Ulgentumsuk capes and deformation decomposition into 2D displacement rates
for the period 2015-2020. (a)-(e) as labeled in Fig. 2. R2 and D2 are reference points similar to
that in Fig. 2. Contours of the former shorelines in (d) and (e) are taken from Ginzburg et al.,
(2010).

Analysed time series of displacement are represented by the average accumulated displacement
of the points in one selected unstable area (points D1 and D2 in Figs. 2 and 3) with respect to
reference PS points (points R1 and R2) for each track. Landslide time series show an overall
linear trend of displacement with time (Fig. S4) for both selected areas. The water level of the
Aral Sea obtained from TOPEX/POSEIDON and Jason series altimetry data shows also a linear
trend, with seasonal variations, with a decrease of 2.5 m over the same period 2015-2020. This is
no clear correlation between the seasonal variations of the Aral Sea and the landslide motion.
The maximum cumulative deformation in line-of-sight (LOS) direction in both study areas is
around 20 cm during the six year long observation period. The region is one of the driest deserts
in the world, with a precipitation rate less than 100 mm per year (Amirov et al., 2015). Such a
small quantity of precipitation is the only contributor to the hydrological budget in this area.

The computed vertical and horizontal components of the surface displacement fields across the
Kassarma study area (Fig. 4a and 4b) located between Kassarma and Aktumsuk capes (section
A-A’ in Fig. 1b and 1d ) are compared with the geological and geomorphological cross-section
of the landslide in the Figure 4. The observed rates of horizontal and vertical displacements and
their spatial variations across the landslide provide evidence of the landslide failure mechanism
where blocks of limestones over the weak clay layer are detached from the Ustyurt plateau and
move ovewhelmingly horizontally toward the Aral Sea with insignificant component of vertical
motion. The pattern of vertical motion across the landslide is remarkably systematic and
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indicates backward rotations of the individual blocks (Fig. 4b and 4c). This implies that the near
horizontal motion we observe is not a gravitational rock spreading but, accommodated by low
angle listric faults that sole into a near horizontal detachment as observed by the Kara-Bogaz-Gol
lagoon of the Caspian Sea.

5 Discussion and Conclusions

We report the discovery of an active, gigantic, lateral spreading failure along the western coast of
the Aral Sea. Previous studies in this area have focused on sea terraces and the beach strips of the
coast with little discussions on the mechanism and kinematics of the spreadings. The
morphological signature of the spreading mechanism has been studied by Lymarev, (1967) and
Bronguleyev & Rozanov, (1978), based on extensive geological field data. Here, we fully
constrain and resolve the present day kinematics of this gigantic lateral spreading along the
western coast of the Aral Sea.

The Kassama landslide complex exhibits a very peculiar characteristics of a multiple rotational
landslides. The proposed mechanism consists of the break-down of blocks of Sarmatian
limestones that lose adhesion to the main limestone layer covering the Ustyurt plateau. This
limestone overlies a weak clay layer. The absolute altitude of the limestone blocks decreases in
the direction from the cliff to the coast of the Aral Sea in a very regular fashion that resulted in a
stair-step topography (Fig. 4a). This systematic decrease in the absolute altitude of the blocks
across the landslide implies their manifold development of the same mode of movement in time.
Such type of rock rotational slides usually occurs in very weak or highly jointed rock masses
often under the surcharge of a stronger cap rock (Hungr et al., 2014).

The vertical and horizontal components of the surface displacement fields across the geological
and geomorphological section of the Kassarma Landslide show very clearly the sliding
mechanism of the landslide complex (Fig. 4a, 4b and 4c). The observed sharp discontinuities
across the both velocity profiles in Fig. 4a and 4b coincide with the successive and regularly-
spaced steep scarps that we interpret as potential fault planes where rotational sliding occurs. The
horizontal deformation pattern in the Fig. 4a shows that each block experiences horizontal
displacement with varying velocities ranging from 5 mm/yr at the head scarp to 30 mm/yr at the
toe of the landslide. Horizontal velocity increases toward the free-face of the slope; in other
words the landslide’s toe moves eastward faster than the rest of landslide (Fig. 4d), resulting in
tensional forces and hence extensional slope-parallel cracks. This spatial variation in the
horizontal displacement rates points again to the rotational mechanism. Another characteristic
surface feature in the depletion zone of rotational landslides are sag ponds, small water bodies
filling depressions where landslide movement has impounded the drainage (Fig. S5). Several
well defined sag ponds are also identified on satellite optical images developed on back-tilted
landslide surfaces or inter-hummock depressions (Fig. S5). The vertical deformation pattern in
the Fig. 4b is characterized by a prominent main scarp and back-tilted blocks at top with limited
internal deformation. Each block rotates backward towards the cliff line, as the ground moves
eastward on a curved sliding surface. Such a rotational motion results in relative sinking between
the blocks (Fig. 4b).
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Figure 4: The horizontal (a) and vertical (b) velocities along the AA’ profile are displayed
together with the schematic geological and geomorphological section of the landslide (c). (d)
Time series of Line-of-Sight (LOS) direction estimated from each track at three specific locations
(D1, D2 and D3 in (c)) of the each headblock with respect to a reference point R considered as a
stable area on the plateau together with the water level height variations of the Aral Sea. (e)
Three-dimensional rendering of rotational rock slide morphology looking from the south of the
Profile AA’ in Fig.1d. Collapsed limestone blocks are packed in Paleocene clays sliding towards
the Aral Sea. 1 — limestones and marls; 2 — deposits of the beach, young terraces; 3 — clay; 4 —
interpreted fault plane; 5 — Aral Sea level.

The toe areas of the hummocky slopes are apparently truncated by the wave-cut erosion of the
Aral Sea. In addition, there are also giant individual landslides run out over 4 km along the
eastern cliff of the Ustyurt plateau and some had their toes subsequently trimmed by wave
erosion by the Aral Sea. The occurrence of these ancient landslides is predetermined by the
active linear subsidence of the West Aral Basin related to an isostatic process (Aseyev et al.,
1974). Data from our three independent sets of Sentinel-1A/B imagery indicate that these mega
landslides were inactive over the period 2015-2020.

The lack of correlation between the deformation time-series obtained from all tracks and the
annual variations of the water level in the South Aral Sea (Fig. S4) indicate that the absence of
short-term interactions between these two. However, we suggest that the long-term, human
induced, decrease of the water in the Aral Sea might have an influence on the landslide.
Considering the existence of the gypsum-bearing layers in the soil profile over the deforming
areas, a lowering of the Aral Sea water level (2.5 m in total during the observation period of 6
years) may enhance dissolution phenomena taking place in the zone near the decollement plane
as salt layers expose to the underground fresh water. Such a reactivation of hidden karstic salt
layers triggered sinkholes, subsidence and several hectometric landslides along the Dead Sea
coasts (Closson & Karaki, 2009). However, more information on the hydro-geological structure
and deformation mechanism of the landslide are needed to further validate this mechanism. On
the other hand, most rotational rock slides show self-stabilizing characteristics as the
gravitational driving forces diminish with increasing displacement (Hungr et al., 2014).
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Therefore, they tend to move at slow or moderate velocities as the weak rock mass fails in a
ductile as also can be seen in this study (Fig. S4) (Hungr and Evans, 2004).

Our study reveals possibly the largest active lateral rock spreading following rotational
sliding on the planet. Altogether, multiple lines of morphological evidence and InSAR data
demonstrate that the failure mechanism can be best described as lateral spreading on a low angle
detachment with minor backward rotations on fault bounded blocks. If the seasonal fluctuations
of the Aral Sea level do not correlate directly with the displacement rate of the landslide (Fig.
S4), the long term decrease of the water level in this sea could represent a triggering and driving
mechanism of this landslide, which would make it the largerst human-induced landslide on the
planet. A future study that would use longer time series (i.e. ERS/ENVISAT) would help
answering the links between the water level in the Aral Sea and the kinematics of the giant

landslide discovered in the present study. Further analysis need to be performed in order to
investigate its dynamics, mechanics and future evolution. Studies of the relationship between the
kinematics of lateral rock spreading, hydrological forces, and the local stratigraphy along the
eastern cliff of the Ustyurt plateau would benefit of multidisciplinary approaches: the
combiniation of multi band InSAR (X-band, C band) with field investigation (ground-based SAR
interferometry) as well as analog and numerical models in order to better assess the kinematic
behavior of this phenomenon.
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